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Preface

N\
O\

The wide acceptance of Musical Acoustics during the past fourteen
years has cneouraged the author and the publishers togwing out a
new edition of the book. This cdition embodies ma:ny of the con-
structive suggestions made by teachers, and by tHgké interested in
music, who have made use of the earlier cdi"ti\ons. A large part of
the text has been more or less completely Q‘w,\ri:cten, and some re-
arrangement of the material has been made) At the suggestion of a
number of teachers who have used the baok as a text, several new
features have been added, notabiy«;é: ‘chapter on basic concepts,
and one on simple harmonic mgtien. Another addition has been
the inclusion of a list of qut:stioﬂé'énd problems at the end of many
of the chapters. The Bibliogkaphy has also been expanded. In the
main, the terminology f@hé American Standards Association has
been followed. Excepiin’a fow cases where the vector concept is
necessarily involved{lic term “‘spced,” rather than “velocity,” has
been used. An effort has been madc to incorporate the latest find-
ings of reseazCh“workers in this ficld, including certain reccent
results secufed by the author.

The helpful cooperation of those who have used the previous
editiohsis deeply appreciated. The author is particularly indebied
10 Prof. C. M. Jensen, of Augustana College, who placed at his
disposal a list of problems and questions that he has uscd in his
classes in this subject. Many of the problems to be found at the
end of the chapters are taken from that list. The cooperation of
several manufacturers of acoustical equipment in supplying photo-
graphs of new equipment, and of a number of publishers in granting
permission to reproduce certain illustrative material, is gratefully

vii



viii PREFACE

acknowledged. The cooperation of the many musicians who have
assisted in the securing of technical data is deeply appreciated. The
author also desires 1o recognize the valuable assistance of his wife
in connection with the typographical and editorial aspects of the
project.

This hook is not a ircatise on sound, but, as in the earlier edi-
tions, is intended to serve as a text for use by music majors in_col-
leges and universities. However, in preparing the new edition, the
author has kept in mind the interest of professional musiians and
athers who enjoy music. Music is both an art and a sGiehce. It is
the author’s belief that a knowledge of the means agrd.\proce%cs by
which music is produced, recorded, and transmitted will serve to
contribuie to the greater enjoyment of this, thé" }}oblcst of the arts,

The author will continue to welcome C(?Q?,Jtructive suggestions.

N
A\ C. A, CULVER
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SYMBOLS O3
Aand o Used in connection with %ound\‘;pg\etra charts to
indicatc a trace, and the absencephsome particular
harmonic, \\,
A The Greek letter lambda; use@*to indicate the length
of a sound wave. AWV
o The Greck letter om’gg&; used to represent the
product of 27 andvthé frequency.
/  Per. N
f TFrequency; Qle number of vibrations per second.
s Speed. {\
T Perlod,\g\kﬁ' length of time required to describe a
singl€ yibration.
w Vei@i:ity.
N
G
ABBREVI&Q\IONS
) "\:"' C  Centigrade scale of temperature.
\ " em  Centimeter; one one-hundredth part of a meter.
cps  Cycles per second.
cucm  Cubic centimeter.
db  Decibcel; the unit of sound intensity,
F  Fahrenheit scale of temperature.
ke Kilocycle; a thousand cycles.
log Logarithm.
mm  Millimeter; one-tenth of a centimeter,
pst  Pounds per square inch.

xi
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TERMS

Antinodes

Complex tone
Dyne

Erg
Fundamental

Half tonc

Harmonic

Microwatt
- Nodes

GLOSSARY

Simple harmonic motion.

An abbreviation for sine; a term denoting the
numerical relation between the side opposite the
angle and the hypotenusc in a right-angle triangle.
Square centimeter.

Vibrations per second.

Q!

Points, lines, or surfaces in a transmitt';ng‘tﬁcdium
at or on which the particles of the medium have
maximum motion. )

A musical sound containing tw@bf more partials,
A unit of {force. N4

A unit of energy; also a wnit of work.

The sound having thelddwest frequency which a
vibrating body is capeble of emitting.
Approximately ong-twelfth of an octave,
Thefundamq];{*tﬁi,’ or any upper partial whose fre-
quency is atsimple multiple of the fundamental
frequencg

A militonth of a watt.

Potnts, lines, or surfaces in a transmitting medium

Atror on which the particles constituting the

- Nénedium are at rest.

Overj;i)ﬁe"

'g{]rtial

W\ Phon

-~ Pure tone
\;

Ratio

Sabin

Tone

Synonym of upper partial.

Any component of a single complex tone.

A unit of subjective loudness level.

A single musical sound which is devoid of over-
tones.

The quotient of the numerical value of one quan-
tity when divided by the corresponding value of
another quantity,

A unit of sound absorption.

A general term used to designate any given musical
sound cmitted by a sonorous body; also used to

indicate one of two principal steps in a musical
scale.



GLOSSARY

xi11

Upper partial Any partial having a frequency higher than that

of the fundamental.
Watt A unit of power.

Wave train = A succession of sound waves moving in some par-

Licular dircction.
Whole tone  Approximately one-sixth of an octave.
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1-1. Introduction ON

The glorious sounds that go to make up a symphenic \Composition
involve certain fixed physical laws—laws that ar¢ sommonly dealt
with in the realm of physics. If we arc to und&stand the physical
basis of musical sounds it is therefore imp‘or\:béﬁt and necessary to
become acquainted with certain of theseaws and concepts. For
this rcason we shall, in the sections thi® follow, give consideration
to the naturc of scveral fundamcntaljfclations that have to do with
the elements of physics. )

N\

1-2. Inertia and Mass \\“

As a beginning, let U consider the concept of inertia. The term
refers to a general property of matter. Now inertia may be thought
of as that pmp'c,(ﬁybf matter by virtue of which it opposes any at-
tempt to brh{g"ﬁbout a change in the velocity of a body. For in-
stance, it is’;inertia that makes it necessary to apply a force to start
or to stapyan automobile. Inertia is sometimes looscly defined as the
“lazfﬂ\e§s" of matter.”” This resistance to a change of motion is the
most fundamental and significant characteristic of matter. The mag-
nitude of inertia is expressed in terms of what we refer to as mass;
mass is a measure of incrtia. For our purposes we may think of the
terms mass and incrtia as being synonymous. The unit in which
mass is expresscd is known as the gram. In the study of sound we
shall be dealing with molecules of gases and solids. Such entities
have very small masses, expressed in fractions of a gram,

The term weight is frequently confused with mass. These two ex-

- 1



2 MUSICAL ACOUSTICS

pressions do not mean the same thing. Weight is the magnitudc of
the farce with which the earth attracts a body. Experience shows
that the weight of a body is proportional to the mass, However, the
weight of a body depends upon its distance from the center of the
carth, while the mass (or inertia) of a body is the same regarcdliess
of its physical environment. For exampie, our weight is tess on a
mountain top than it is at sea level, but the mass of our physical
body is the same whether we are on the carth or on the moog, As
we proceed with our study of musical sounds we shalf cncounter the
concept of mass. The reader should thercfore acquire a glear idea
" of the significance of this important term. O

7
S

1-3. Displacement ."‘:\.\ '

Let us next consider the concept of displatement. If a body 1s
moved from one point to another we say thaf'displacement has taken
-place. If the displacement is along a\straight line we are dealing
with linear motion, and the magnitude’of the displacement involved
may be expressed in any unit gf\ength, such as inches or centi-
meters. In considering the rr}dfjﬁr of displacement it frequently be-
comes necessary to specifysthe direction of the motion, for instance
whether the displacemebt is up or down, or to the right or left, of
some reference poirit @riine. Displacement, therefore, involves both
magnitude (grcg%tnr% and direction. The concept of displacement
will enter intg,flie consideration of those motions having to do with

the gencratioprand transmission of sounds.
N\
.,“\\\ i
1-4238peed and Velocity

o N
\”} When linear motion takes place we are usually interested in the
ate of displacement. For instance, if we walk eight miles in two
hours, our rate of walking is four miles per hour. This time rate of
displacement we refer to as speed—in this particular case, the aver-
age speed. The speedometer on our car indicates not the averace
speed but the instantancous speed—the speed at any given instar?t.
Under certain circumstances we may be interested not only in the
specd but also in the direction of the motion. If one were to say that

we were traveling at 30 mph in a northerly direction we would be



BASIC CONCEPTS 3

specifying not only the speed {magnitude factor) but also the direc-
tion aspect of the displacement. In short, we would be dealing with
what may be referred to as velocity. It will thus be seen that the
terms speed and velocity are not synonymous; speed involves mag-
nitude (greatness) only, while velocity has to do with both magni-
tude and direction. Two bodies may be traveling with the same
speed but if they arc not moving in the same direction they do not
have the same velocity. The two terms, speed and velocity, are ofteng
though incorrectly, used interchangeably. In dealing with musical
- sounds we shall have occasion to employ both concepts, but tlrre\eﬁ‘%
tinction should always be kept clearly in mind. Speed is expressed
in fect per second or centimeters per second. N

In the foregoing brief discussion cencerning spccc{&nd velocity
we have tacitly assurned that we are dealing swith motion in a
straight Hne, that is, rectilinear displacement. T{u;rf' are, of course,
many other types of motion, such, {or mstan\ce as the path taken
by a jet of water from a hose, but for gix’purposc, straight-line
(rt,culmear) motion will be the type. o,rdmarlly encountered.,

1-5. Accéleration N\

Another assumption that, v&c have thus far made is that the ve-
locity of the motion bein, l}QIlSIdeI ed is uniform; that is, that neither
the speed nor the direttion changes. Actually, however, either or
both of these factoss@ray change while the motion is taking place.
For instance, whenwe are driving a car we may increase or decrease
the speed, an e may also change the dircction of the motion. If
either the sp'}d {magnitude factor) or the direction aspect of the
inotion jsehanged, we say that acceleration has taken place. A car
movifigytround a curve at a fixed speed of, say, 30 mph would not

“have ubniform veloeity; it is being accelerated. Acceleration, then,
may be thought of as the time rate at which velocity changes, and
this, we repcat, may have to do with either the speed or the direc-
tion factor, or both, simuliancously. If we are traveling on a straight
road at a coustant speed of, say, 50 mph, the acceleration is zero.
If we go around a curve at the same constant speed, the acceleration
is not zero,

Now it is necessary in this connection to recognize the fact that



4 MUSICAL ACOUSTICS

this change in velocity does not necessarily take place at a constant
rate; that is, the acceleration may not be uniform. For instance, we
may increase (or decrease)! the speed of a car at the rate of 10 mph
for 5 sec and then change its speed at the rate of 15 mph in the next
5 sec, and so on. But this is a long story and does not concern us at
prescnt. We shall later be chiefly concerned with maximum and
minimum values of velocity and acceleration, and in the direction
aspects of these two factors. In passing it is to be noted that acccler-
ation is expressed in ft/sec/sec or in cm/sec/sec.
2\

1-6. Force O

Thus far we have dealt with motion as such }vjﬂlt;;ht referring to
the cause of the displacement involved. Letus now consider the
factor that gives rise to, or modifies, the motion of a body. The term
force is given 1o this causative factor. W\s\ére all familiar with the
fact that muscular force is required tgymove a body which is at rest
or to increase or decrease the rate @F which it is moving when it is
once in motion. Force is also regiired to change the relative position
of the parts of a body, as wlqen: we streich a rubber band or compress
a body of gas. We may define force as that which tends to produce
a change in the motigx‘{of a body or to change the relative position
of its parts. (\J
There arc man}\\types of force, the most commen being the pull
exerted by theéarth on a body. This force we call weight. Friction,
gas pressupé, she pull exerted by a magnet, are other common exam-
ples of ferée. In our study of musical sounds we shall be chicfly con-
Cerng vith the action of forces that tend to bring about acceleration
'(.a.jt';'h‘ange in velocity). What is probably the most important rela-
QO e g s e it e st
to bring about a change in t}i‘ ‘; m_agthde o the furve necessary
mass (ibnertia)' of the %od . o ettty of a body depends upon ic
! ¥; it s also known that the acccleration
produced is proportional to the force applied. One may therefore
say that

Force = mass X acceleration

1 A decrease i .
ase 1t specd is referred to ag negative aceeleration, or “deceleration.”
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small force. A gram weight is pulled by the carth with a force of

nearly 1000 dynes, The almosphere exerts a pressure of something

like 14.5 pounds per square inch. This is equivalent to about a mil-

lion dymes per Square centimeter. Sound waves, as we shall see, exert

pressures of the order of 0.0002 dyne/sq ¢m, in the case of faint

sound, and 2 or 3 dynes/sq cm for loud sounds, O\
NS ¢

1=7. Elasticity N

In beginning our discussion of useful concepts\wesreferred to a
general property of all matter, viz., inertia. We willfind it useful to
give some thought to a special property poss‘c,s'sc\d‘ by certain mate-
rials. This property is known ag elasticity, and, as we shall sce, this
particular characteristic plays a very impSytant part in the genera-
tion and transmission of sound. [t therefare is important that we be-
come acquainted with the nature',gf":.'this special characteristic of
certain substances, - N\

It is a matter of common experience that certain bodies, such as
a strip of wood or a body of'gas, when subjected to a force tending
to cause a deformation, will, upon removal of the applied force, re-
turn to their original shape and size. Bodies that do recover from
such distortion are sdid to be elastic, and materials, such as putty
or wax, that do wbt'react in this way are said to be inelastic. Llas-
ticity, then, might be defined as that property by virtue of which
certain kindsQFmaterial tend to recover their original shape or size
after unqle@giﬁing deformation. As we proceed we shall be particy-
larly i{f&;reéted in the elastiqity of wood, stecl, and air.

1-8. Work

There are one or two other concepts that we shall encounter in
the study of sound. One of them is the idea of what is referred to as
work. Whenever the application of force results in thc movement of
2 body as a whole, or the relative movement of its parts, work is
done. Work is done when water is pumped from a well, when a body
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The magnitude of a force may be expressed in various units, but
the unit most commonly used in the study of sound is the dyne, a
word from the Greek meaning force. Now the dyne represents a very
small force. A gram weight is pulled by the carth with a force of
nearly 1000 dynes. The atmosphere exerts a pressure of something
like 14.5 pounds per square inch. This is cquivalent to about a mil-
lion dynes per square centimeter. Sound waves, as we shall see, exert
pressures of the order of 0.0002 dyne/sq cm, in the case of faing
sound, and 2 or 3 dynes/sq cm for loud sounds. \
) \’ \..’

1-7. FElasticity (..}‘.\'

In beginning our discussion of useful concepts we ¥eferred to a
general property of all matter, viz,, inertia. We will find it useful to
give some thought to a special property possm{sd by certain mate-
vials, This property is known as elasticity, , aml as we shall see, this
particular characteristic plays a very unpm (ant part in the genera-
tion and transmission of sound. It theg cfor(_ is important that we be-
come acquainted with the natar G bi: this special characteristic of
certain substances, : N\

[t is a matter of common ({tptf‘llﬁn(‘c that certain bodices, such as
a strip of wood or a body of gas, when subjected 1o a force tending
to cause a deformation, K’)}l upon removal of the applied foree, re-
turn to their 011g1nd} shape and size, Badies that do recover from
such distortion agd m:(l to be elastic, and materials, such as putly
or wax, that dewot react in this way are said to be inclastic. Elas-
ticity, then, gnight be defined as that property by virtue of which
cortain km(h ol material tend to recover their original shape or size
after \'m.d( rgoing deformation. As we proceed we shall be particu-
farly 1 (erested in the el asticity of wood, steel, and air.

1-8. Werk

There are one or two other concepts that we shall encounter in
the study of sound. One of them is the idea of what is referred to as
work. Whenever the application of force results in the movement of
a body as a whole, or the relative movement ol its parts, work is
done. Work is done when water is puinped from a well, when a body
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this change in velocity does not necessarily take place at a constant

rate; that is, the acceleration may not be uniform. For instance, w;:1
may increase (or decrease)? the speed of a car at the rate .oi' 10 mp
for 5 sec and then change its speed at the ratc of 15 mph in the next
5 sec, and so on. But this is a long story and docs not cor}ccm us a;
present. We shall later be chiefly concerned _with mammtfm 23:“
minimum values of velocity and acceleration, and in the direction
aspects of these two factors. In passing it is to be noted that a(:cclc?:
ation is expressed in ft/sec/sec or in cm/sec/sec. .

A Y,

7'\
1-6, Force

s &

e
2N

Thus far we have dealt with motion as such without referring o
the cause of the displacement involved. Let us ﬁ‘cg\w consider the
factor that gives rise to, or modifies, the motiop'dfa body. The term
force is given to this causative factor, We #¢& all familiar with the
fact that muscular force is required to Inov\e a body which is at rest
or to increase or decrease the rate at which it is moving when it 18
once in motion. Force is also requvi:jéd'”to change the relative position
of the parts of a body, as when we'stretch a rubber band or compress
a body of gas. We may defin&¥orce as that which tends to produce

a change in the motion of a bedy or to change the relative position
of its parts. (\J

&
There are many‘t%cs of force, the most common being the pull

exerted by the e\ai:th on a body. This force we eall weight. Friction,
gas pressure, fh

the pull exerted by a magnet, are other common ¢xan-

ples of fope{;ﬁn our study of musical sounds we shall be chicfly con
cernegi\ ith the action of forces that tend 1o bring about acceleration
(@ 'ql}.z}.nge in velocity). What is probably the most important rcla-
\tl\bﬁm the whole realm of physics has to do with force and accel-
orati

on. it has been found that the magnitude of the force necessary
to bring about a change in the velocity

5 abe of a body depends upon the
mass (mer_txa) of the body; it is also known that the acceleration
produced is proportional to the force applied. One may therefore
say that

Force = mass X acceleration
T A decrease in speed

15 referred to as negative arceleration, ar d cccleration.”
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The magnitude of a force may be expressed in various units, but
the unit most cosmnonly used in the study of sound is the dyne, a
word from the Greek meaning force. Now the dyne represents a very
small force. A gram wecight is pulled by the earth with a force of
nearty 1000 dynes. The atmosphere exerts a pressure of something
like 14.5 pounds per square inch. This is equivalent to about a mil-
Hon dynes per square centimeter. Sound waves, as we shall see, cxert
pressures of the erder of 0.0002 dyne/sq cm, in the case of faint
sound, and 2 or 3 dynes/sq cm for loud sounds. Q
O\

1=7. Elasticity O

In beginning our dlscussmn of useful Conecpts we referred to a
general property of all matter, viz., inertia. We w1ll\ﬁhd it useful to
give some thought to a special property poesessed by certain mate-
rials. This property is known as elasticity, andy-as we shall see, this
particular characteristic plays a very imppl‘:tziht part in the genera-
tion and transmission of sound. I't therefosis important that we be-
come acquainted with the nature cyf this special characteristic of
certain substances, - w

It is a matter of common cxpcmenee that certain bodies, such as
a strip of wood or a body of{gas, when subjected 1o a force tending
to cause a deformation, will; upon removal of the applied force, re-
turn to their original s‘h}pe and size. Bodies that do recover from
such distortion are. sald to be elastic, and materials, such as putty
or wax, that do@dt react in this way are said to be inelastic. Elas-
ticity, then, rr{lg\ht be defined as that property by virtue of which
certain kindsyof material tend to recover their original shape or size
after ungdergoing deformation. As we proceed we shall be particu-
larly, il}ie'rested in the elasticity of wood, steel, and air.

U
1-8. Work

There are cne or two other concepts that we shall encounter in
the study of sound. One of them is the idea of what is referred to as
work. Whenever the application of force results in the movement of
a body as a whole, or the relative movement of its parts, work is
done. Work is done when water is pumped from a well, when a body
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this change in velocity does not necessarily take place at a constan
rate; that is, the acceleration may not be uniform. For instance, wt
may increase (or decrease)* the speed of a car at the rate of 10 mpt
for 5 sec and then change its speed at the rate of 15 mph in the nexy
5 sec, and so on. But this is a long story and does not concern us at
present. We shall later be chiefly concerned with maximum and
minimum values of velocity and acccleration, and in the direction
aspects of these twa factors. In passing it is to be noted that acceler-
ation is expressed in ft/sec/sec or in cm/sec/sec. ~
O\

1—6. Force : 2\

Thus far we have dealt with motion as such withdut referring to
.the cause of the displacement involved. Let Q§'n6w consider the
factor that gives rise to, or modifies, the motign'of a body. The term
force is given to this causative factor. We are all familiar with the
fact that muscular force is required to gﬂé?c a body which is at rest
or to increase or decrease the rate apswhich it is moving when 1t 1s
once in motion. Force is also requiged o change the relative position
of the parts of a hody, as when w}f;’stretch arubber band or compress
a body of gas. We may defineiforce as that which tends to produce
a change in the motion gfg body or to change the relative position
of its parts. 'i“',\

There are many types of {orce, the most common being the pull
exerted by the eai'th on a body. This force we call weight. Friction,
gas pressure, thépull exerted by a magnet, are other common exam-
ples of forcenIn our study of musical sounds we shall be chiefly con-
cemed}&i& the action of forces that tend to bring about acceleration

- {a chg.‘n}e in velocity). What is probably the most important rela-
"Ei‘cmjiﬁ the whole realm of physics has to do with force and accel-

. crdtion. It has been found that the magnitude of the force necessary
to bring about a change in the velacity of a body depends upon the
mass (inertia) of the body; it is also known that the acceleration
produced is proportional to the force applied. One may therefore

say that

Force = mass X acceleration

. . ) .
A decrease in specd is referred 10 as negative acceleration, or “*deceleration.”
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The magnitude of a force may be expressed in various units, but
the unit most commonly used in the study of sound is the dyne, a
waord from the Greek mcaning force. Now the dyne represents a very
small force. A gram weight is pulled by the earth with a foree of
nearly 1000 dynes. The atmosphere cxerts a pressure of something
like 14.5 pounds per square inch, This is equivalent to about a mil-
lion dynes per square centimeter. Sound waves, as we shall see, exgrt
pressures of the order of 0.0002 dyne/sq cm, in the case of fajot
sound, and 2 or 3 dynes,/sq cm for loud sounds. O

1-7. Elasticity "\ 3
In beginning our discussion of useful concepts"@g referred to a
general property of all matter, viz., inertia. Wewill find it useful to
give some thought to a special property posséssed by certain mate-
rials. This property is known as elastici’gy’,:}nd, as we shall see, this
particular characteristic plays a very important part in the genera-
tion and transmission of sound. It théfefore is important that we be-
come acquainted with the natgréf ‘of this special characteristic of
certain substances. N

It is a matter of commod experience that certain bodies, such as
a strip of wood or a brgb?'cff gas, when subjected to a force tending
to cause a deformation, will, upon removal of the applied force, re-
turn to their origi{iél shape and size. Bodies that do recover from
such distortion.are said to be elastic, and materials, such as putty
or wax, that'dt not react in this way are said to be inelastic. Elas-
ticity, thefinmight be defined as that property by virtue of which
Ccrtaip\']iii‘lds of material tend to recover their original shape or size
aftei\madergoing deformation. As we proceed we shall be particu-
la:% interested in the elasticity of wood, steel, and air.

i~8. Work

There are one or two other concepts that we shall encounter in
the study of sound. One of them is the idea of what is referred to as
‘work. Whenever the application of force results in the movement of
a body as a whole, or the relative movement of its parts, work is
done. Work is done when water is pumped from a well, when a body
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this change in velocity does not necessarily take place at a constant
rate; that is, the acceleration may not be uniform. For instance, we
may increase {or decrease}” the speed of a car at the rate of 10 mph
for 5 sec and then change its speed at the rate of 15 mph in the next
5 sec, and so on. But this is a long story and does not concern us at
present. We shall later be chiefly concerned_with maximum and
minimum valucs of velocity and acceleration, and in the direction
aspects of these two factors. In passing it is to be noted that acceler-
ation is expressed in ft/sec/sec or in cm/sec/sec.

N
£ )\
2N

"\

1-6. Force _ : \ >

Thus far we have dealt with motion as such wigﬁbut referring to
“the causc of the displacement involved. Let ¥ how consider the
factor that gives rise to, or modifies, the motigivof a body. The term
force is given to this causative factor. We e all familiar with the
fact that muscular force is required toxfiove a body which is at rest
or to increase or decrease the rate at hich it is moving when it is
once in motion. Force is also requited to change the relative position
of the parts of 2 body, as whenake stretch a rubber band or compress
a body of gas. We may deﬁné force as that which tends to produce
a change in the motion ef\a*body or to change the relative position
of its parts. \H
There arc many types of force, the most common being the pull
exerted by the ¢arth on a body. This force we call weight. Friction,
gas pressure Ahe’pull exerted by a magnet, are other common exam-
ples of foxcii}ln our study of musical sounds we shall be chiefly con-
cemegl.ﬁfﬁ the action of forces that tend to bring about acceleration
(a charige in velocity). What is probably the most important rela-
&id+in the whole realm of physics has to do with force and accel-
eration. It has been found that the magnitude of the force necessary
to bring about a change in the velocity of a body depends upon the
mass (incrtia) of the body; it is also known that the acceleration

produced is proportional to the force applied. One may therefore
say that

Force = mass ¥ acceleration

X . . .
A decrease in speed is referred to as negative acceleration, or “deceleration.”
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The magnitude of a force may be expressed in various units, but
the unit most commonly used in the study of sound is the dyne, a
word from the Greek meaning force. Now the dyne represents a very
small force. A gram weight is pulled by the earth with a force of
nearly 1000 dynes. The atmosphere excrts a pressure of something
like 14.5 pounds per square inch. This is equivalent to about a mil-
lion dynes per square centimeter. Sound waves, as we shall see, exert
pressurcs of the order of 0.0002 dyne/sq cm, in the case of fa'glt
sound, and 2 or 3 dynes/sq cm for loud sounds.
O\
7'\

1-7. Elasticity K

In beginning our discussion of useful concepts \a\(t: referred to a
geoeral property of all matter, viz., inertia. We w*lh find it useful to
give some thought to a special property possessed by certain mate-
rials. This property is known as elasticity. a%, as we shall see, this
particular characteristic plays a very irpﬁ&*tant part in the genera-
tion and transmission of sound. 1t thc;r‘éfbre is important that we bhe-
come acquainted with the natuygfbf this special characteristic of
certain substances. - O N

It is 2 matter of common experience that certain bodies, such as
a strip of wood or a body©f gas, when subjected to a force tending
to cause a dcformatio(,gw?ll, upon removal of the applied force, re-
turn Lo their original shape and size. Bodies that do recover from
such distortion g(é:s"aid to be elastic, and materials, such as putty
or wax, that .ekb«hot react in this way are said to be inelastic. Elas-
ticity, then(iight be defined as that property by virtue of which
certain ki  of material tend to rccover their original shape or size
aftcr.l,{ﬁ,dergoing dcformaiion. As we proceed we shall be particu-

13{3«: interesied in the elasiicity of wood, stcel, and air.

1-8. Work

- There are one or two other concepts that we shall encounter in
the study of sound. One of them is the idea of what is referred to as
work. Whenever the application of force results in the movement of
a body as a whole, or the relative movement of its parts, work is
done. Work is done when water is pumped from a well, when a body
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is dragged along the ground in opposition to a frictional force, when
a gas is compressed, when a spring is stretched or compressed, .whcln
a storage battery is charged. A man holding a pail of water in his
hand is exerting a force in opposition to the pull of the earth, but
he is doing no work in the mechanical sensc of the term. Displace-
ment of the body as a whole or the relative displacement of its parts
in the direction of the applied force is an essential condition, Com-
mon experience tells us that one does twice as much work in walking
up two flights of stairs as is done in going up only one ﬂight'.\.Si‘nce,
then, force and displacement are both {actors in work, we<hay say
that the numerical measure of work is given by the product of the
applied force and the effective displacement. Thus ¢ \
%

Work = force X displacementw"

By ““effective displacement™ is meant the dgsphécmcnt in the direc-
tion of the applied force. ¢ \
- The unit of work is the erg; it is the ahount of work done by a
force of onie dyne in overcoming a resistance through a distance of
1 cm. Since the dyne is a very smalh unit of force, the erg represents
a correspondingly small amount of work. Since the carth exerts a
pull of about 980 dynes on‘a\gram weight, if we lift such a weight
through a distance of, i) tentimeter against the force of gravity,
we do nearly a thou:s:hﬁ ergs of work.
\“

1-9. Energy 4N

An ele,@te‘d weight, a stretched spring, a compressed gas, a
charged\siorage battery, a moving bullet, and a rotating flywheel
aq@\g}l’ ‘tapable of doing work. We say that they possess energy.
Work has been done upon them to bring about the state of stress or
motion in the cases cited. A body or mechanical system possesses
encrgy when and if, by virtue of its position, the relative position
of its parts, or its motion, it is capable of doing work. The energy
that a body or system possesses is measured by the work it can do.
In order to do work this energy must be expended. Because of that
fact, the unit in which energy is expressed is naturally the same as
tha_t used for work, viz., the erg. The elevated wcight, the stretched
spring, the compressed gas—these bodies possess encrgy by virtue
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of their position or configuration. Bodies in which energy resides
because of the conditions just enumerated are said to possess poten-
tial energy. The energy that a body possesses by virtue of its motion
(the moving bullet and the rotating flywheel) is known as kinetic
energy. In our later study we shall be concerned chiefly with encrgy
of the kinetic type.

1-10. Power )
N\

Thus far in our discussion of work we have made no refepence to
the length of time that may be consumed in accomplishing\a.\ given
amount of work, In appraising the final cffect due to_the’expendi-
ture of energy, it is more or less evident that the tinfe element will
enter as a factor. If we have a field to plow or a liofise to build, we
arc interested not only in the total amount of wogk'involved but also
in the length of time required to accomplish.that particular piece
of work. ‘The factors of work and time are'both involved in the con-
cept of power. This relation may be expressed thus:
work done

Power = -5~
ditme involved

*

From the foregoing it will e evident that the term power significs
the rate of doing work—fhe ratc at which energy is expended. It
is thus to be noted t €:p5wer will be expressed in ergs per second.
Power docs not meanq strength or force or work. The reader should
carefully note th€&distinction. Since, as we have scen, the erg is a
very small u:(r'bﬁdf work, it has been found convenient to cstablish
a larger w{fg\of power known as the watt, which is the equivalent
of 107 ergs¥sec. When cncrgy is expended at the rate of 107 ergs/sec,
the pq\:\aér is 1 watt. In a small eiectric light bulb the rate of energy
expenditure may be, say, 25 watts. In dealing with sound we shall
find’ that the power involved will be relatively small—of the order
of a fraction of a watt.

QUESTIONS

1. Cite an example that will 2, How would you define dis-
Hustrate the significance of the  placement?
concept of inertia. 3. What is the real distinction
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between the concepts of speed and
velocity? Cite examples to support
your statement.

4. What are the units in which
speed is expressed?

5. What do you understand by
the term acceleration?

6. What does the term foree
imply, and why is this concept im-
portant in the study of sound?

7. Cite several substances that
exhibit the property of elasticity;
also mention some inelastic sub-
stances. '

p
O
¢ .'\ J
A
O
P2,
L >
9.\l
:u\{, .
’\w
N\

8. In what way does the property
of elasticity enter into the study of
sound?

9. If a person holds a pail of
water in his hand, is he dging
work? Why? A

10. In what units is ex(érgy ex-
pressed? Power? \ \.

11. Distinguish. I)chen encrgy
and power. o4

12. What rélatton exists between
wark, energiy, nd power?



2 Sunple Harmonic Motion

QY
2-1. Simple Harmonic Motion ' & Oy

Having cxamined certain important concepts that we shall en-
counter in our study of musical sounds, it will now bg, advisable to
consider the type of motion involved in the gcneraf}on and propa-
gation of sounds in gencral. ! :

In dcaling with mechanical, electrical, and atoustical phenomena
one encounters various types of motion. Refercnce has already been ’
made to motion in a straight line (rec@iliiear motion). We arc all
more or less familiar with the motiqﬁ:@f the water particles forming
the spray from a garden hosc. Sugh particles trace a curved path,
and we refer to such a type of mg¥ement as curvilincar motion. An-
other form of curvilincar mg#ion is described by a reference mark on
a revolving wheel. Here ae)find that the point in question moves in
a circular path, ands what is still more significant, the motion re-
peats itself in equabintervals of time. The point on the wheel is also
describing curv;ikih%ar motion, but it differs from the water jet in
that its molign d¢ periodic.

Now thcr%are many types of periodic motion, as, for instance, the
to-and- fro motion of a clock pendulum, the movement of the bal-
ancwwhecl of a watch, the up-and-down motion of a weight sus-
pcrﬁcd from a coiled sprlng, the to-and-fro motion of a viclin string,
or the up-and-down motien of the particles constituting a water
wave,

If, in the simple experiment illustrated in Fig. 2-1a, the motion
Is initiated by pulling aside the free cnd of a wooden strip and then

releasing it, it will be observed that the vibratory motion repeats
9 .
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itself, gradually ceasing with time. The same general type of phe-
nomenon may be observed il we pull down a weight suspended as
shown in Fig. 2-15. The question at once arises: Why does the mo-
tion continue to repeat itself? This is a very important question. In
both of the cases cited, it will be noted that after the body was re-
Jeased it tended to return to its resting position and that it also over-

shot that initial position, This occurred

.. , _ because in both instances the dcforia-

b L4 . . . . .
v tion of the strip, or the spring, gave Tise
\ ; ' to a restoring force. This restoringforce

is due to the elasticity exhibited by the
wood and thc coiled spfriffg, and its
magnitude depends upoh the displace-
ment from the rest\position, and this is
significant. Thesgestoring force caused
< the hody to }"é:mirn to its original posi-
&S5 tion. But gélity does it overshoot the
i '« originalyposition? We have already
@ ..} lcarné&hthat all bodies have inertia and
_ 6 that'because of this they tend to con-

cFie 2410 Attaue in a state of motion or rest

. A" In our ecxamples the bodies have
incrtia, and because 6L this they tend to-continue the motion initi-
ated by the restorfug force, and hence they overshoot the median
position. Thusthe’strip and the weight describe a periodic motion,
and such a J;ybe of motion is referred to as simple periodic motion,
or, if ‘y’citﬁg}éase, simple harmonic motion. One encounters such a
type qfimotion in dealing with the study of electricity, light, and
soufig.'In fact, simpie harmonic motion (abbreviated SHM) is, per-
: ‘kk:xfys, thc' most important and significant type of motion in all na-
ture. And it should be noted in passing that such a form of motion,

in the case of sound, always involves the properties of clasticity and
inertia,

2-2. Properties of SHM

¢ Now this ty.pe' of periodic motion is unique in several respects.
The characteristics of SHM should be carefully noted. In the first
- place, as we have already seen, the magnitude of the restoring force
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at any instant is proportional to the displacement at that particular
instant. The important characteristics of SHM may be readily ob-
served by means of a simple experiment. If a small metal or wooden
ball is suspended from the ceiling by means of a light thread and
caused to move, by means of an initial impulse, in a circular path,
while it is illuminated by a more or less parallel beam of light, the
shadow of the ball on a plane, as it describes circular motion, will
simulate simple barmonic motion. (There is an intimate relation
between uniform circular motion and SHM, but it would not.sérve
our purpose o investigate this relation here.) A

If one views the moviang shadow of such a conical pendu‘lum in
the plane of the circular motion, it will be noted thatthe motion

>

of the shadow possesses several \

&0
striking and significant charac- £ £ ‘3 g g
teristics. In t%lc first place its N '
linear speed is greatest when \\ Fic, 2-2
passing its median position ¢, as \‘

indicated in Fig. 2-2. At each cxtrtmuy of its oscillation (py
and pa) its speed is zero. It also_is) to be noted that the motion
is linear. At some particular mmanl say when the shadow is
at the point pg, the displacedient has a value of x, as measured
from its median positiond It is customary to think of the dis-
placement to the right af the median position as positive, and that
to the left of ¢ as negaﬁb\: While it is not apparent from the experi-
ment, it may readﬁy be shown that the acceleration is a maximum
when the dmplaf:c‘ment is a maximum, as at f and ps, and that the
speed is a mghmum when the displacement is zero, viz., at the
median p@nt Remembering our definition of velocity, it will be
evidentdo us that, while the speed at ps is the same as it is at a cor-
res,pon‘dlng point to the left of ¢, the velacity is not the same at those
twe pomts in the path: the motion of the object is oppositely di-
rected at these two points. What has been said about the shadow
holds alse in the casc of the vibrating stick or the oscillating weight
or the coiled spring, previously cited. '

2-3. Graphic Representation of SHM

It often serves a useful purpose to set up a graphic representation
of SHM. A simple methad by which this may be doue is illustrated
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by the experiment depicted in Fig. 2-3, If a swinging pendulum be
arranged to make a trace on a surface moving at constant speed,
as indicated, the curve traced will be a graphic representation of
the SHM described by the oscillating
pendulum. Methods are available where-
by a graphic record of any type of SHM
may be secured. Fig. 2—4 shows an en-
larged sketch of this form of record. It
represents the displacement when plot\tcd
against time. Because the shape ésuch a
curve can be represented by certain
mathematical equation i~ ‘commonly
referred to as a sine curv®, and the peri-
odic motion represented by such a graph is said h) be sinusoidal in
character. The variations in velocity and a%cleration in SHM are
also sinusoidal in character, as shown in Fig. 2-5.

Again referring to Fig. 2-2, the maXimum displacement ¢, or
¢pe 13 what is referred to as the am ]i:tude of the SHM. This quan-
tity is also represented by a or al\int Fig. 2—4. The length of time

i ~\
1
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Fig. 2-4

required for the body or particle to describe a complete “round
trip,” say (in Fig. 2-2) from ¢ to-p; to ¢ to p22nd to ¢ again, is known
as the period of osciilation; or, to put it another way, it is the time
required for the body to describe a complete cycle, as shown in

Fig. 2-5. The number of complete excursions described per second
18 spoken of as the-frequency of the oscillations. |
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One other important term used in the discussion of SHM should

be noted, and it stands for a very important concept. Reference is
here made to the term phase. In general terms, phase may be
thought of as indicating the position and
dircction of motion of an oscillating body
or particle with reference to some speci-
ficd point in its path. Phase is commonly
expressed as a fraction of a period. To be
specific, it is the fraction of a period that
has elapsed since the moving hody last
passed the median point (in Fig. 2-2)
when moving in a positive (to the right)
direction. Referring to Tig, 2-2, if we
take ¢ as the point of reference, and as-
sume that the body is at g5 and moving
to the right, its phase would be the time"\'
that had elapsed since it passed from oia,)
its present position. On reaching j.}l'i‘t.s
phase would be T/4, where T staids for
the period. If the particle stqp}é’ed at f4
(as it would) and then moyed back to ¢,
its phase would be 7/2 Of\half a period.
I the body contmucdv\o\movc to the left,
after it rcached ¢ antharrived at the point
ps, its phase wouldsbe the time required
for it to move/fibm ¢ to py and back to pu.
In the diagktam shown in Fig. 2-4, any
two pomts, such as £ and k', arc in like
phaqg SN

The forcgomg discussion leads to the concomitant concept of
phabe difference. The phase difference between points 1 and 2 (Fig.
2-4) is one-fourth period; between 1 and 3 2 hall-period, etc. Both
phase and phase difference play important parts in the production
and transmission of sound, as we shall see later.

Ag applied in the study of sound, one might summarize the char-
acteristics of SHM as follows: it takes place in a straight line; it re-
peats itself in egual intervals of time; there are instants of rest at
the two cxtreme positions; the maximum specd occurs at the median
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point of its oscillation; the period of vibration does not d‘?Pend Ufpim.
the amplitude; after the exciting forr:je ceases, the magnlludc: 0( the
restoring force at any point in its swing depends upon the distance
of that point from the median point.

2-4. Simple Waveforms

Sjnce the shape of the graph in Fig. 2-4is wavcli-kc 'n-‘l appearance,
the curve is said to show the waveform of the (.)SCl'l'latIOI‘lS' involyed.
Now any such waveform may possibly differ in several m‘aortant

respects from a wavcf{?yfn.:;‘cprc-

/\ /\ A A A_A_ senting some other ‘pzcriodm mo-

V \f vV VTV V tion, For instance, “two oscilla-

2 tionsmay have thesamefrequency

_VAVAVA_VAQ%A_ but differ insamplitude, as indi-

P cated in Fig) 2—6a, the amplitude

Fra. 2-6 of onc, 4ni/this case, being twice

thatefithe other. Or the two sim-

ple periodic vibrations may bave the same amplitude but differ

in {requency, as shown in (5) ofy the same figure. All of these oscil-

lations are sinusoidal in clgg:i:éi:ter, but, as seen, they differ in

several important ways; the graphic representations of the several
variations make theseogiifferences apparent.

S

2-5. Simultaneous¥Vibrations

AS

Tt is an itéresting fact connected with mechanics that a given
body m: i Pe caused to vibrate in more than one SHM at one and
the sg;ﬁé‘ time. In other words, simultaneous vibrations may take
places In such a case the motion is not simple, but is made up of a
‘Mgre or less complicated type of vibration. But there is a remark-
dble and highly significant interrelation between the several modes
of vibration constituting such a complex motion. In 1622 Fourier,
the great French mathematical analyst, showed that it is possible
to break down, analytically, any complex periodic motion into a
series of simple motions and that each component in the series is a
simple periodic motion. Furthermore, he pointed out that the fre-
quencics of the several compeopnent motions have values that are
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twice, thrice, ctc., that of the lowest frequency present. This is a
truly remarkable relation and it is rcadily applicable, as we shail
see laier, to the periodic motions that constitute sound. We have
scen that a simple periodic mo-
tion may be graphically repre-
" sented by a symmetrical curve, as
shown by 4 or Bin Fig. 2-7. For
example, let us say that the fre-
quency in B is twice that in 4.
Either of these curves may be
represented mathematically by
the simpie equation

a1 = kysin wt
where wt = 2xf - ¢

a; the instantaneous displacement -
of any given particle from some
reference line; %y the maximum
displacement or amplitude; f the
frequency of the oscillation; and & X2
the elapsed time since the p;xi’*,: o .
ticle passed its point of zepondis-
placement. The term (2gAN2) in-
dicates that the posttion of the
particle in its cycle{of movement
is a periodic fun¢tion of the time. If we let the above equation
represcnt the ¢ p%rlodlc motion shown by 4, the correspondmg cx-

pression le\\B would take the form

Fia, 2-7

*

a; = kg sin 2(2xf - 1)

sicey rn this case, the frequency in B is twice that of 4. If one simul-
tancously impresscs upon any given body, or part thereof, the two
motions represented by A and B, the resultant motion will be rep-
resented by the graph C, and this resultant curve will be given by
an expression having the form!

ar + as = a = kysin 25f - ¢) + ko sin 2(2uf - 1)

! Those who are acquainted with caleulus will be interested in reading several
paragraphs on Fourier’s theorem to be found in Barton's “Textbook of Sound,”
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Actually we are not confined to two components. In our subsequent
study of musical sounds we shall encounter cases in which a body
may vibrate simultapeously in as many as 20 modes. The resultant
vibration can, in.any such casc, be represented mathematically, as
in the simple case cited above.

The resultant waveform, as given by curve C, Fig. 2-7, may also
be obtained by a graphic method. If we examine the situation at
some particular instant, as indicated by the vertical line, and if at
the time indicated we add the value of the displacement oz, to tl{at
at 0g; we get oa, which is the corresponding displacement of the're-
sultant motion at that instant. If we do this at equal time{dntervals
throughout a complete cycle we can, by connecting the 1§3ints thus
located, draw a graph which will represent the wg&fé?orm of the
resultant motion. And this procedure is applicable 40 any number
of components. Later, when we come to study\the musical sounds
emitted by the various musical instruments, we shall have occasion
to deal with many complicated waveforgié.'w

QUESTIONS BN
1. In what respect does simple 6. What is meant by the term
harmonic motien differ frommumi-  period? Frequency?

form circular motion? . 7. Draw a simple harmonic

. L J N
2. Cite several exariplés’ of sim- curve, and then sketch in another
ple harmenic motion; ‘of two or

! like curve representing a motion
three nonharmaoni@totions,

Ui that differs in phase by one-fourth
3. What is the significance of the period from the first.

term  simpleo i connection with 8. What does the term wavelength
: ha.rmonia\ Stion? mean?
&
4, 'A.c'count for the fact that, in 9. What are the distinguishing
t”}ic:tzase of simiple harmonic motion, characteristics of simple harmonic
& velocity is zero when the dis- motion?
placcment is a maximum, 10. What is the significance of
5. At what part of a cycle is the  the term waveform?
velocity greatest? 11. Define the term sinusoidal.

pp. 83ff, Profesaor Miller in his lectures on “The Science of Musical Sounds”
sl‘umg's:_2 I&OW tiis theorem is applied to problems connected with sound analysis; see
pp. . ' ,
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12. Draw a curve representing
a periodic motion having a definite
amplitude and wavelength, On the
same sheet draw the curve of a
metion whose period is one-half
that of the first, and whose ampli-
tude is one-third that of the first,
Let the second motion differ in
phase by one-eighth period from

17

the first, Now sketch in the resulfant
waveform.

13, In representing a longitudi-
nal wave motion by a moving sine
curve, what points on the curve
represent the points of {¢) maxi-
mum compression; (f) maximum
rarefaction; (¢} normal pressure?
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3 Nature and Transmission

of Sound S

3-1. Nature of Sound ",'\

Having examined certain basic concepts and re]amonshlps having
to do with motion in general, we are now, m\\ar position to make use
of these fjundamental ideas as we proccéd to consider the naturc
of sound and the laws that govern it€propagation through spacc.

“Before proceceding with such a study, it wili be well to arrive at a
clear understanding of what igJgteant by the term sound. For our
! purposes it may be said that‘mund is any vibratory disturbance
‘/_;n a material medium @mh is capable of producing an audi-

tory sensation in the ‘noérmal ear. We are here dealing with the
obiective cause of\a sensation, and not with the sensation itself. All
such d1sturbances ‘have their genesis in some body which is under-
going v1brat0ry motion. Such a sonorous body may be a solid, a
liquid, or asgas. The vibratory motion of the sounding body is usu-
ally copwéyed to the auditory receptor, the ear, by means of a wave
motjen In a gas or mixture of gases such as the air, though solids
a.nd even liquids may take part in such a transfer.

\UThe laws which govern the transfer of energy from the sonorous
body to the ear will be considered in detail later. For the present we
need only consider what is meant by two or three other terms. The
term wave motzon was used above. This term is employed to designate
any periodically recwring disturbance in any medium through
which energy is being propagated. Everyone is familiar with ripples

on the surface of water. In that case the particles of the medium
13
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move up and down at right angles to the direction in which the
wavcform is traveling. Such a disturbance is referrred to as a trans-
verse wave. In the case of sound the particles constituting the
mcdium, instead of moving transverscly to the direction in which
the wave is traveling, exccute a to-and-fro (periodic) motion in the
direction in which the disturbance is being propagated. A
disturbance of this character is spaken of as a longitudinal wave,
The particles, then, which constitute 2 medium through which
a sound wave is traveling are describing longitudinal periocﬁc
motions. A sonorous body communicates its vibratory motion\o
the adjacent air particles, and these in turn bring about & gerre-
sponding motion of the neighboring particles. Motion{ and the
accompanying energy, is thus conveyed from particlp'io particle,
Thus the energy of the sonorous body is transffgrijed to the re-
ceiving agent, viz., the mechanism of the ear..This will be better
understoed by referring to Fig, 3-1.
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If an o\@ﬁary tuning fork, for example, be struck genily, its
prongs ,}{t’ill be set inte vibration, as indicated by the dotted lines
in thj::,\siéetch. This vibratory motion will give rise to a series of
‘condénsations and rarefactions in the surrounding medium. That is,
the movement of a given prong of the fork, say to the right, will
-cause the particles which are near it to become crowded together;
as the prong swings toward the left it tends to create a partial
vacuum behind it, It will thus be seen that, because of the vibratory
motion of the fork, the density of the medium will become alter-

nately greater and less than normal (see upper part of the sketch).
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Thus the particles of air ‘are caused to describe a to-and-fro (a
periodic) motion, and this to-and-fro displacement of the particies
of the medium constitutes the sound wave. In the diagram, the
black dots represent the air particles; one condensation region is
shown al the left of the row, corresponding to a rightward swing of
the fork. The distance through which the particles move is ex-
tremely small, being of the order of a small fraction of a millimeter.
It is also to be noted, in this connection, that this movement of
the particles constituting the medium gives rise to a pressure change,
called the sound pressure: the magnitude of this pressure change
depends upon the velocity of the particles involved. Remembering
what wags said in Sec. 2-2, it is evident that we have héré a case of
simple harmonic motion. In our earlier discussion©MSHM it was
noted that the displacement, and the particle ¥eldcity, in such a
type of motion is a periodic function of the tinde, i.e., the instan-
taneous value of the displacement, or yelocity, varies with the
elapsed time, Now since the sound presss@‘e due to the wave molion
varies with the particle velocity, it follews that the sound pressure
is also a periodic function of the #ime, as indicated by the dotted
curve in Fig, 3-1. It should bebserved that the displacement at
the center of each condensat:idfj and rarefaction is zero. But at these
points the resulting pressure 15 a maximum. From the foregoing ob-
servations it will be q\;icyent that a sound wave may be considered
o be either a dis]_:)]aQ&rhent wave or a pressure wave, Since the ear
1s & pressure-sensitiye organism, we shall be concerned chiefly with
periodic variations in pressure.

Figure ?rﬁﬁhbuld be very carcfully studied, particularly with
referense(td the concepts of wavelength and phase. The particles
M am}i " are in like phase with respect to the reference plancs x
andwx" respectively. Bach particle has consumed equal fractions of

ou he reference plane to its present
Position, '

Figure 3-1 also indicates what is meant by the term wa;}dength-
This is an expression that we shall [requently encounter in our study
of musical sounds: The wavelength of any progressing periodic dis-
tx_lrbance is the least distance, measured along the path of progres-
sion, between two points in like phase, or state of motion. In the
diagram the distance designated by the Greek letter larhbda (N)

2
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between any two particles such as A and M’ (that are in like phasc),
is & mecasure of the wavelength involved in that particular wave
disturbance. :

Previously we have defincd the terms speed and frequency, We
are now in a position to note an important relation between these
two factors and wavclength. It may be shown that

_ speed
frequency ~
$
or A= 'S
f R\,

Wavelength =

If speed (5)* is expressed in cm/sec and frequency (f)dn Eycles/sec,
the wavelength (M) will be given in cm, If 5 is expfagsed in ft/sec,
A will be in ft. For instance, let us assume for the}xfoment that the
speed of sound in air is 1100 fi/sec, and that mziddie C-on the piano
has a frequency of 262. Substitution in the’a’:b}!ve relation then gives

N\
A = 11080445 = 4.2 [t, approximately

In other words, the wavelength of. the note we rccognize as middle
Cis about 4 ft. On the same basisthe note two octaves above middle
C: would have a wavclength ef Slightly over 1 ft.

One final word of caq‘g'\oh in connection with the use of graphic
methods of representing\wave motion: It should always be remem-
bercd that the undulatory lines used to represent the periodic
changes in displagemient or pressure constitute a convenient way of
representing tHe ~\periodic disturbances occurring in the medium
through whieh'the wave motion is being propagated. Such curves
do not gg&sfitute a picture of the actual motion of the oscillating
partigi(;‘:gi} -

3>2.3 Noises and Musical Sounds

All sounds may be classified roughly into two groups, viz., noiscs
and musical sounds. While there is ne strict line of demarcation
between these two types of sounds, a noise commonly consists of a
group of nonperiodic pulscs arising from the irregular vibration of

* Some writers use the terms speed and vefocity Interchangeably, In such cases the
letler ¢ is used to designate velocity,
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a body or group of bodies. Such a sound does not manifest a'dcﬁnii.c
- pitch, and usually produces an unpleasant auditory sensation. On
the other hand, a sound which we classify as musical gives risc to a
pleasing sensation and is characterized by being periodic and having
2 definite pitch. Musical sounds are by no means simple, however;
they may indeed be highly complex in character, as we shall sce
later. Furthermore, it should be observed that specch and musical
sounds are often accompanicd by a noise background. In fact, noise
is sometimes defined, in broad terms, as any unwanted sound, $¥c
shall later have occasion to refer to this aspect of sound. ¢4,

'\
: N

3-3. Speed of Sound N

The speed with which a succession of sound wayes.travels through
a given medium depends upon the nature andcondition of the
medium. The density of the medium and ipsja‘e"gree of elasticity are
the most significant factors in this connegtion. The relation between
these two factors may be expressed thsy”

™Y
SN
% VA

in which s is the speed of-Sotnd, d the density (mass/unit volume)
of the medium, and k\é{:bnstant depending for its value on the de-
gree of elasticity of the medium involved. A change in temperature
produces a change'in both the elasticity factor and the density.
These changegare, however, of such relative magnitude and direc-
tion that ¢Me)net result is an increase in speed for an increase of
tempelza,ﬁl\re. In air at a temperature of 20°C the speed is 344 m/scc
(1129:4t/scc). At zero degrees the velocity is only 331.7 m/sec
@088ft/sec).? Tt has been determined that, in the case of air, the
veloeity changes 0.6 m/sec per degree C. (1.1 'ft/sec/dcgree F). In
wood the velocity is of the arder of 4000 m/sec, and in steel about

_SOOO_mfscc. Following is a short table giving the velocity of sound
In a number of common media.

! The reports on research conducted
w.lde}y varying values, ranging from 33
dispersion probably accounts, in part,

to determine the velocity of sound give
0.6 to 331.9 m/sec, The phenomenon of
for the various values reported,
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Substance Temp., °C - — Speed _
m/sec ft/sec
Alr 0 351.7 1087 .5
Air 15.6 341.0 1118.0
Hydrogen 0 1269.5 4165.0
Hydrogen 15.¢6 13631 4340.0
Oxygen 0 317.2 1(41.0
Ciarbon dioxide 0 263.0 863.0
Walter 15 1437.0 47140,
Stecl ' 5000.0 16400N (0
Maple wood (along fiber) 4111.0 18444 ¢
Pine (along fiber) 3320.0 .8 ‘16889 6
S

An cxamination of the data given in the fot¢going table reveals
several important facts. In the first place\xt\wxll be noted that at
ordinary room temperature sound waves will travel in air about
110 ft in {4 sce. This should be ]ggpt“ in mind when we comc to
consider the matter of echoes and reverberation (Sec. 3-6). It
may also be noted that sound travels at the rate of about 12 miles
a minute, or 720 mph. V'v’hen one recalls that light waves have a
specd of approx1matcly 186 000 mph, it will be obvious that the
specd of sound is relatively small. Certain types of aircraft now travel
at a speed greater than that of sound. That sound does travel at a
relatively slow gp{;éc'[ in air is apparent if one obscrves a carpenter
at work on a bullding located several hundred feet away and listens
to the sound resulting from the stroke of a hammer. It will be noted
that the dyorkman has lifted thc hammer for a succeeding stroke
beforp\‘élié sound of the last stroke reaches the listener.

Awiin referring to the forcgoing iable, it will be noted that the

-speéd of sound in hydrogen gas is roughly {our times greater than
that in oxygen, at standard temperature and pressure. Now the
elasticity of these two gases, at the same pressure, is approximatcly
the same, but the mass of hydrogen molecules is only one sixteenth
that of oxygen molecules. The density of oxygen at standard tem-
peraturc and pressure is therefore sixteen times greater than that
of hydrogen. In the equation giving the speed of sound we see that
the density () is in the denominator of the fraction, and as a square
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root factor. A simple algebraic computation thus will show why the
speed of sound in hydrogen is fourfold what it is in oxygen.

In dealing with solids, however, the case is somewhat different,
and significantly so. If one compares the speed of compressional
sound waves in steel to that in air it will be found that the speed
in this particular metal is some fifteen times what it is in air. A sim-
ilar comparizon between air and maple wood shows a ratio of about
12.3 to 1 in favor of the wood. Now the density (d) for both gteel
and wood is greater than that of air, but the elasticity factpg (k) is
enormously greater in the case of the solids as comparetl @ that
of the gases. This accounts for decidedly greater specd in solid
materials, o\

We shall see later that the speed of sound wayés % an important
factor in the design and functioning of various tatisical instruments,

"as well as in the problems connected withsarchitectural acoustics.
In any given homogeneous medium thg%ﬁp‘eed of all sound waves
is the same. [n other words, the musicCal sounds made by a piccolo
travel at the same speed as do theJynusical sounds evoked from a

bass horn. Were this not so, orc;l'rqstfal renditions and choral singing
would not be feasible. Ny

3—4. Refracti Sound’
fraction of {I{

In a homogenebtis medium a sound disturbance tends to move
outward [romhe' source in the form of a sphere, as indicated in
the cross-seoligtial view of a sound wave shown in Fig. 3-2.7 At rela-
tively gre\étt‘distanccs from the source, the wavefront approaches
that qf';t\p]anc surface, and we have what is known as a plane wavce.
L however, the density or elasticity of the medium is not the

&apic in all directions, because of temperature differences, for in-
stance, the wav'efrt_mt may be tilted, which means that the direction

' These remarkable 'photographs of sound waves were made by Prof. A. L.
Foley, of Indiana University. The round objectin the center is one of & pair of balls
between which an electric spark is caused to Jump. An electric spark also serves

as the source of light by which the photograph is made. The compressional wave

changes the optical density of air with the result that the photographic plate
records what amounts to an image of the sound

proven to be exceedingly useful in the stud
those connected with acounstics of buildings,

wave. This general technique has
y of acoustical problems, particularly
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of propagation will be changed. This phenomenon is known as re-
fraction. Under such circumstances the sound ray (direction of
propagation) is bent; that is, it undergoes refraction. During periods
of low tempcrature for instance, where the ground is covered with
snow, the speed of sound will he
relatively low near -the ground,
with the result that the sound ray
will be refracted downward, as
shown in Fig. 3-3¢. The greater
part of the energy of the sound-
wave will thus be confined to the
layer of air closely adjacent to the
surface of the earth. Under these
conditions, particularly if the air
is quiescent, sounds can be heard
at great distances. In general, in
warm weather the temperature of )
the air decreases with zaltitude, and hence the speed of sound de-
creases with height, and the I;ésul'ting refraction tends to tilt the
wavelront, as shown in Figs3*35, Under these conditions sounds
cannot be heard at greqfc@istances. The difference in the tempera-

(5]
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g of the air near the cciling of an auditorium as compared with
that ncar the floor gives rise to refraction effects, and thus becomes
a factor in architectural acoustics. . _
In the open air, wind may give risc to refraction cffects. In gen-
eral, any wind has a greater velocity high above the earth than at
the surface, because of friction with the earth’s surface. (The term
velocily has purposely been used here, rather than speed, because
the dircction factor is involved in this connection.) Supposc that a
wind is blowing, say, 20 ft/sec in a southward direction at the
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carth’s surface and at 50 ft/scc at some distance above the ground.
Lct us assumc that a source of sound is located north of an observer.
If, in still air, the speed .of sound be taken to be 1100 ft/sec, the
effective veloeity of the sound near the ground in a southward direc-
tion will be 1100 + 20, or 1120 ft/sec. In the upper air the effective
velocity will be 1100 4 50, or 1150 ft/sec. The wavefront will
therefore be deflected (refracted) downward, with the result that,
because of the redistribution of sound encrgy, a listener stationed
south of the source will be able to hear the sound at relatively great
distances. It is left for the reader to determine what 't,lzé‘a}:oustical
result would be for a listener located to the north of the'sound source.

ool

3-5. Diffraction O

When a wave disturbance of any natunr{\isincident on an aperture
in a screen, some energy will pass threugh the opening. If the

o '\'. ’ . )] 5
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aperture is small compared to the wavelength, the wave dis-

turbance will spread out into the region behind the screen. In
such a case the opening in the screen acts, in certain respects, as a
source of sound cnergy for the region behind the screen. Such z: situ-
ation is shown diagrammatically in Fig. 34a. I the opening is rela-
tively large, as in {3), little spreading will occur. A similar phe-

nomenon may also a 'Thi i
: y ppear at the edge of a screen. This spreading
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out of a wave disturbance behind a screcn, or behind its edge, is
known as diffraction. o

In the field of musical acoustics we are dealing with waves vary-
ing in length from about 3 cm to something like 10 m. If the opening
from which the sound energy issues is of the order of 30 cm in diam-
eler, sounds having a [requency of, say, 8000 cps (A = 4.3 cm} will
spread out {be diffracted) very little into the region behind the non-
transmitting surface, while the sounds having a frequency of the
order of 100 cycles (A = 343 cm) would be propagated in all direc-
tions behind the screen. ' O

A practical exampte of this type of diffraction is to bé found in
the performance of the loudspeakers used in so-called(public-address
systemns, particularly in those of the horn type. Thé@oice or musical
sound issuing from a loudspeaker is composite I hature, i.e., it con-
sists of sounds of various frequencies. A listengrlocated on the prin-
cipal axis of the horn hears the sound of a {drequencies in something
like their proper relative intensity, bift an auditor sitting near the
side of the auditorium probably'héaf's only the lower frequency
tones. As a result of diffraction,,;hé:"‘highs” are more or less elimi-
nated, with the result that thé voice or music sounds unnatural.

The second type of diffxaction (the bending of the sound wave
about the edge of an oh$truction) is exemplified when one sits be-
hind a tall or large ];ﬁ\'(zsotn in a thcater. The direct sound waves are
more or less completely absorbed by the body of the person in front.
The sound energy that does reach the person sitting in the sound
shadow reaghes’him as a result of diffraction around the outline of
the individdal in front. '

N

3,—\6{'\1}1;.’6_?]78653-0?1 of Sound -

When a sound wave is incident upon any given surface, either or
both of two things may happen—reflection and absorption. Itis the
roflected energy with which we are concerned at present. When a
sound wave undergoes reflection from any surface, the angle which
the reflected ray makes with the normal to the point of incidence
is equal to the angle which the incident rays make with the same
reference line. This is illustrated in Fig. 3-5.

In (a) of this illustration, AP is the normal at the point of
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incidence P. The angle R is equal to the angle I. This relation holds
under all circumstances, and is of great importance, as will be seen
shortly. There are two types of reflection—diffuse and regular. If
the rcflecting surface is rough, that is, if the surface irregularities

Fre. 3-5 ‘

are comparable in size with the wavelengthyinvolved {Fig. 3-54),
diffuse reflection will take place; if, howgy'er, the surface is relatively
smooth, regular reflection will occupn Phe reflection of a spherical
wave from a plane surface is shown“by the sound photograph re-
produced in Fig. 3-6. N

F1c. 3-6 Fiq. 3-7

The percentage of the energy content of the incident wave which
is reflected depends upon the nature of the reflecting surface. When
a tra.in of sound waves is incident on a solid, rigid body having a
rclz.ttwely smaooth surface, reflection will be maximum. Any energy
which enters the receiving body will be parily absorbed and partly
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transmitted. The general situation is sketched in Fig. 3-7. The
broken line within the medium is intended to indicate that repeated
reflection takes place from the layers or particles constituting the
body of the medium. The width of the lines roughly represents the
relative amount of encrgy which is reflected, absorbed, and trans-
mitted. Certain materials will abhsorb a high percentage (as.much
as 90 per cent in some cases) of the energy content of the incident
wave,

For the present, however, we are concerned with that partof the
incident energy that undergoes reflection. There are variousgtriking
cxamples of the reflection of sound, as for instance in the-Mofmon
Tabernacle in Salt Lake City. In this instance the bqllf;‘zlng is more

Fic. 3;8 . ‘.’: .'.; Fiz. 3-9

or less elliptical in cross sc'étioh, with the reading desk at or near
one of the foci of the elﬁtﬁt. An auditor stationed at the far end of
this large building and.hear the other focus can hear the sound made
by the dropping of@pin on the reading desk. The two curved end
surfaces act aselliptical sound mirrors, as roughly sketched in Fig.
3-8. The b@gfg\]'aws of reflection hold in this and other curved sur-
faces as they’do in the case of plane surfaces.

Multii)le reflections from a single curved surface account for the
acousﬂcal behavior of so-called whispering galleries. In such cases
tlm nnusual loudness with which a whisper may be heard is not con-
fincd to any one position but may be noticed at various points near
the wall of a room having a curved wall or ceiling. The principle
involved in such cases is illustrated by the sketch shown as Fig. 3-9.
Successive reflections of the sound waves originating at, say, § may
rcach the listener at L, and thus serve to augment the sound reach-
ing this point by direct radiation. The sound thus appears to “creep”’
along the wall.
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. Clertain church interiors have a more or less domclike ceiling,
with the result that there often exist in such buildings one or more
focal points wherc sound is abnormally loud. ..Suc.h concave reflect-
ing surfaces give rise to 2 nonuniform energy distribution and hence
result in poor room acoustics.
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“By the same token it is evident that convex surfaces may be
}filized for the purpose of diffusing the available sound energy and
thus securing a more uniform sound distribution than would other-
wise occur. The walls of a theater or concrete hall can, for instance,
be made up of a series of convexly curved sections, as sketched in
Fig. 3~10. To bring about the reflection of sound toward particular
seating areas, the side walls and the ceiling of the stage or band
shell can be splayed, as indicated in Figs. 3-10 and 3-11,



NATURE AND TRANSMISSION OF S0UND 31

When utilizing specilically designed surfaces for purposes such as
those above indicated it becomces necessary 1o recognize the fact
that the reflective process is, to some extent at least, a selective onc.
A surface of limited dimensions does not reflect all wavclengths
with the same cffectiveness. As we know, most sounds are complex
in character, that is, they are made up of a group of waves having
various frequencies. Certain of these wave components will be
reflected from a surface having given dimensions, while ather$\of a
diflerent wavelength will be reflected only to a slight degree. (Ilhmay
be said, in general, that maximum reflection occurs (when the
dimensions of the reflecting surface arc large comparéd with the
wavelength of the incident sound. This means thag,/th'the case of a
music auditorium where use is made of special\éflecting surfaces,
both the curved and the flat sections must have'a surface width at
least as great as that of the longest wayélength involved in the
music being rendered. Further, theyradius of curvature of the
curved wall sections should be so chosen that unilorm diffusion in a
given room will result.

Occasionally use is made of the 1aws of reflection in connection
with public speaking. A cutved reflecting surface is sometimes
placed behind the positigh ‘eccupied by a minister as he stands in
the pulpit. When pro@ﬁy designed and positioned such a reflecting
structure will redirect’ a considerable amount of sound energy
toward the audigqrs and thus serve to augment the direct radiation.
However, ingmdre recent years electroacoustical equipment is
rapidly reK laeihg such reflcctor installations. Public-address systems
will be diseussed in a later chapter.

Ther®'s one other special case of reflection that is worthy of note
hf:ft}.f There are conditions under which sound waves arc caused fo
travel within a rigid tube. In dealing with such cases one must keep
in mind a certain fundamental principle involved in connection
with wave propagation. This basic principle is that, in general,
reflection of waves takes place if and when a wave train encounters
a boundary where there is a change in the density of the medium.
In dealing with waves propagated through tubes two possible
situations may obtain. In onc case the far end of the tube may be
closed by a rigid wall. As a wave train arrives at such a closed end a
pressure change will occur; the pressure in a compression area will
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increase and that in a rarefaction region will decrease. These
changes in pressure give rise to reflccted waves; a compression is
thus reflected as a compression and a rarefaction as a rarcfaction.

However, in the case of an epen tube the situation is somewhat
different. If the end of the tube toward which the waves are travel-
ing is open, the air within the tube is free to expand outward. Under
these conditions when a compression arrives at the open end, the
pressure becomes less. Likewise, when a rarefaction reaches {he
open cnd, it becomes less of a rarefaction than it would hayéybcen
if the tube extended farther. This change in pressure, theh, Gives
risc to reflected waves; but in this case the compression}js: Teflected
as a rarefaction, and the rarefaction as a compre@ion. In other
words, at the open end a change of phase has qcgurred. This is a
very important fact; and these two cases should be kept in mind
when we later take up the subject of acou{t’léﬂ resonance,

S 3
"

3~7. Absorption L

As we shall sce later, it is oftcp’gieéirab]e to reduce reflection to a
minimum. To accomplish this{® surface, such as a wall or ceiling,
may be covered with a material that is of such nature and con-
struction that it absorbg a'large percentage of the incident sound
energy. Carpets, hea}\}}l\curtains, and various gpecial materials may
be used as absorbigg/media. The effectiveness of a given material in
absorbing soundhenergy is referred to as its absorption coefficient.
By this is méant the percentage of energy absorbed as compared
to the L tal“incident encrgy. For example, if a material absorbs
60. peeicent of the incident energy and reflects 40 per cent, the
absgrption cocfficient will be 0.6, Each square foot of the matcrial
18 t‘he. equivalent of 0.6 sq ft of a perfectly absorbing surface. In
practice it is the custom to consider an open window as a perfcct
absorber, and to take 1 sq ft of such an opening as the basis of
acoustical absorption calculations. This unit is called the sabin
after Prpfcssor Sabine. It significs the absorption due to 1 sq ft of E}t
perfectly absorbing surface. On this basis various materials are rated
as to their absorbing effectiveness. On page 33 is a table giving thc
absorption factor number of representative materials.! Sinec the

1 . . .
FDI‘ an extended list of coeﬂiments of sound-absorbing materials the rcadcr 13-
! ]
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absorption coeflicient varies with pitch, the values given are based
on a frequency of 500. In general, the absorption factor is lower for

NATURE AND TRANSMISSION OF SOUND

the lower frcquencies.

Absorption
Material Description coefficient
f =500
Carpet Unlined 0.20.80
Carpet Heavy, with lining 0‘37\
Curtains Heavy, draped , Q .50
Acousti-Celotex, C-~2 Perforated cellulose fiber dle, 5™ thick  \@.85
Acousti-Celotex, M-1 Perforatcd mincral tile, 547 thick, ing “"0.85
combustible " : :
Fiherglas Acoustical Textured surface, 31 thick "‘\
Tile, TXW ‘ 0.69
Fiherglas Acoustical Perforated surlace, 34” tl;ic%\ J
‘File, PRW 0.75
Fibertane Perforated cellulose; ﬁbcf dle, 84" thick 0.73
Permacoustic Fishered rnmeral tlle 34" thick, .
combustiblead 0.75
Plaster 347 thick 3% 0.04-0.06
Wood Varnished$% 0.03
Wood paneling L 0.06
Wood veneer On2% X 3" wood swds, 16" c/c 0.12
Brick wall ¢ H{]péint@d 0.03
Brick wall }aintcd 0.17
Concrete _ ¢» Unpainted 0.16
Marble ) 0.01
Glass .’\ 3 0.027
Audience \ Units (sabins) per person seated 4.0+

Aq\’gak'amination of the above table reveals the fact that such
Y thaterials as ordinary plaster, wood, and brick absorb very
e

ittle of the incident sound energy; nearly 100 per cent is reflected.
However, in the case of thc various special acoustical materials,
somcthing like 75 per cent of the energy is absorbed.! There are

referred to Knudsen, “Architectural Acoustics,” pp. 198, 240ff. A somewhat
Jater list is to be found in Kuudsen and Harris, “Acoustical Designing in Architec-
ture,” Appendix 1.

1For any given material, the absorpnon securcd will depend wupon the
thickness of the material and also upon the method of its mounting.
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.many' such materials commercially on the market, the .surface of
some of which may be decorated without destroying their absorb-
ing property; and a number of them are fireproof. By the use of
one or more of the various sound absorbing materials it is possible
1o control the amount of acoustical energy which is reflected from
the walls and ceiling of an auditorium. The desirability of such
control is discussed in Sec. 17-1.
QY
3-8. FEchoes A
The refiection of sound waves gives rise to the familiar phendme-
non of echoes. If a reflecting surface of considerable sizg, is located
at a distance, say, of something like 100 ft, and if \ﬂje plane of the
reflecting surface is at right angles to the directién*of propagation
of waves produced by a sharp sound impulse;one will hear not
only the original sound but also, after a tiffle interval of approxi-
mately 24 sec, a delayed replica of the‘p'i‘}nary sound, this second
sound being the ¢cho of the original disturbance. If the hearing is
acute it is possible to distinguishea distinct echo even when the
reflecting surface is only abouttd0' ft away from the source of the
sound. In the open, the reflecting surface may be the outside wall
of a building or the side ofiasheer ¢liff. In such places as the Grand
Canyon, marked anc%lgng’ delayed echoes are caused by reflection
from distant rockyjeliffs. Inside, a wall or ceiling may function as
such a sound mifFor. In a long narrow room, successive reflections
may take placeas the sound waves are reflected back and forth
between theyparallel walls, thus producing an acoustical “Autter”
that dingiaishes in loudness with each reflection. Often such echocs
takf:‘\.é,rir the characteristics of a musical sound having a definite
pich! Such a phenomenon is the result of successive reflections
f::oin closely adjacent and parallel reflecting surfaces, such as the
risers of the concrete seats in an athletic stadiwm or the pickets of a
fencc. In such cases the time interval between successive reflections
is s0 small that the resultant sound takes on the character of a
musical note,
) Several practical applications of the echo phenomenon strikingly
illustrate the laws of reflection. One such instance has to do with a
method whereby bodies submerged in water or at depths in the
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earth may be located. In recent years geophysical mcasurements
have, to an increasing extent, come to replace the older and more
cxpensive hit-or-miss methods of drilling in order to locate vil-
bearing and other earth strata. One such method consists in causing
one or more explosions near to or in the surfacc of the carth. The
resulting sound waves as they travel outward from the source
through the carth’s surface will undergo reflections if and when they
encounter a boundary between two media whose transmission
characteristics are different. Diffraction may also occur. The speed
of the dircct and reflected sound waves will depend upon L]{le Bhture
of the substrata. In such an exploratory operation the modhls operandi
consists in locating several sound pickup devices (5pe01al micro-
phones) at various points some distance from the ﬂgmnd center and
simultancously recording by elecirical mcans thevtime at which the
reflected and refracted sound waves reach the various pickup
stations. Since the speed of sound 1hr0uﬂl\var10us earth formations
is fairly well known, it thus becomes \possible to determinc the
distance, direction, and character ,of the various earth strata in a
given area. o\

Radar equipment which seryes to warn aviators of the near-
presence of other plancs or of land masses also utilizes the phenome-
non of ccho formation. Vs?‘aves ol very high frequency (ultrascnics)
arc radiated in short\\pulses by a special radiating unit. When
striking a solid objecs these waves give rise to echoes. The reflected
waves are dete¢te@’by clectronic means, thus making it possible to
determine the “transit time. When this is known, the distance of the
reflecling I\bject can be quickly eomput(,d and its presence thus be
made knbwn

:'\"
Q}‘ESTIONS

1. In what respect does a sound 3. What is the relative speed of

wave differ from a water wave?

2. Is it possible for a wave to
travel at a high speed and at the
same.time for the vibrating parti-

cles to have relatively small average

speed?

scund in a golid, such as wooed, and
in a gas? Give the reason for your
answer. _

4. Assuming that the speed of
sound is 1100 fi/scc, what will be
the wavelength of a sound whose
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frequency is, for example, 523 cps?
5. If the speed of sound is 1100

{t/sec at a given temperature, what

will be its speed if the temperature
rises 25°F?

6. The wavelength of a certain
sound in air i3 5 fi. What will be the
wavclength of the same sound when
transmitted through water? Steel?

7. Of what practical significance
is the fact that sound wave may be
refracted?

8. A boy claps his hands in front
of a public library building, and
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hears a momentary musical sound
reflected from the steps leading to
the building, What is the frequency
of the sound if the steps ave 1 ft
wide, and the temperature is 68°F?

9. Two tones of 440 and 494 are
being sounded simultaneously. ITow
far is it between the points of maxi-
mum displacement of the aiin the
two wave trains? A o

16. If an echo is hp{r@}oz sec
alter a sound is made, how far
away is the reﬂePQ"nlg surface?
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4-1. Theory of Wave Interference B "z"}";

When two or more sets of wave trains simultaneﬂfuél& traverse the
same medium, they may give rise to certain effi¢ers known as inter-
ference. In order to clearly understand this jsbportant phenomenon
it will be well to consider somewhat f}JI‘:Sl‘l;CI' the nature of wave

Fig. 4-1

motion, in general, and more particularly the result which lollows
when two or morc periodic motions are combined.

Suppose we have two coexisting sinusoidal waves W, and W, as
sketched in Fig. 4-1. The two waves are of cqual length, and they
are in phase, but they are of unequal amplitude. In order to deter-

mine the form of the resultant wave we add, algcbraically, the
37 :
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ordinates {perpendiculars) of the constituent waves Wy and #; in
A; that is, we add od to 0 and get the corresponding point ¢ on the
resultant wave W. If this is donc for a number of points along the
time axis, the complete resultant waveform may be drawn. It will
be noted that the resultant amplitude is greater than the amplitude
of either of the components, and that the resultant wave is sinusoidal
and in phase with both W; and W».

In the case illustrated in B of the same figure, W, and Wyare
in opposite phase. Proceeding as above, we find that there-
sultant wave has an amplitude which is less than that.of the
smaller of the two component waves. Here we hayei‘a case of
partial interference. N

In C we have the case of two wave systems ofzegjual amplitude
and period but of opposite phase. Carrying ‘@it the process of
algebraically adding the ordinates, we see that the result is zero.

- In other words, one wave system comp@m}:ly nullifies the other.
This is an instance of complete interference.

Above we have been speaking, of wave motion in general.
Sound waves, it will be rcmem];if:réd, consist of alternate regions
of compression and rarefactipﬁ;' and not of “troughs” and “crests”
as pictured above. However, as we have seen, longitudinal waves,
such as those of sound, giay be graphically represented in the same
manner, In the case\d( sound waves the areas above the time axis
represent areas of ‘eompression, while the areas below correspond
to conditions ofirarefaction. On this basis it will be evident that if
and when twg sound waves of equal amplitude and frequency but
of oppog'\ﬁc; phase are simultaneously traversing the same medium,
the r‘c?u‘}t will be silence. We shall see later that circumstances
méy\ibé such that two wave trains will arrive at certain points out of
(Phase by a half period while at other points in the medium they
May be only slightly out of phase. In such cases complete nullifica-
tion will obtain at certain points and only partial or no interference

at others. But in any case where interference occurs energy 1s
not destroyed; it is redistributed.

4-2. Examples of Interference

l';:‘he destructive interference of sound waves may be experimen-
tally demonstrated in a comparatively simple manner. If one excites
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an ordinary tuning fork and slowly turns it as it is held near the ear,
four positions will be found at which the sound will be practically
inaudible. In gencral, as the fork vibrates, the prongs move outward
and inward simultaneously. When they move outward, for instance,
their motion gives rise to regions of compression outside the prongs
and an area of rarefaction hetween the prongs. These regions of
‘compression and rarefaction come together along four lines, as
indicated in Fig. 4-2, and these periodic disturbances are thus Ql{t of
phase by a half period; hence they nullify one another, and silerice
O\

NS

Fig. 4-2 i ’\ | Fic. 4-3

is the result. As fur%h%:f proof that the observed effect is due two
' interference, one saay place a pasteboard tube carefully about one
of the prongs aud note the fact that the fork may be heard with
equal loudnéessin all positions. : _

An additiénal example of the principle of interference is to be
had by\making use of a divided tube as sketched in Fig. 4-3. T
and ~2™ 'togcther constitute a divided sound path for any sound
p{ﬁdfxced at 0. T" slips over the remainder of the tube much as in
the case of the slide trombone. Any convenient source of high-
pitched (why?) sound may be used at 0, and some type of micro-
phonc as a recciving agent at R. A high-impedance telcphone
receiver driven by a beat-frequcncy oscillator answers well for the
source (), andl the energy picked up by the microphone at R may be
amplified and made audible by ineans of a loudspeaker. A stetho-
SCope may be used instead of the microphone and speaker.

! It has been shown by Weber that these lines form equilateral hyperbolas,
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The sound waves divide as shown by the arrows, and, if the paths
T and T” are of equal length, will reach R in phase, and sound will
be hcard. If, however, 77 is made longer than 7', by means of the
adjustable feature, the waves traversing T will arrive at R out of
phase with those coming via T. The amount of phase difference
will depend upon the difference in path. If this difference in path
amounts to one-half a wavelength, the wave trains will reach R
out of phase by one-half a period, and complete interfercnce will
obtain, Under thesc circumstances no sound will be heard{\ This
experiment not only illustrates the phenomenon of interfefénte in a
striking manner, but it also brings out another importangfact, viz.,
that phase difference may be brought about byjcausing two
wave trains from a common source to traverse Paths of unequal
length. This aspect of interference has a beding on certain prob-
lems conmected with the acoustics of rooms; ey discussed 1n Chap.
17, N>

7
\’
X J

AN

Oo‘

4-3 Beats

In dealing with the theorylof interference in Sec. 4-1, it was
assumed that the periods ofithe two sources of sound were cqual;
that is, the number offeXcursions per second described by cach
sonorous body was thé §ame. We come now to a case of interference
in which the opeyeﬁ%‘xg conditions are somewhat different than in
the examples alyeady considered. Actually we seldom deal with two
musical sourds of strictly equal pitch.! It will therefore be of more
than pasgi:r:}g\intercst to examine the case where we have two sources
of sog\rii'of nearly equal pitch, What will be the result when two
sounds of unequal pitch simultaneously traverse a given medium?

;];I:ha ‘answer to this question carries implications which are of great
importance to all musicians. _

If we take the two resonant forks and sound them simultancously,
we hear a single sound which is matcrially louder than that heard
when. one of the forks is sounded alone. If now we change slightly
the pitch of one of these forks by attaching to one of its prongs a bit
of wax and again excite both forks, an interesting and highly

! For the present “pitch”

may be thought of as synonymous with “frequency.”
Later a distinction will be ! ’

made between these two terms,
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significant phenomenon presents itself. It will be noied that the
sound, which belore was continuous, gradually dying down as the
forks lost energy, now periodically rises and falls in intcnsity. "These
pulsations in intensity, which we call beats, are caused by alternate
additive and subtractive interfercnce. Periodically the two wave
systems arrive at any given point ont of phase by a half period
with the result that almost complete destructive interference
obtains at this point. The totality of maximum interference lagts
for only a very smail fraction of a second, leading to the illusien
that the sound is continuous and only varies in intensity{ s a
matter of fact, the sound will not reach zero intensity at &ny given
point unlcss the amplitudes of the two sounds are stﬁctly equal,
and unless the interfering wave (rains are exactly OPpOSItﬁ in phase,

A4

Fic. 44+

A better understanding of the thééi"y of beats may be had from an
examination of the diagram sketched in Fig. 4—4, which r(,presents
the conditions at some particular instant.

Let us assume thatghe unloaded fork 4 above referred to gives
rise to a sinusoidal chform as represented by curve Wy in the
diagram, and thap tHe loaded fork B gives rise to a wave of equal
amplitude (fopy} the sake of simplicity) whose graph would be Wp.
Since the quency of the second fork B has been made less than
the first A)\its wavelength will be correspondingly greater. It will
therefors ‘be obvious that a greatcr and grecater phase difference
wilk ‘appear as one proceeds from O toward the right. Between O and
P thére are four and one-half wavelengths of Wy and only four of
Wy. If now we add, algebraically, the amplitudes of the two wave
trains, we get the resultant wave W. Near the beginning of our
observations (in the region of Q) the amplitude of the resultant is
greater than that of either of the components; this is due to the
fact that W, and W are nearly in phase. However, in the region of P
the amplitudes add up to practically zero, the two waves being
out of phase by a half period. Since distances above the zero line
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represent magnitudes of compression and those below the .\ axis
rarefactions, it will be seen that in the region of P a condition of
condensation meets one of rarefaction. The intensity is therclore
zero. As one proceeds toward the right, the difference in wavelength
results in a gradual diminution in phase difference until at O the
two wave trains are again completely in phase, and augmented
intensity results. Since both of these wave trains are in progress

~ toward the right, this interference phenomenon will appear to a
listener stationed at some fixed point as a series of periodic [nhsa-
tions in intensity. In other words, the auditor is conscious df what
we have already designated as beats. Beats may th€refore be
defined as the periodic variations in the intensity-of sound at a
point due to'the coexistence of two wave traindhaving slightly
different frequencies, -

When the frequency of fork 4 differs frontthat of fork 7 by onc
vibration per sccond, there is one alternafiom, or one beat, per sec-
ond. If the two sounds differ in pitch by five vibrations, there will be
five beats per second. In general, it ay be said that the number
of heats per second is equal to jﬂ:ié' difference in the frequencies
of the two primary sounds, }thn the beat frequency is greater
than about twenty per second it is not possible to distinguish the
individual heats but thé yesultant sound may, under certain cir-
cumstances, take ogé@ “rough” character—a phenomenon which
we shall examine Jater. It should be noted that beats are variations
in wave ampliit€ and are not themsclves waves. As we are here
using the tepnbeat, there is no such thing as an objective beat tone.

In tl‘gl}feceding discussion we have assumed that the sounds
involy€din the production of beats were sinusoidal in character,

_ Lh@Efiﬁ, the tones werc simple. But it has already been noted that
(Mmost musical tones arc quite complex, consisting of a group of
sounds having various frequencies. If two or more complex tones
arc sounded simultaneously, beats may be caused by the out-of-
phase components of two such tones. Later we shall consider the
effect of this type of interference on the character of musical sounds.

4~4. Use of Beats

- The existence of heats makes it possible to

i adjust two sonorous
bodies to a common fl“equcncy;

that is, to determine when two
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notes are in unison. In order 1o accomplish this, the sonarous body
under test is adjusted until it produces no beats when sounded
simultaneously with a source of standard pitch. By such means it is
possible to distinguish between the pitch of two notes that differ
from cach other in frequency by a fraction of 1 vps. This principle
is made use of in connection with piano and organ tuning. A de-
tailed discussion of this tuning proccdure will be included in the
section dealing with temperament in Chap. 9. ~

The phenomenon of beat formation is sometimes utilized' in
conncetion with the production of organ tones. Certajﬁ~ Brgan
stops, such as the voix céleste, consist of two ranks of pipes one of
which is tuncd to a slightly different pitch than the éther. When a
given key is depressed two pipes will speak, and, bedause they differ
slighdy in pitch, slow beats will occur. The rcsuit is to introduce
into the tone a slow undulating, wavelike effcet. This effect is
considered, by musicians, to give to thE\requltmg note a pleasing
tonal color. a\

To a certain extent a beat cﬁ'ecL;oBtains when a particular sec-
tion of an orchestra plays aloqc:;i'a’s' [or instance the string choir.
In such a case, probably no twa violins arc in perfect unison. Thus
the combined effect of fifteen or twenty violins is to produce a
multitude of slow beats¢These beats give to the music rendered by
a string ensemble, [ér\\mtance, a slightly undulatmg cffect which
contributes a certain satisfying quality to the music that would
otherwise be Jagking. The sound of a singlc violin could be amplified
to cqual in loﬁdncs‘: the combined effect of many violins, but the
musical c{(cct produced by a single instrument would be far less
accepl(lblc than that produced by a group of players. The existence
of beat's is undoubtedly a prominent factor in producing th1s
mt(‘restmg and significant cﬁect

4-5. Standing Waves

We conclude our discussion of interference with a reference to a
certain interesting and uscful type of interference phenomenon.
Standing or “stationary” waves in a gaseous medium are formed
by the combining of two scts of sound waves of equal amplitude
and wavelength which are moving in opposite directions. They are
called standing waves because the waveform does not progress.
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This type of acoustical disturbance may exist when a reflected or
- secondary wave irain is superimposed upon a direct or primary
radiation, under proper conditions. Reference to Fig. 4-5 will
rnake clear how this may come about.! Let us assume that $is a
source of sound and W a reflecting surface. Let 4 represent a group
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of: sound waves undergoing propagation toward the right, as indi-
\"tr?i@ttd by the arrow, and B a corresponding wave train after reflec-

tion. If we superimpose these two wave trains at the instant shown
in the sketch, the resultant displacement of the medium would be
zero. One-eighth of a period later 4 will have moved toward the

right a distance equal to one-eighth of a wavelength, and B will

1 .
_ Itt s?o;llld be ‘reme:mbercd that, in the case of sound waves, the actual displace-
ent of the medium is parallel to the direction of propagation. In representing the

czlase graphically, ho.wever, it is more convenient to sketch the case as if the dis-
placement were taking place transversely.
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have progresscd an equal distance toward the left. They will thus
have shifted thcir relative position by a quarter wavelength, as
shown In the second group of curves in the diagram. If now we add
the amplitudes, algebraically, we get the resultant waveform R.
The situation one-eighth of a cycle later (t = 7/4) is shown in the
Jlowest group of curves. Here the wave 4 has advanced toward Wa
distance equivalent to one-fourth of a wavelength, and B has ad-
vanced toward the left an equal distance. The waves will accerd-
ingly have moved with respect to one another a distance equal to
one-half a wavelength, Sketching in the resultant wayé hy the
usual procedure, we sce that while its amplitude has incteased, its
position has not changed. If we were to take the timg and space to
diagram the remainder of the cycle, it would bé found that the
resultant waveform would always remain fixed\n' space, and thus
we have what has already becn referred to ag'astanding, or station-
ary, wave. Such a wave has two 1mpoﬁant characteristics: (1)
certain particles of the medium such as those at g, ¢, ¢, etc., a hall
wavelength apart, are always at cest; and (2} at ccrtam other
points such as &, d, etc., the parncles of the medium, also a half
wavelength apart, execute a.permdm motion whosc amplitudec is
twice that of cach of the im@ividual wave trains. The points g, ¢, ¢,
etc., are referrcd to as n,od}s, and the points , d, etc., as antinodes.
The existence of. st&}ldmg waves may be readllv demonstrated
in a number of wafs»One simple and effective method is to make a
whistle out of a™feoden mouth-
plece and a.glﬁs"s tube closed at : Ef Y
the oppP@c’ end, as roughly e
sketched\'in Fig. 4-6. The glass ' i, 46 =
tubi formmg the body of the )
whistle may conveniently be about 15 inches long and one inch
in diameter., A small amount of cork dust introduced into the
tube will serve to indicate the position of the nodes and anti-
nodes when the whistle is sounded. On blowing such a whistle,
we sce a striking cxample of standing waves; the cork dust
will show definite rcgions of marked agitation corresponding to
arcas of compression. When the sound ceascs, the dust will be
found to lie in sharply defined ridges- corresponding to the nodes
with spaces between at the antinodal points. The distance between
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two adjacent ridges correponds to one-half a wavelength. From
such a measurernent one might compute the frequency of the
sound by means of the relation, given in Sec, 3-1,

where f represents the frequency, s the speed of sound, and X the
wavclength. N\
There are several variants of the simple cxperiment just described,
that may be utilized as a means of finding the speed af sound in
various media. A convenient mcthod, utilizing standing waves,
recently adopted by some investigators makes use Qf an electrically
generated tonc and an electrical pickup devicc,fsémewhat as out-
lined in conncction with the interference stadies discussed in Sec.
»

2% 4

S

- FIG 4-7

4-2. Such an organization for measuring the speed of sound in air
and other gases is Wiagrammatically sketched in Fig. 4-7. The
apparatus consist{ of a metal tube, one end of which is provided
with an electrieally operated tone gencrator § and the other with
an adjustable teflector for altering the length of the vibrating
column.‘\“\iear the generator end is attached an electrical pickup R.
This pitkup serves as a means for determining the location of the
noddb and antinodal points as the position of the reflector is
chatiged. The distance between positions of the reflector when the
pickup R indicates maxima (antinodes) and minima (nodcs) enables
the experimenter to determine the wavelength of the sound emitted
by the generator. If the frequency of the source is known
can at once be computed. The presence of the side tubés makes it
possible to fill the tube with various gases. The sound generator is
usually supplied with alternating current from a microphonc
hummer ora beat-frequency oscillator, and the output of the sound
detector is amplified and passed through a suitable indicating

the speed
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meter. This method yields more accurate results than the older
methods.

In the foregoing discussion we have confined our treatment to a
consideration of standing wavces in a gaseous medium. It should
however be noted that standing-wave phenomena may also exist
in solid media. The pcriodic mechanical vibrations of a sound
generator, such as a violin string or a bell, may develop standing
waves within the structure itself. When we come to the study olthe
vibrations of strings and othcr sonorous bodies we shall consider
the subject of standing waves in such cases. \ N

\

QUESTIONS D

A\
1. Assuming a standard source greater or Jess than that of the
of sound whose frequency is 440 standard. <)

w
cps, what would be the frequency 3. @ﬂ(‘f\is the phenomenon of
of another sonorous body when 4 bcatgﬁg d in musical work?
beats per second are heard? A Buggest an experimental pro-

2. Suggest how you_-would deter- {é(?’élure whereby one might make
mine whether the frequency of thel use of the standing-wave effect to
second body, in question 1, was determine the speed of sound in a
\ gas, and in a solid.
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5-1. Structure of the Ear

Having discussed the nature of sound and t}:@;ﬁjroccss by which
- sound waves are propagated through a conducting mediurm, we
may now address ourselves to the question.bf how such waves are
detected and caused to give rise to a phiysiclogical sensation.
Nature has provided us with a’sgund-detecting mechanism—
the human ear. As a preliminarystep in the study of the process of
hearing it will be in order to glance at the anatomical structurc of
the organ of hearing. The géneral structure of the ear is sketched in
Fig. 5-1. The hcaring asffechanism is made up of three parts: the
outer, the inner, and{tl\t middle ear. The external auditory canal
(the meatus, 2) is Cosed at its inner end by the “eardrum” (mcm-
brana tympani, 8} consisting of a thin layer of fibrous tissue covered
with skin extefrially and with mucous membrane internally. The
tympan@g\fﬁc’iﬂbrane is somewhat elliptical in shape, its major axis
being horizontal. .
‘The middle ear is filled with air at atmospheric pressure and
mho&;scs a chain of three small bones referred to as the auditory
\ pssicles, 5, 6, and 7. Because of their shape, these important struc-
tural components are named: the hammer (mallus), the anvil
(incus), and the stirrup {stapes). The ossicles serve to connect,
mechanically, the drum with the inner ear structure. The “handlc”
of thf: hammer is attached eccentrically to the inner surface of the
tympanic membrane, and is so articulated with that member that
the drum is pulled slightly inward, thus causing the drum to be

slightly concave when viewed from the outside. The base of the
A8 . : '
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stirrup is attached to the middle-car assembly by ‘means of an
clastic membrane that closes an opening (the oval window) in the
wall of the middle ear. The footplate of the stirrup is nearly as large
as the oval window, and is positioned a little off center. In the
normal ear the ossicles are not rigidly connected with one another.
The equality of air pressure between the outer and the middle ear
is maintained by means of the Eustachian tube, which opens into
the upper part of the throat in the postnasal rcgion.

~

Fig. 5-1. Diagrammatic view7of the human ear. 1, pinna (external ear);
2, auditory meatus; 3, tyn}panic membrane (drum); 4, middle ear;
5 malleus; 6, incus; Ty'&tdpes; 8, Eustachian tube; 9, fencstra ovalis;
10, fenestra rotundag\11, vestibule; 12, semicircular canals; 13, scala
-tympani; 14, scala ¢éstibuli; 15, cochlea; 16, auditory nerve; 17, cochlear
branch; 18, veshibular branch, (Courtesy of Prof. R. A. Waggener,
Carleton College.) :
\'§”

The igdricr ear constitutes, in some respects, the most remarkable
strug,tiﬁ*'é of the human body. It consists of three major parts: the
sehaidircular canals (12), the vestibule (11), and the cochlea (15).
The vestibule, as indicated by its name, serves as an entrance to the
semmicircular canals and the cochlea. The three semicircular canals
apparently serve to give us a sense of balance, but they do not
appear to function in connection with the hearing process; hence
they will not be considered further. :

The cochlea (15), as the diagram indicates, is @ snail-shaped
Structure consisting of a tapering tubular cavity of about two and
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a half turns, and measuring about 3.3 mm in diameter at its base;
its total length is about 32 mm. A diagrammatic sketch of the
cochlea is shown in Fig. 5-2. Tt is seen to consist of three galleries
extending throughout its length, except for a small connccting
passage, the helicotrema, near the apex of the structure. Struc-
turally these chambers are formed by a bony partition (lamina
spiralis) extending about two-thirds of the way across the main
chamber, and to which are attached two membranous strucgurcs
which in turn are attached to the outer wall. The horizontal ¥hem-
ber is called the basilar membrane, and the other the megibiane of
Rcissner. These two membranes divide the cochlea (nto threc

e
7%
S

Fic. 57%,‘Diagrammatic section
through“one coil of the cochlea.
Stpseala tympani; Sv, scala vesti-
W bull; De, ductus cochlearis; Iso,
J . \Mamina spiralis; , membrana basi-
N " laris; Co, rods of Corti.

chambers: the lawer one, the scala tympani; the larger of the
upper regions, {the scala vestibuli; the smaller one, the ductus
cochlearis. $ivee the membrane of Reissner is very thin and flexible,
from tb{ﬁ?drodynanﬁc point of view, the two upper chambers
mabe'e\considered as a single chamber. Each of these chambers,
anghihe vestibule, are filled with a liquid, the endolymph. The scala
‘ﬂ*tg:stibuii is physically separated from the irmer ear by the oval
W{ndow (9) in Fig. 5-1. The scala tympani terminates in the round
window (10) which consists of a small arca covered by flexible mem-
branous tissue. A diagrammatic sketch of the cochlea, uncoiled, is
shown in Fig. 5-3. ‘ , ,
The bat?ilar membrane and its associated components constitute
the most important part of the hearing assembly. Its structure is

-~ highly complex and we shall refer only to certain of its details. This

membrane is 0.21 mm wide at the smaller end, and consists of
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several thousand fberlike elements arranged transversely side by
side. On the upper surface of the basilar membranc is to be found
the organ of Corti. This consists- of several specialized elements,
chief of which arc the reds of Corti and the associated nerve terminals

va! window

Fia. 5-3. Diagrammatic sketch of Ugper chamber

cochlear structure.

— 3
t
- Lower chomber

Hosilor
» \mgenbrone

Round window '\
: N

in the form of small hair cells. {(See Fig. 54 for detaile.}Altogether
therc are some 23,500 of these so-called rods. Adair cell is to be’
found at the outer end of each rod, and from¢ash such cell twelve
or fiftcen hair cilia project into the liquid fiQing the cochlea. Lying
over these cilia, and touching them, is 4 Soft and loose structure

A\ 5.

[Tectoriol S, Cuter hoir
. Inner membrang~ e cells )
» hair LY
celfs
B R R AR SR %
Nerve\® . Aods of Basilor
7ibegse. 7 . Corti membrone

Fic. S—Q"E'ﬁlargcd sketch of orgzin of Corti and associated parts,
O\ '

knowr;jés the tectorial membrane. The auditory nerve, a branch
ofthie eighth cranial nerve, enters the central axis of the cochlea as
indiéated in Fig. 5-2"This nerve structure copsists of a bundle of
several thousand nerve fibers forming a tiny *‘cable” that is about a
millimeter in diamecter. Each nerve fiber appears to be connected
to five hair cells. This nerve system passes to the brain structure
through the temporal bone.t ' : o

! The reader is referred to Stevens:and Davis, “Hearing,” p, 268, for a more
detailed discussion of the anatomy of the inner ear, or to Fletcher, “Speech and
Hearing,” p. 111, for a general description of thg organ of ht_ea.ring._
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5-2. The Hearing Process

Having considered the anatomical structure of the car, we are
now in a position to give consideration to the process whereby the
detecting device that we call the ear makes it possible [or sound
waves (a mechanical motion) to give rise to the sensation of hearing.

- Up to a certain point in the process the evidence of what happens is
reasonably definite and well understood, but, as we Shalk sec,
beyond that stage the exact modus operandi of the process is, tOvsome
extent, still in the controversial stage. In order to discusg fhe, subject
of hcaring in detail it would be necessary to have fceourse to a
study of neurophysiology, biophysics, and related gubjects. It must
therefore suffice to review only briefly the latést” thought in this
ficld.

To begin with, sound waves enteringythe hearing structure
through the auditory canal (mcatus)'\ix}lpinge on the tympanic
membrane {(drum) causing it to vibraté. This membrane is acousti-
cally sensitive to a remarkable degree. It is estimated that a move-
ment of the eardrum through.adistance of the order of a millionth
of 2 millimeter will give rispt’fj a sound sensation. It should be noted,
in this connection, that while the eardrums are extremely sensitive
to changes In pressupe,\the auditory brain center will not be acti-~
vated unless the ck\ei,nge in pressure is repeated in rapid succession.
Later we shall ¢bme to understand why this is so.

‘Any vibrafion of the eardrum gives rise to a corresponding
motion. of the’ ossicles, and hence a transfer of energy to the mem-
-l‘:)ran. covering the oval window. In this energy-transfer process an
1nﬁﬁ;}e§t_1ng and important mechanical relation presents itself. Since
thelossicles act as a lever system, and since the area of the plate of

("\the stapes is only about one-twentieth of that of the eardrum, the
pressure exerted per unit area on the liquid in the middie ear is
from thirty to sixty times greater than that exerted by sound waves
on a corresponding area of the eardrum. It is thus to be seen that
o et b il s gt Gt

ansformer that serves to transfer effec-

tively the energy content of the air-born

i - ¢ sound liquid
medium of the middle ear.* und waves to the liqu

1Tot . . .
hose who are acquainted with the basic laws of mechanies it will be evident
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Up to this point in our discussion we are on fairly firm ground,
but the last stage of the hearing process is not so definite. A substan-
tial amount of research work has been done in an effort to deter-
mine just how the pressure waves commmunicated to the oval window
are transformed into nerve impulses. Owing to the small sizc of the
inner ear structure, and to its location, the expcrimental work
involved in the study of the inner ear, in the casc of a live subject, is
extremely difficult. Perhaps the most thorough study of the heaerg
process madc In recent years was carricd out by Professors Stevens
and Davis, of Harvard University. Bricfly stated, the resultg Ohtheir
studies, and the rcsearch of other investigators, lead to th{;:following
tentative conclusions. The basilar membrane and (s ‘associated
anatomical components constitute what might be Qailed_“the seat of
hcaring.”’ It is in this rather complex assemblytHat the conversion
of physical energy into nerve impulses ta}ng.place. The variable
pressurc exerted by the stapes scts up a réssure wave in the fluid
of the inner ear. Since this fluid is esgéntially incompressible, and
since the cochlear fluid is enclosed..i:n ‘a rigid capsule, nature has
provided a pressure release device, viz,, the fenestra rotunda
(round window). The elastic\ ‘membrane covering this ‘window
serves as such a pressure corﬁpénsating compenent, thus making it
possible for pressure wayés to exist in the endolymph. The pressure
waves developed in the ’endolymph give rise to a corresponding
motion of the basilar membrane and its associated parts, particu-
larly the cilia protruding from the hair cclis. As the tectorial mem-
brane is in contact with these cilia, it is evident that this relative
motion will)¢ause the cilia to undergo a bending motion. This
vibratory; “hotion of the cilia serves to excite the hair cells, thus
iﬂStit@liﬁg nerve impulses. It is found that these nerve impulses are
géherated only during the outward movement of the eardrum. The
néfve impulses thus developed progress along the nerve fibers,
eventually reaching the appropriatc brain centet, thus giving rise
to the sensation of hearing. While the clements of the basilar mem-
brane are o some extent progressively tuned, the vibratile elements
of the inner ear are, in general, mechanically damped, which fact
precludes sharp tuning. Pitch perception appears o depend upon

that this transformer action serves to match the impedance of the outer ear to
that of the middle region.
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the response of one or more zones of the basilar membranc and its
associated parts. In general it may be said that the wave-responsive
elements near the broad end of the cochlea respond to the higher
frequencics, while those near the apex pick up the lower frequen-
cies. The frequency response of the normal ear extends from about
20 cps to approximately 20,000, a range of about 10 octaves. The
responsc limits differ somewhat with different individuals, the aver-
age upper limit being about 18,000. In old age the responsc tethe
higher frequencies tends to fail off somewhat. .

The cochlear response to frequency is complex, being ‘approxi-
mately lincar for faint sounds but nonlinear for loud, seands. In a
later section we shall in fact see that the aural resporise bears a loga-
rithmic rclation to the magnitude of the excitifig”energy. This is
fortunate because the ear is called upon tofwiction through an
extremcly wide dynamic range. AN

In concluding our discussion of the gar*it may be said that stu-
dents of aural acoustics have not yetarrived at a completc working

- explanation of the physiological proeess involved in the neural ac-
tivity of the auditory system. Alkliving cclls exhibit certain clectrical
properties, and this phenongenon has recently been utilized by re-
search workers in their stody of the hearing process. The hair cells
of the cochlea exhibit gestain electrical characteristics and also show
certain reactions when stimulated electrically, and it seems quite
probable that valtiable information will be secured as a result of
these studies N\

Deafnt?gg Mdy be due to one or more causes. Speaking broadly,
there ate\two principal types of deafness: transmission-deafness and
ner\ie;}:l}a{ness. 'The former may result from any cause that impairs

_ ,tl‘;a’_QSHﬁSSiOD.Of the cnergy content of sound waves to the inner car.

{his may involve physiological changes in the tympanic mem-
brane, or the ossicles, or the presence of material that tends to in-

1 H. Davis, The Electrical Phenomena of the Co
J. deoust. Soc. Am., April, 1935, This
ography of research done in this field u

chlea and the Auditory Nerve,
paper also carries a comprehensive hibli-
: p to that date, Two more recent papers are!
i- V. iﬁkéSY, DC Potentials and Energy Balance of the Cochlear Partition, J-
D""(‘:-‘]“;i oz A;?-: vel, 23, no. 5, pp. 576-582, Septernber, 1951 and G. V. Békésy,

esting Potentials Inside the Cochlear PartiGon. 7 ’ o vol 04
no. 1, pp. 72-76, Tanuary, 1952, | arutiion, J. deoust, Soc. dm., vol, 24,
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hibit their normal movement. The other type of auditory defcct is
known as nerve-deafness and results from degenceration of the audi-
tory nerve proper or of the hair cells of the organ of Corti. Thus
form of dcafness cannot be coriected. In the case of an impairment
of the hearing function caused by dcfective transmission through
the middle car assembly, it is possiblc to bypass these components
by making use of sound condiction through the bones of the head,
and thus to sccure some improvement in the hearing process. .

We have dealt with the car somewhat at length because of\jts
importance as the acoustical detector with which nature hds pro-
vided us whereby the energy of sound is converted intd physical
sensation. As we proceed with our study of musical acoustics, it is
‘desirable to have an acquaintance with both the gapabilities and
limitations of the hearing mechanism and its fuicfioning.

AV

7

5-3. Intensity of Sound \

X

As pointed out in Sec. 3~1, the ez;ér'gy radiated by a sonorous
body is conveyed to the reviewijl‘lé ‘agent by means of a wave
motion in some matcrial medj@im. The effect due to a traveling
wave involves not only the még‘ﬁitude of the energy content of the

wave at any given point,{but also the time rate at which that

cnergy is available at Rat ’point. Thesc two aspects of the situation
are embodied in the concept referrcd to as the intensity of the
wave motion. As Applied to sound, we may define the intensity of
the sound wave as the average time rate at which acoustic

energy paskes through a unit area normal to the direction of

wave P‘rﬂs)'ﬁagation. Such a rate of energy flow might be expressed
in ergs\“p’ér second per square centimecter. Recalling the discussion
agpearing in Sec. 1-10, we see that we are here dealing with the
contept of power, and that such a timc rate of energy flux may
thercfore be expressed in watts. per square centimetcr. The fore-
going observations lead to thc statement that sound intensity is
the acoustic power per square centimcter of the sound wavelront.
Since the power represcnted by a train of sound waves is, in gencral,
quite small, a smaller unit than the watt is commonly used when
dealing with acoustical problems. Such 2 unit is called a micro-
watt, which is one-millionth of a watt. If onc were to speak softly,

i

g
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A

for instance, the sound intensity would be something like one-

tenth of 2 microwatt /sq cm. The average public speaker develops

sound energy at the rate of 25 to 50 milliwatts. For purposes of
comparison, it may be noted that the average clectric light bulb
is rated at 40 watis; this is equivalent to 40 million microwatts.
Tt would require something like 1500 bass voices singing fortissimo
to supply enough energy to light a 40-watt bulb.

It may be shown that the intensity of a given sound, at.any
point, is indicated by the relation

N

L X
2N\

I = 2mlan*ds O
where a is the amplitude, n the frequency, 4 the démsity of the me-
dium, and s the speed of sound. From the aheye\it is evident that
for a given frequency and a particular meditim the intensity of a
sound varies directly as the square of the .al}lplitude. Now the am-
plitude depends upon three factors: (N N

1. The amplitude of vibratior},gf'.tﬁe sonorous body
2. The superficial area of thésounding body
3. The distance from the.dource

In the case of the last mieritioned factor, it may be said that, in 2
frce sound field (abSQ;LCE of reflecting surfaces), the intensity varies
inversely as the sduare of the distance from the source. If, for in-
stance, the distgnéc from the source is doubled, the intensity will
drop to oq&—féurth of its former value. The second factor mentioned
above ijs\'eg‘rﬁcularly significant. The statement may be readily veri-
fied by asimple experiment. If one excites a tuning fork the sound
18 quite faint—the intensity is low. If however the shank of the

Vibrating fork is held in contact with the top of a table, the inten-

sity of the sound will be considerably increased. The increase is due
to the fact that the table top, which was thrown into vibration by
l._'h{_a fork, has a much greater superficial area than the fork. But in
this connection a word of caution must be sounded. The total avail-
able energy was not increased by placing the fork on the table.
Careful observation of the experiment will disclose the fact that the
fork when in contact with the table will stop vibrating much sooner
than when held in the hand. This is because the fork communicated
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some of its energy to the table; the rate at which the fork de-
livered energy was increased, hence the increase in intensity.

In practice, sound intensity, i.e., the time rate of encrgy flow
{power}, is measured in terms of pressure changes in the medium due
to the compressional wave. It has been established that in such cases
the flow of energy per second per squarc centimeter (power/cm?)
is given by the expression '

_f N
I ds

N

where p is the effective pressure change (in dynes/cm?), d&ﬁé\den—
sity of the medium (in gm/cm?®), and s the speed of the compres-
sional wave (in cm/sec). In air at 20°C, it is found “that the above
expression for intensity (7) reduces to the form 'w,’\\
S
415 \

Thus we have a relation by which one‘@iday compute sound intensity
in microwatts per square centimetér. The sound pressure () can
be determined by prer1mental Yrteans. Since, as indicated above,
the intensity of sound waves‘décreases inversely as the square of
the distance from the sourte; and since the intensity varies dlrectly
as the square of the pr ss.tirc, it follows that sound pressure varies
inversely with the,distance.

In the foregoin\g' discussion we have been dealing with absolute
intensity mangtudes In the next section we shall consider relative
Intensity va,haes.

,'\'\
54, dniensity Level—The Dectbel Scale

“The acoustician is usually interested in comparing the intensitics
of two sounds rather than in the absolute value of either. In doing
this it has come to be the practice to deal with the ratio of the two
intensities involved. As previously mentioned, the human ear is a
remarkable physical organ. It responds to an extremely wide range
of intensity. In fact, the ear will respond to a sound whose intensity
is 10 billion times that required to produce a just audible sound,
Because of this wide range of sensitivity, it has been found con-
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venient to make use of a logarithmic? scale in comparing sound in-
tensity. Happily, the logarithmic-scale idea fits into another impor-
tant aspect of the intensity picture. There is a general relationship
known as the Weber-Fechner law to the effect that the response of
‘any sense organ is proportional to the logarithm of the magnitude
of the stimulus. As applied to the sense of hearing this would mean
that if one were comparing two scunds, one which had an intensity
of 100 units with another whose intensity was 10 units, the aural
responsc in the first case would be twice that duc to the lesgdhtense
sound. This is because the logarithm of 100 is 2 whilc the {anrithm
of 10 is 1. - N

In comparing intensities it becomes necessary tg assume a stand-
ard of rcference. Having done this, we may spi;llp" an expression
for what is called the intensity level of a goumd. Using thc loga-
rithmic relation above referred to, one mayowrite a defining cqua-
tion that takcs the form e NY

R
N = 10 logagl1/10)

where N is the intensity 1evelvijﬁ:ﬂccibcls (db)* and I, the assumed

reference Intensity. In the a};’o{fé relation both the intensity (7} under

comparison and the referénce intensity (/o) are expressed in watts
- Or microwatls per square centimeter.

Because of the r@aﬁons previously discussed, it is also possible
tosetup a corr'es%nding relation in which the comparison is made
on the basis of pressurc instcad of intensity. This relation is

:‘.\é N = 20 logye (P/Py)

wlze;;éN has the same significance as above, P the sound pressure

'b\elng considered, and P, the reference sound pressurc. In this casc
A~ ) .

C \ the_s_ound pressures are cxpressed in dynes per square centimeters.

! For the benefit of those who are not familiar with logarithms, it may be said
f_hat 4 logarithm is the power (exponent) to which a given number must be raised
m‘ordcr to give another nuraber, For cxample, since 102 = 100, and 10t = 1000,
21is }thc logarithin of 100, 3 is the logarithm of 1000, ’

* The %mit of inftensity level is known as the bel, named after Alexander Graham
Bell, the inventor of the telephone, Since the bel is a rather large unit, in practice

a unit whose value is ane-tenth of the bel i ;i i
ooy € bel is commonly used; it is called the decibel
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When air is the medium, it has been found that for a sound whose
frequency is 1000 cps, the minimal power per unit area, in a plane
progressive wave, that will evoke a perceptible response in the ear
is 107'% microwatts. This is therefore taken as the reference inten-
sity ({9). 'L'he corresponding sound pressure is 0.0002 dyne/sq cm,
and this value accordingly serves as a reference sound pressure (P).
When plane progressive waves are involved, both of the above equa-
tions will yield the same numerical result. ™\

In considering the matter of intensity levels it is to be noted that
a change in sound intensity of onc decibel is approxin@%@?y the
smallest change in energy content that can ordlnarﬂy be recognized
by the human ear. This corrcsponds to a change in. acomuc power
of approximately 26 per cent. In other words,,tht intensity of a
given sound must be increased by one decibeljer 26 per cent, be-
fore the car can detect any change in the f3téength” of the sound.
When the intensity of sound reaches a xalte of 120 db the listener
begins to experience pain, and if the/ear is subjected to a sound of
such intensity for a considerable period' of time, damage to the organ
of hcaring may result. The very: Jntense sounds occurring in con-
nection with some industrial, Operatlons may thus become a health
hazard. The following tabile gives the intensity levels of various
sources of sound as glvcn\by diflerent investigators.®

NOISEs XVELS C}OMMONLY ENCOUNTFRFD

¢ - RMS prasure Intensity
’S’Qu.r‘ce of sound - in dynes/em® level in db
—_ LNV .

Sou'n becomes painful 200 120
H'dmmcr blows on steel, 2 fi 80 _ 114
Alrplan(‘ cnging ' 50 . 116
\ Diesel engine 2-cyl, 200 hp, 5 ft 30 105
Riveter, 35 ft 15 97
Heavy traffic 6.4 90
Noisy factory 3.6 85
Average factory o 1.6 78
Ordinary conversation, 3 ft 0.36 65
Average office T 0.062 . 50

!Sce a paper by the author entitled Industrial Noise Control, appcaring in
Gas J., p. 143, October, 1953. :
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Among the significant comparisens that might be made is the fact
that at a point in an auditorium or concert hall where one can, for
instance, just hear the violin section when playing softly (at an
intensity level of about 1 db) the sound from the full orchesira play-
ing fortissimo may have an intensity of 85 db. This means that the
acoustic power involved in the two cases would be of the order of
20 millien to one, )

In musical and architectural acoustics it is often necessghy” to
mcasure the intensity level of a given sound. Equipmeniis, avail-
able for the purpose of carrying out such measurements.”Below
(Fig. 5-5) is shown one commercial form of such an, fhstrument, :
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Fiz, 5-5. Sound-level meter., (General Radio Co.)

known as a ““sound-level meter.”” The essential components of such
an assembly consist of a suitable microphone, an amplifier, a cali-
brated attenuator, and an indicating meter rcading in decibels. The
pressure of the sound waves under study actuates the microphone,
thus converting the acoustical energy into electrical currents which
In turn scrve to operate the db meter.,’
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. 55, Loudness

It has been said that most arguments would terminate at once if
the disputants were to define the terms involved. Such an observa-
tion is particularly apropos when one examines the literature
bearing on the subject of loudness. In the previous section it was
pointed out that the term intcnsity indicated the magnitude of a
sound, expressed in terms of pressure or energy, and as measured
by instruments. Loudness has to do with the subjective aspcets of
the hearing process, that is, with magnitude of a sensation ' as
judged by a given individual. Herc we are dealing\’w'ﬁh a
phenomenon in the realm of psychophysics. For this,a8ason it is
extremely difficult to arrive at anything rescmbling & dquantitative
approach to the problem involved. However, as¢a beginning, we
might set up a rough definition of loudness by, saying that the term
is used to designate the magnitude of the sefisation experienced by
an auditor when a sound wave impingegoh the eardrum. Almost
any listcner having normal hearing canroughly clagsify the mag-
nitude of auditory sensations as “Veif{/ loud,” “loud,” or “moder-
atcly loud,” “soft,”” or “very soff,” In musical terminology such
designations are indicated by ‘ff, f, mf, p, or pp, respectively. But
these terms arc not and capot be precisc, because an aural response
depends upon the indi i@uél, and upon other factors such as pitch.
Indeed the two cars/of 4 given individual often exhibit unequal re-
sponses. However,dn’ dcaling with acoustical problems it is desir-
able, if possibleyye establish some mecthod of expressing loudness in
terms thatill"have at least some quantitative significance. If a
fixed rclafion cxisted between aural responsc (sensation) and the
magnit@dé of the stimulus {intcnsity) the casc would be compara-
tivél}f{ simple, but unfortunately no simplc relation exists. For in-
stanc, at the upper and lower intensity limits there is an increasing
departure from the logarithmic relation previously referred to. What
then shall be our approach to the problem of establishing some sort
of scale of loudness?

Plainly, any scalc of loudness that might be set up should agree
with our common expericnce in estimating sensation magnitudes.
Such a scale should show, for instance, that when the units are
doubled, the sensation will be doubled, and when the scale reading
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is trebled the sensation will be trebled, etc. A number of investi-
gators, including Fletcher and Munson, Geiger and Firestone, and
Churcher, have attacked the problem of setting up a usable loud-
ness scale. As a result of experimental research, such a scale has been
established. In Fig. 5-6 may be seen a graphic representation of the
relation existing between the intensity of a sound and the subjec-
tive loudness. Here the intensity is expressed in decibels above the
hearing threshold and the loudness in loudnecss units. Some writers
usc the terms sones and millisones as loudness units (1 sone =600
millisones = 1000 loudncss units). The curve shows th\a’tnht the

N
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80 ll O
a0 / Fre. 5-6,sGraph showing relation
60 / between {intensity of sound and
250 subjéctive loudness. (Adapted from
%40 a chdrt in “Theory of Hearing” by
320 (/ . E“ G. Wever, 1949, by permission
20 / o8 of John Wiley & Sons, Inc.)
/ N\
10 3 ':
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Infensity in db obové\\\ashnld

lower intensitieg? a gwen change in intensity produces a much
smaller changéin loudness than onc in the region of the higher levels
of intensity™y
The t:f&ct that frcquency has on loudncss in the case of pure tones
is mdl,catcd by the curves shown in Fig. 5-7. An cxamination of the
{a dlscloses the fact that frequency does not appreciably affcct
dness when the tone falls between about 800 and 2000 cycles,
but that at frequencies beyond this range the loudness decreases as
the frequency increascs. The curves also show that at the lower fre-
quencles, such as 100 cycles, for instance, the loudness falls off rap-
idly as the frequency deercases. _
There is another way by which the loudness relation may be rep-
resented, and by which the sensitivity of the car at various frequen-
cies may be made apparent. This can be done by setting up a series
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of equal-loudness contours, as shown in Fig. 5—8'. In setti.ng up these
curves a pure tonc of 1000 cycles, and having an intensity of
.10~1® microwatt/sq cm, is taken as a basis of comparison. The loud-
ness level of this reference tone is taken to be the same numerically
a5 its intensity level. On this basis the loudness level of any pure
tone is determined by listening to the sound in question and also
to the standard 1000-cycle tone, alternately, and adjusting the
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Fic. 5-7, Gfaph chart showing the relation between the int.ensitIy{ lc:;:l
and the gubjcctive loudness of pure tones of various frequencics. h( ;p -
ducediby’ permission of Dr. Harvey Fletcher and The Journal of the Acou
utahSecisty of America.)

strength of the standard tone until the two sound; are sensic'l tfh};z
of equal loudness. The loudness level of the sound under test is e
given by the intensity level of the star.xdard or rcfere?ce icso?lf.ded‘
numbers appearing on the curves indicate l-oudr.less eve [n deor
bels. Since the decibel is also used for the unit of intensity, ess1 1
fusion will result if some other name be utilized as a lou.dness- cx;z
designation. The term phon is accordingly .uscd for this furgoesé
From what has been said above, it will be evident that the loudn
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level expressed in phons will be numcrically equal to the loudness
level cxpressed in decibels. For example, the contour line marked
40 in Fig. 5-8 might be labeled 40 phons. The curve marked zero
indicates a reference loudness of 0 db; it outlines the threshold of
audibility. It is to be noted that, by definition, in the casc of the
1000-cycle tone the loudness levels agrce, numerically, with inten-
sity levels. However, it will also be seen that at other frequencies
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Fie. 5-8. Loudsteiilevel curves. Adopted by the American Standards
Association, 1936. The reference level is 10-10 microwatts/sq em. Sound

\

pressure gi{{exi’ at right.

the lofidness valucs do not equal the intensity values. For instance,
1tw1ﬁ be scen that at a frequency of 200 cycles a sound must have
ahvintensity of at least 25 db hefore it will be audible, while a note
whose frequency is, say, 400 would be audible if the intensity werc
only 10 db. The upper contour indicates that when the loudness
level is above 120 we become conscious of the wave disturbance
through the sense of fecling rather than by hearing. Various useful
comparisons can be made by the use of such a loudness contour
chart. Now it is right at thig point that confusion is likely to enter
into the discussion. The contour curves do not indicate subjective
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loudness. They simply serve as a convenient means of comparing
the ear response at different frequencics. '

In concluding our discussion of the subject of loudness, it should
be pointed out that two complex tones having the same funda-
mental frequency and the same intensity may differ widely in sub-
jective loudness. A careful study of the data presented in Figs. 5-7
and 5-8 will disclose why this is so. We shall return to this aspect
of the loudness question when we take up the matter of tone quality.

QY

5-6. Sensitivity of the Ear O\

As previously indicated, the average normal ear can hgar\ sounds
between the frequency limits of about 20 and 20,000, éps) In a few
cases the upper limit may be as high as 25,000. Buft the upper ire-
quency limits drop with advancing years; inthe’ 40- to 50-year
bracket it commonly decreases to somethingdike 15,000, and in old
age it may fall below 10,000. For the mamient, however, we are not
concerned so much with frequency limitations as we are with the
intensity-loudness relation. An iI}spécﬁon of the lowest contour
curve of Fig. 5-8 discloscs the fact ithat the car is most sensitive at
a frequency of about 3000 cps.‘A't that frequency a subjective sound
reaction will result if the effective pressure of the sound wave is less
than 0.0002 dyne/sq cii,ywhile at the lower and the higher fre-
quencies the sensitivijcy\ﬁélls off rapidly. The minimal pressure above
indicated correspomdle to a sound intensity of less than 107* micro-
microwatt/sq cfo) 1t is estimated that the amplitude of vibration
of the eardrmfiunder such a condition would be of the order of
1078 mm \R\{s thus seen that the human ear exhibits a truly remark-
able sexisitivity. '

Jedbe intensity of sound is increased, the subjcctive loudness in-
créades and at length reaches a level at which the reaction is onc of
feeling rather than of auditory response. This is indicated by the
higher contour Jine of Fig. 5-8, and it will be noted that this level,
known as the “threshold of feeling,” is less dependent on frequency
than is the minimal threshold. However, this upper limit of
audition varies from one person to another.

If onc connects the ends of the contour lincs above mentioned,
as shown in Fig. 5-9, there is found an acoustical region known as
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the auditory sensation area. Each point in this area reprcsents a
particular auditory scnsation when the ear is rcceiv-ing'sound waves
having the intensity level and the frequency value indicated by the
corrcsponding coordinates. Sounds that are of a complex nature
cannot be represented by a single point on the auditory diagram,

140
130 A
—— | p
120 7 RS
‘ hreshold of feg/;;a,g (or / o |
o ] 2N D
\ NS ©
100 | \ > "
. i N L
90 - 4D -
a \\ ~\ I
< 80 \ ) i
3 70 \\ Avditory sensation aeq L
3 \ R\ ;
2 60— 2\ N [
2 N\ I
£ 50 . », ]
40 . i
N !
30 St ]
N f
201—— \“’op
10 ) \
NN adl
o - N
40 N2 \—/ &

8 i6 32 64 128 256 512 1024 204B 4096 5192 16384
) :\ Frequency in cps

Fis. 5-’9,\Qhé‘l:t showing average response of the normal ear to sounds of
differeatdrequency. (After Steinberg, Montgumery, and Gardner.)

Sbl;n;'ds that lie outside of this region arc not heard. For persons
xho are partially deaf, the threshold of hearing contour lies higher
in the diagram, but in such cases the upper curve remains about
the same.! Some people who would not be considered deaf in the
ordinary sense of the term, nevertheless have defective hearing. For
instance, a person is occasionally found whose cars are inscnsitive

! Typical audiograms in cases of deafness arc to be found in T4 Flétchcr, “Speech
and Hearing,” p. 200, and should be consulted,
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to some particular band of frequencies. To such individuals the
quality of musical sounds would seem different than to a person
having normal hearing, as we shall see later.

There is another aspect of the sensitivity question that is signifi- -
cant both in the field of music and in connection with problems in-
volved in architectural acoustics. Reference is here made to the idea
of differential intensity-level sensitivity. The size and shape of a
person’s auditory sensation area, as discussed above, will yield sig-
nificant data concerning his hearing limitations, but another aspect\
of the auditory picture, in any given case, has to do with minjmal
change in intensity that can be detected by the listener. For instafice
if the frequency of a given sound is 200 cps and its intensityis'60 db,
what is the smallest change in intensity that the obscrver éaﬁ detect?
It is found, for example, that if an individual can b{acf)lhe conscious
of a perceptible loudness change when the intensity*of a pure tone
changes, for example, from 60 db to 60.8 dbyer from 59.2 db to
60 db, that person’s differential intensity seps‘i{i‘vity would be 0.8 db.
Tests show that the value of the differential .génsitivity depends uposnt
both the intensity of the incident wa\{gs~'ar{d the frequency involved.
From thc above it is obvious that.,q’né’s aural reaction to musical
and other sounds will, to some e&tent, be delermined by one’s dif-
ferential sensitivity.

Equipment is available b}f\thc use of which a person’s auditory
diagram may be determ}&d experimentalty. Such a unit is known
as an audiometer, ant.tonsists essentially of an audio oscillator,-an
attenuator, an amphﬁcr, and a telephone receiver. The oscillator
producces an alu’;r}lé_ting clectrical current of small magnitude and
controlled au@io'frcquency. These minute currents are strengthened
by the amﬁﬁﬁer and fed into the telephone receiver. The amplified
electric(Gurrents cause the receiver to cmit a pure tone to which
the'squect listens in the usual way. The attenuator, which is in
efiect a resistor, is connected betwcen the oscillator and the ampli~
fier and serves to control the strength of the current fed to the tcle-
phone receiver, and hence the intensity of the sound issuing from
this component. The attenuator is calibrated in decibels. In prac-
tice certain frequencies are commonly used in such tests, viz., 128,
256, 512, 1024, 2048, 4096, and 8192 cps. The refcrence level of
Intensity is that given by the lowest contour fine in Fig. 5-8. If the
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person whose hearing is being tested has normal hearing, the at-
tenuator will show a series of reference readings at each of the test
freqquencies. If, however, the auditory responsc of the person being
tested is below normal, the attenuator will have to be so adjusted
that a more intense sound will issue from the recciver—to a level
that is audible to the subject. The difference between the attenuator
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;Qtiei“’érice reading and the threshold reading as shown by test will
then be the hearing loss at that particular frequency of the person
being tested. When readings at the various test frequecncies have
been made, a graph can be constructed and superimposed on the
normal hearing diagram, such as that shown in Fig. 5-9. The data
thus secured will yield much important information concerning
one’s auditory response to musical and other sounds. Fig. 5-10
shows a representative audiometer assembly, and in Fig. 5-11 is
displayed typical test-responsc curves.

£
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*

7. M. asking

There is a certain phenomenon that has an important bearing
O auditory results, particularly in connection with one’s judgment
of musical quality, to be discussed later.
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It is a more or less common experience that the existence of one
sound may aflect the ability of the ear to hcar another sound. If,
for example, a notc whose frequency is 200 cps is sounded simul-
tancously with another notc whose frequency is, say, 2500 cps, and
if the 200-cycle note is gradually increased in intensity while the
higher note is held at a constant intensity level, there comes a time
when the higher note can scarcely be heard. Such an effcct is re-
ferred to as masking. So far as the perception of the higher pitched
sound is concerned, the presence of the masking sound has the et
of raising the threshold of hearing. It is also true that &)high-

frequency tone may serve 1o mask a tone of relatively low frequency, |

particularly if the frequencies of the two sounds are pear together.
It has been found that the effectiveness of the masking depends upon
both the frequency and the intensity of the masking sound. The
degree of masking is indicated by the numbex)of decibels that the
hearing threshold is raised owing to the oiistence of the masking
sound. v \ )

The explanation commonly given:’ﬁo'account for the masking
effect is that, if and when a group offfterve fibers is vigorously stimu-
lated by a given sound, that gréiip cannot function cffectively to
convey other impulses to the Brain. In effect, the “lines” arc already
loaded, ' RA

Several important r@cﬁcal results follow from the masking eflcct.
It was implied abom&hat the presence of a background of sound
has the cffect of raising the threshold of hearing. As a result, a person
who is partiall§ deaf may be able to hear as well in a noisy roon
as one whopéssesses normal hearing. If the general sound level, in
the fonjq'aﬁhoise, were, say, 50 db, and the threshold of hearing of
the scmideaf person 50 db, his auditory response would not be mate-
rally) affected. However, the masking effect of the 50-db noise
would, for all practical purposes, raise the threshold of hearing of
the person having normal ears to the same level as that of the person
having defective hearing. As a result, those who are attempting to
carry on a conversation in the presence of a strong background
noise usually speak more loudly. Under those circumstances, the
partially deaf individual is enabled to hear better than in quiet
surroundings,

When a public-address system is used (Sec. 17-2), it is important
to keep the ratio of signal (desired sound) to background noise as
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Jarge as possible, otherwise amplification does not result in a gain
in auditory intelligibility—the noise is amplified as much as the
degired sound. A broadeasting studio is so designed that the back-
ground noise is held at a negligible value, thus giving a high signal
to noise ratio, and hence little if any masking cffect obtains.

The masking cffect may materially modify the quality of musical
tones. For instance, if one listens to music over a radio set under
noisy room conditions, or in the presence of electrical interference,
the character of the musical tones will be decidedly changed. This
result will chtain because the weaker tones and the weaker comi-
ponents of complex tones will, to a greater or less extent, be fitdsked
by the cxisting background noise. It is therefore obviousg that high-
fidelity musical reproduction nccessitates the lowest gjéssible back-
ground noisc,

In preparing the score of a musical composifion' to be rendered
by an orchestra or an aorgan, the composer pizist take into account
the masking effect of hcavy bass passagés 9n the lcss loud higher
tones, Likewisc, the artist who plays thc .Composition must keep in
mind the possibility that the masking effect may profoundly modify
the musical results that he deSirch"té’attain. N

5-8. Auditory Fatigue \\

When one considersithe multitude of sounds that constantly assail
the ear, it is surprisiflg that there is not a pronounced dulling of the
auditory responseAnd we are not here referrring to the masking
effect just diséiiséed. Rather what we have in mind is the possible
effect that,é\siﬁnglc tone may produce upon the car if maintained -
for 2 prQidﬁgcd period. By fatigue is meant, in this connection, a
trap€ient loss of aural sensitivity due to previous auditory stimu-
latiol] Is there such an efféct? A considerable amount of study has
been given to this subject, and the results of these investigations
appear to show that such a phenomenon does cxist.

Aural fatigue may manifest itself either by causing an elevation
of the hearing threshold or by decreasing the subjective loudncss.
The factors that influence the magnitude of the fatigue elfcct are:
duration of the stimulating tone, the inicnsity, and the frequency.
In the matter of the elevation of the threshold, the effect of previous
stimulation is of relatively short duration, ranging from a few sec-
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onds to a few minutes, depending apparently upon the frequency
of the exciting tone. The maximum fatigue effect occurs at the fre-
quency of the stimulating sound. Toncs below 500 ¢ps produce little
effect, but for frequencies above 1000 cycles the effect is quite pro-
nounced, being of the order of 4 db. Surprisingly enough, fatiguc
cffects may be noted when the stimulation is only slightly above
the threshold of hearing.
" This phenomenon, and the effect to be discussed in the next sec-
tion, have a bearing on the auditory reception of musical sounds.
For a more detailed discussion of fatigue the reader is ;g:\fé)’r}d to
“Theory of Hearing” by E. G. Wever and “Hearing™, by Stevens
and Davis. The forcgoing observations on the subject@f fatiguc con-
stitute, to some cxtent, a résumé of the discussion§ of this effect to
be found in the above-mentioned books. Thesesadthors have thor-
oughly reviewed the available research repoxts, and their findings
are therefore authoritative. (“

5-9. Persisience of Sensation &

*

We are familiar with the pexsistence of vision. The fact that a
retinal image persists for an appreciable interval of time makes

$
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1nflpl"‘?SlS]lOns 15 of the order of 14 scc. Is there a corresponding audi-
tory phenomenon? The answer iIs in the affirmative. However, in
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the case of hearing, the time interval involved is much shorter, and
hence quite difficult to determine. Probably the most reliable studies
of auditory persistence have been made by Békésy.! He found that
in the case of a particular frequency the sound reached the threshold
of hearing in 0.14 sec regardless of the initial intensity. This is shown
by the plots appearing in Fig. 5-12. If further study should show
that this decay time is independent of the frequency, and also if
there is a corresponding delay in the build-up of sensation, we woulds
have an important auditory constant, This constant would haye'a
bearing on the question of the turning on and off of a tone in suth
a manner as to avold a click and yet have it appear that tbe.Euund
has been started or stopped instantaneously. Further, the{persistence
of a sensation quite possibly has a bearing on the masical effect of

chords in the execution of which the several neiés,are not struck
or released simultaneously. By the same token it Is also conceivable
that the tonal cffect of notes played in rapidiSuccession might be
influenced by the sensation time lag. Ohyaously there is necd for
additional study of this phenomenon, Here is a tempting problem
in the field of psychoacoustics. o

™
SN g

QUESTIONS
\

1, What is meant by t c({;rz ;nsiiy sity and loudness levels of a 500-
of sound, as heard at some point i~ cycle note practically coincide?

the sound field? | ;" 7. A change in the intensity
2. Define the “/dectbel.” level from 30 to 60 db produces
3. What is /tie difference, in what change in the loudness level
decibels, bqt\\&ﬁ the intensity level ~ of a 200 vps tone? :
of two sounds if their pressures are 8. A change in the loudness level
0.002. &nd 20 dyncs per sq cm from 30 to 50 db of a 300 vps tone is
respegtively? produced by what change in inten-

4. 1f two sounds differ in inten- sity levels? _
sity levels by 57 db, the intensity of 9. At what frequency 1s 2 barely
the louder sound is how many times audible tone produced at 40-db

that of the fainter sound? _intensity lcvel?
5. What is the intcnsity level of 10. Why does the presence of'a
2 barely andible 100 vps tone? background noise affect one’s abil-

6. At what levels do the inten- ity to hear a relatively faint sound?

'G. v, Békésy, Uber die Hérsamkeit der Fin-und-Aus-schwingvorginge mit
Berticksichtigung der Raumakustik, Ann. Physik., vol. 16, pp. 844-860, 1933.



6 Resonance
Q

6—1. The Phenomenon of Resonance \ >

One of the phenomena encountered in the study)of sound, par- -
ticularly in the field of music, is that of resondnce. Many sources
of sound, such as the vocal cords, a violin stting, or the lips of a
horn player, would, by and of themselves, Ef&ucc only faint sounds.
It therefore becomes necessary to provids some means whereby the
intensity of the weak sounds emitted by such sonorous bodics may
be increascd, and thus the lou@nééé of the sound augmented. To
accomplish this desirable end }ae'iavantage is taken of the principle
of resonance, In order to arrive at an understanding of the nature
of resonance and the wayin which it ig employed in the domain

of music, it will be wi@e ‘consider the matter of resonance in general
termis, -

N\

If a lath, fastgned at one end, has its frce end pulled aside and
then releasecL{it will oscillate back and forth a certain number of
times per gedend, its period of oscillation depending upon its mass,
length, ;abd other mechanical characteristics. A wire fastened at
both.j;hds and under tension will, if pluckcd, continue to describe
trqirﬁverse vibrations for several seconds, and the frequency of it$
“oscillations will be a function of its tension, mass per unit Jength,
etc. In other words, the lath, or the wire, disturbed from a state of
rest and subsequently left free to vibrate, will continue to oscillate
in its own particular natural peried of vibration. '

Furthermore, if the exciting impﬁlses are properly timed, exceed-
ingly small increments of cnergy will cause a body that is capable

of oscillating to describe relatively wide oscillations; in other words,
74 . . S L
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to vibrate through a comparatively wide amplitude. This important
fact may be shown by mecans of a very simple experiment. If a
mass whose weight is 5 or 10 1b is suspended by a suitable cord
from a rigid support, it may be set into oscillation by means of a
{ine thread which is also fastened to the weight. If one gives a
slight and transicnt pull to the delicate thread, it will impart to
the hcavy mass a small displacement. If now one continues to give
additional slight pulls to the thread at properly timed intervals,
it is possible to build up a considerable amplitude of oscillation.
_In order to accomplish this, however, the impulses must Beiso-
chronous; that is, they must have the same period as thé natural
period of the suspended body. This experiment“shows that
relatively large masses of matter can be thrown ingéoscillation by
- Imparting very small amounts of cnergy, applicd Pemodically.
Another illustration of this phenomenon Iy be arranged by
suspending three pendulums [rom a corn{l(ﬁi’support, prelerably
a rigid one, as indicated in Fig. 6-1. The
two pendulums Py and Py have thesame
length and hence the same naturakpetiods
of oscillation; P is shorter and}'héhce has
a different period. If now P is ‘caused to
oscillate, Py will not be disturbed, but Ps
will, in turn, begin (}'\;Smtfing- The slight
~amount of energy @onveyed periodically

through the rigiddipport is sufficient to P

bring about thevescillation of Ps, because @ : o
P; has the §ame natural period as Pi; A %
isochroniggh 'exists. In the two instances Fre. 6-1

~ cited we"* have examples of mechanical _

* res6hance; many other cascs might be mentioned. In gencral then, it
raay be said that mechanical resonance will occur when the period
of the exciting pulses of energy coincides with the natural period

o of the body involved. As we shall sec in the discussions that follow,

“ therc are many instances in the field of musical acoustics wherc the
Principle of resonance plays an important part. In such cases a

solid or a gas (usually air) may act as the exciting agent (the g

erator or driver), and likewise similar types of bodies may function

43 resonators, '
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6-2. Acoustical Resonance

There are many common instances in which frce sound waves
act as the source of energy whereby a resonance effect is established.
If one holds down the sustaining pedal of a piano, each siring be-
_ comes a resonator having a definite natural period of vibration. If
a note he sung near the instrument, it will be found that one or
more of the strings will be set into sympathetic vibration, thus acting
as a resonator, and may be hcard to emit a tone corresponding 10
the note sung. In fact several tones may possibly be heard{owing
to the existence of several components (overtones) in th€ griginal
sound. The air in rooms, particularly in those of smalf~dimensions,
often has one or more natural modes of vibration. 13y singing notes
one can often sense that room resonance occurs a$@yiote of a certain
pitch is sung. In the baptistry at the cathedrahof Pisa therc is a
striking example of room resonance. For a.sﬁﬁall fee the attendant,
who has a deep voice, will intonc a partie[lll\ar note to which the air
in the room will loudly resonate. The matter of room resonance is
a subjcct of considerable importqﬂéé in connection with architec-
tural acoustics. Under certain ng’cﬁmstances the effect is benelicent,
while under other conditiong it¥nay prove to be an acoustical nui-
sance. But in any event, Yoom resonance should not be confused
with room reverbera ~'0:@;~Thc latter phenomenon is a matter of
multiple reflection, ag pointed out in Sec. 3-9.

Another instan€®"of resonance is to be found in the so-called
“sound of the.sca™ that may be heard when one holds a rather
large sea %e"ll‘to the ear. Such a natural acoustical unit probably
resonates(to'several frequencies, and thus the enclosed air is throwi
into syfpathetic vibration by the various sounds generated by the
waves/and wind.

Another example of acoustical resonance occurs in a tuning fork.
When sounded alone a generator of this type gives rise to a faint
sound. If, however, the fork is mounted on a hollow box whose in-
ternal dimensions are of such a valuc that the natural period of the
cnclosed.air is ncarly the same as that of the fork, a relatively Joud
sound will result, The body of enclosed air is thrown into sympa-

theti.c vibration owing to the small periodic increments of energy
recetved from the vibrating fork.,
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A still more striking example of acoustical resonance is that of
heavy tuning fork being set in vibration by sound waves from a
second fork. If two forks, accurately adjusted to the same frequency
and mounted on resonating bases, are placcd several meters apart,
one of the forks will respond, because of resonance, when the other
is caused to vibrate. Indeed, forks are now made which will mani-
fest such sympathetic vibration when scparated a distance of some-
thing likc 100 ft. When one recalls that the acoustical power in such™
cases is measurced in millionths of a watt, the fact that a second, R{rk
can be thrown into sonorcus vibration at such a distance hy- incans
of incident sound waves serves as a striking conﬁrmat;on of the
resonance principle. g

Resonance effects in connection with air columns, afebf particular
signiflicance. This important case is easily illustiated by bringing a
vibrating tuning fork near the open cnd Gf\a —
column of air of adjustable length, as she‘wn in ;:\Z
Fig. 6-2. By pouring water into the jar@ \definite
length of air column may be found that will
loudly rcsonate in response to the, JSOChI‘ODOUS im-
pulses of the fork. Sounding by itself, the fork
emits but a very small a@unt of energy per |
second. IHowever, when TJesonance occurs the  [j .
combination may be b}ard throughout ‘a good-
sized room. This demeénstration is illustrative of '
the basic part pldyed by the resonance principle
in connection with the design and opcration of a
nurnber of n%s"ical instruments, particularly those
of the wmd blown type. Later we shall return to,
this agplication of the resonance effcct, and in
that\oonnection it will also be noted that the
length of such a resonating air column bears a definite relation to
the pitch of the generator.

F1g. 6-2

0-3. Cavity Resonators

Professor Helmholtz made use of the principle of resonance in |
the construction of the famous resonators that he utilized in the
analysis of complex sounds, and in the detection of sounds that
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would otherwise be inaudible. Thesc resonators were usually made
of spun brass in the form of hollow spheres, as shown in Fig. 6-3.
In use, the sound waves entered the opening a, while the aperture
b was inserted in the ear. As originally designed and used by Helm-
holtz, these resonators were made in
different sizes, each designed to
respond to a particular {requency.
Resonators of the same geperal
character as the Helmholfz hits
arc now commonly made ‘i\h"a\Cy]in-
_ drical form and so dcsigned that the
volume is adjustable. Figure 6—4 shows a modern férin of such an
acoustical unit. If the dimensions of the resopatrvare small com-
pared with the wavelength involved, the resoparce is quite sharp.
The frequency to which such a cavity resohator responds is deter-

Fra. 6—3. Helmbholtz resonator.

o "W : Fic. 6—4. Modcrn form of resonator.

twined by its volume and by the size of the aperture through which
the sound waves enter.?

It is intercsting to note in passing that the principle of resonance
was apparently recognized by the Greeks and the Romans. It is
said that they utilized large acoustically tuned vases placed in their

1 i .
A working formula by which the resonant frequeney of such a resonator may

be cc:mputed is to be found in Knudsen and Harris, “*Acoustical Designing in
Architecture,” p. 123,
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theaters for the purposc of augmenting the loudness of certain fre-
quencies considcred to be important in the rendition of speech and
pusic,

Cavity resonators are frequently utilized in applied acoustics, two
common examples being in connection with the marimba and the
organ stop known as the “‘celestial harp,”

6—4. Absorptzon of Sound by Resonators

In the preceding section we have discussed the utili7atiéﬁ“(\)f
cavity resonators in connection with the augmentation of sound.
We now turn to a consideration of a reverse effect—the. abanptmn
of sound by means of resonators. If a cavity resonatory,funed to the
frequency of the source, is introduced into a sound\field at a point
somewhat distant from the source of sound, jt\\&ill be found that
an appreciable amount of sound energy is absorbed over a portion
of the advancing wavcfront, with the resolt’that the loudness will
be diminished in the region of the resgmator. This absorption of
encrgy results from the frictional 105565 at the aperturc as pro-
nounced variations in pressure take p]ace within the resonant cavity.
Cavity resonators have been gscd in bu1ld1ngs for the purpose of
absorbing certain frequencies

In transmitting sound\(}irough an acoustical conduit it is some-
times found desirable ”to SUppress ORE Or IMOre components of a
complex wave distu}ﬁance This
can be accomplighed by the use 47>
of one or mo{cmawty resonators r ;| r ]_l r '—I
arranged as;;shown in Fig. 6-5. If 1
the resoriators are all tuned to the - Fie. 65
Samé\{requency, each will absorb
a certain amount of energy from the passing wave train, and thus
materially reduce the loudness of that particular component. If
the ear is placed at B, that frequency will be almost wholly absent
from the sound issuing from the tube. By tuning each of the reso-
Nators toa d]ffcrent frequcn(:y, a band Of frequenmes can be largcly
Suppressed. An assembly of this general character is known as an
acoustic wave filter. There are factors other than absorption

*See 2 paper by V. L. Jordan, J. Acoust. Soc. dm., vol. 19, p. 972, 1947,
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involved in such devices. The compleie theory of wave filters is morc
or less complex, and it is beyond the scope of this book to deal with
the subject in detail. They are mentioned here only as an illustration
of the absorption property of cavity resonators. For an cxtended
‘discussion of the theory of wave filters the reader is referred to
“Acoustics” by Stewart and Lindsay.

—5. Broad Resonance ~

From what has been said in the preceding section of thig €hapter,
it is not to be inferred that perfeet isochronism must obtaig i order
to bring about resonance. Sympathetic vibration willy occur when
the frequency of the driver is not exactly that of the resonatmg body.
If the periods of two bodies differ by a few Vlb“r\tlons per sccond
resonance may occur, but the response wilkbe less marked than
when perfect synchronism obtains. 72

There is also the possibility that.a s}mpathetlc response may
occur when the natural perieds of VAbration of the generator and
the second body are widely d1ﬁercnt Reference is here made to the

“\'tase in which a very broad reso-

] ™S nant response occurs. Certain

g : RS bodies or systems of bodies will
% ; ; often respond to a comparatively
= ) wide range of exciting frequen-
g 7. cies. This is particularly true
g "\ | when the damping, or dissipation
:“"\}5. ; of energy, due to friction is rcla-

} tively high. This type of resonance

' \,j N Frequency is sometimes referred to as gencral
\m‘; / Fic. 6-6 or broad resonance, and is illus-

trated graphically by curve B in
Fig. 6-6. The dotted lmc represents the frequency of the generator.
Curve A represents the response when the frictional damping is low.
There are various important applications of this type of resonance,
the most notable of which are the action of the sounding board of a
piano, and the results which obtain in the instruments of the violin
family. In such cases the sounding board, or the body of the instru-
ment and the enclosed air, reinforce a wide range of tones and



RESONANCE 81

thus serve to augmcnt greatly the sound emitted by the strings

themselves.,
Speaking broadly, it may be said that the acoustical effectiveness

of practically all musical instruments depends upon the principle of |

resonance. It is thus apparent that an understanding of the nature
of resonance, as well as its possibilities and limitations, is of the ut-
most importance in the study of musical acousticy; In later chapters
we shall consider in detail the utilization of this principle in the
design and functioning of the various types of musical instruments,

O.\ \Q

"N\
Ny

6-0. Energy Relations in Cases of Resonance A\

In concluding our discussion of resonance one otbér aspect of this
important phenomenon should be noted. Reyétiing, for the mo-
ment, to the experiment of the tuning fork ankci the associated reso~
nant air column, the question at once ariség’as to whether the in-
¢reasc in loudness due to the presencesdf ttie resonator means that
the available energy has been 1ncreased In answering this inquiry
it must be kept in mind that the ﬁ'eely vibrating fork (the driver)
is the only source of energy 1ny‘01ved The resonant air column in
the cylinder receives whatever energy it may have from the fork.
How then can the increagein loudness be accounted for? An in-
crease in loudness is i"\zroﬁrse due to an increase in intensity. In
Sec. 5-3 intensity was defined in terms of the time rate of cnergy
delivery. If the lefigth of time during which a fork will continue ta
vibrate with apd-without the presence of the resonator is noted, it
will be found” that the fork will cease to vibrate much more quickly
when ass.ec‘iatcd with the resonator than when the air column is
absent lrI other words, the energy content of the vibratile compo-
nﬁ;nms more quickly dissipated when a resonator forms a part of
.the\6norous system. It may then be concluded that the resonator
does not create energy hut that it brings about the emission of
€nergy at an increased rate. Thus the intensity Is increased, and
hence the subjective loudness is enhanced. So, in general, it may be
said that the presence of a resonator increases the radiation efficiency
of the generator, and thus augments the loudness. And this relation
is involved in connection with practically all musical instruments,

including the vocal cords.

|
P

j
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QUESTIONS

1. Explain how you would utilize
the phenomenon of resonance for
the purpose of determining the fre-
quency of a luning fork:

2. If you were to find the fork
referred to in question 1 to have a
frequency higher than desired, how

would you adjust it to the proper
frequency?

3. For what practical purpose
are resonators used?

4. Distinguish hetween “broad”
and “sharp” resonance. Cite cxam-

ples of each type. \<\ _
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7-1. The Meaning of Pitch ) ‘
.
Musical sounds may differ from one another 1II\Lhree respects,)
viz., in loudness, in quality, and in pitch) Lotdness has been de-
fined and discussed in Sec. 5-5. The subject gfguality will be treated
_in the next chapter. Pitch has to do withi{the position of a sound in
a musical scale, as judged by the hstener
In dealing with the three charactcns‘ucs mentioned ahove we
shall be considering the Dsychologlcal aspects of sound, in contra-
distinction to the objcctive aspf:cts such as radiation, frequency,
and intensity, ‘The magmmdc of such quantities as those just enu-
‘merated can be measuted by means of instruments. But in the cases
of loudness, quality,’and pitch, we are dealing with subjective re-
sponses. The magmtude of such reactions cannot be quantitatively
determined bcoause their evaluvation depends upon individual
judgment. (N
In conqzdérmcr the Subje(,t of simple harmonic motion in Chap. 2,
it was fqund convenient to use the term frequency as being synony-
d\with pitch, Actually the terms do not mean the same thing.
Frguency refers to the number of vibrations per sccond made by
the sonorous body; it also indicates the number of oscillations per
second occurring in the transmitting medium. Pitch is that sub-
Jective characteristic of a sound that enables us to classify a sound
as bcmg acute or grave. Obviously there is a multitude of specific
valueg of pitch lying between those two extremes. Pitch and fre-
quency are, of course, intimately related. If the frequency of vibra-

tion of a sonorous body is high, the pitch, as sensed by the listencr,
83
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will be high; if the frequency is low, the pitch will be low. It is
known that our cstimate of pitch is, to some extent, influenced by
the loudness level of the sound involved. This is particularly true
in the case of pure tones at comparatively low frequencics. Because
of this fact it has been suggested that the pitch of any given tone
should be expressed as the frequency of a pure tonc whosc loudness
level has a specified value, for instance 60 phons. Facilities are avail-
able, bascd ultimately on an accurate fork, or group of such forks,
whereby a series of pure tones may be caused 1o reach loudncsslevel
of a standard value, say 60 phons. The pitch of an unknown' tone
can then be determined by adjusting the frequency of the)standard
source until a skilled auditor or group of listeners deeides that the
two tones, when sounded alternately, have the ‘;ame pitch. The fre-
quency of the variable standard would then he shie ‘pitch of the tone
under study.

As indicated above, it has been found tﬁat in the case of tones
whose waveform is sinusoidal the piich \f a sound appears to fall
as the loudness level increases, particularly in the lower frequency
range. In the range between 200:and 300 cps if one increases the
stimulation from, say, 60 to 108%phons the pitch may drop 10 per
cent. Fletcher found, for ingtance, in the case of 2 pure tonc emitted
by a sonorous body whosesfrequency was 261, the pitch dropped
1.3 semitones whengt the. loudness level was 1ncreased from 40 to
80 phons. But in th\range over which the ear is most sensitive
(1000 to 5000), dhere is little change in pitch as the loudness level
is raiscd. Fur@ermore, in the case of the complex tones found in
musical nqtes; intensity and waveform have only a slight effect on
pitch. "Thiy question is, therefore, largely academic, at Icast so far
as apphed music is concerncd, though it might have a slight bearing
on\the matter of dissonance and consonance (Sec. 9-2).1

There is, however, another aspect of the subject of pitch that calls
for comment. As we shall see later, practically all musical sounds are
complex in character, being made up of a so-called fundamental
tone {lowest pitch) and a group of other components {overtones)
cach having a pitch higher than the fundamental. The question
that at once presents itsclf is this: Which one of these components'
determines the pitch of the tone as a whole? In Fig. 8-15 is to be

! For an extended discussion of plich see Stevens and Davis, “Hearing,” chap. 3.
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found a diagram that depicts the spectrum of a particular voice.
The length of the vertical lines indicates the relative intensity of
the several components. It will be noted that the fourth overtone
is much stronger than the fundamental. Is it the strongest compo-
nent that determines the pitch of the tone as a whole or is it the
fundamental, cven though this component is relatively weak? The
answer is that, in general, it is the pitch of the lowest component
(fundamental) that fixes the pitch of the tone as a whole. Howgver,
it has becn found that if a tone is made up of a group of components
whose frequencies differ by a like amount, as 200, 300,‘\4'00; and
500, the hearcr may judge the pitch to be not 200, but 100cps. The
reason for this unusual situation will be discussed in ,cé)ii’i‘lect_ion with

7

the question of subjective tones (Sec. 7-5). R4

w\J/
2\
7-2. Standards of Musical Pitch K

The basic pitch (A above middlf:.'C:)'émployed in musical litera-
ture has varicd widely since PéreéiMerscnne, the famous French
ecclesiast and mathematician, (first determined the pitch of a musi-
cal note. In Merscnne’s time ¢1648) the lowest “church” pitch was
373.7 and the “chamber’ pitch was 402.9. Handel’s standard pitch
in 1751 was 422.5. Ad Qné time in this country a so-called “concert”
piich of 461.6 waghused. Probably the first highly accurate deter-
mination of the @itch of a sonorous body was made by Lissajous,
another cminent French physicist. Lissajous determined the fre-
quency Ouithe standard tuning fork of France, known as the “di-
apason.fiotmal,” of the French Conservatory of Music. It was in-
tendedi that this standard fork should execute 435 vibrations per
&eord, but a later determipation by the famous acoustician,
Rudolph Koenig, with improved facilicies, showed that the diapason
normal actually gave a frequency of 435.45 at 15°Goor 59°F. Prob-
ably the first formal action to adopt a standard pitch occurred In
Germany when a meeting of physicists at Stuttgart in 1834 adopted
a pitch of 440, :

! Mersenne is sometimes referred to as the Father of Acoustics. His most impor-
fant work entitled “Harmonie universelle,” in twelve volumes, appeared in 1636,
The founding of the French Academy of Science is credited to Father Merscnne.
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An orchestral A of 435 was legalized in France in 1859, and this
pitch was soon adoptcd by several important symphony and opera
‘orchestras, including the Boston Orchestra {1883). In 1892 the
Piano Manufacturer’s Association adopted the French pitch of
435, as determined by Kocnig, and designated that valuc as
“international pitch.”

In 1939 an international confcrence on pitch was held in F.ondon,
and it was unanimously agrecd to recommend to all interested or-
ganizations that 440 be adopted as the standard of orchestral p11§1
This pitch is now generally used in this country. In orderg Dassist
in maintaining an accurate pitch value, the Burcau of Qtahdalda at
Washington, D.C., broadcasts several times daily a s‘tdndardwmg
pitch of 440 by mcans of radio signals. < :

The basis of pitch in orchestral renditions i§ thc second open
string of the violin, designated in musical tertginology as As. The
violins check their A pitch against the Adthe oboe player, who
in turn takes the pitch from an accuratély adjusted tuning fork. It
would probably be better if orchestrasiand bands were 1o make use
of an electronic pitch- btandardmmg device so designed that all
players in the orchestra could hedr the primary standard. It is en-
tirely possible to design and® construct a small portable pitch-
emitting unit embodymg\an accurate tcmperature-compensated
tuning fork, with ass cu\ated amplifier and small loudspcaker, that
would give a const@qgt pitch under practically any ambient condi-
tions. Several symphony orchestras have recently been considering
the adoptionsefsuch an innovation.

It mayb€well to note in passing that therc has long existed what
is comm@nly known as “philosophical pitch.” Early in his acoustical
work, K&Jcnlg adopted a series of vibration frequencies, 'probdblv
baSed on a suggestion said to havc been originally made by the
addustician Sauvcur, and later used by Chladni. This scrics of pitch
values is built up by taking for the octaves successive power of 2.
.On this basis C; = 2% = 256, C; = 2? = 512, etc. This would give
to A a valuc of 426.6, which is close to the A of Handel. Since the
beautifully made and highly accurate forks made by Koenig came
to be widely used in scientific laboratorics; it was natural that physi-
cists came to use the so-called scientific, or philasophical, pitch
(C = 256). There is, however, no good reason for continuing the-
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use of such a pitch value. Now that an international pitch has been
adopted, physicists and acoustical enginecrs should discard the sci-
entific pitch (A = 426.6) and officially adopt the value 440 now
in common use throughout the musical world. o

7-3. Ghange of Pitch with Motion—the Doppler Effect

In discussing the subject of pitch, and its rclation to frequency,
. mention should be made of a phenomenon sometimes obseryed,
particularly in these days of high-speed travel. Many wilh have
_noticed the apparent change in pitch which occurs when "one is
rapidly passing a railroad signal bell, for instance, A$“one ap-
proaches the source of sound the pitch is appreciably highcr than
normal and when we move away from the sounding bell the pitch
is observed to be lower. The same phcnomenoﬁ occurs when a
source of sound is moving and the observep,is stationary, and also
when both the observer and the soureg~are moving, with respect
to one another. In each of these cases(th€ change in pitch is due to
the relative motion of the observertard the source.

The phenomenon above referr8d to is onc instance of a more gen- B
eral principle first noted by Boppler in 1842. It is not difficult to
account for this cffect. Ke€pihg in mind that the term pitch signifies
the position in a scale {(Sec. 7-1), to which we assign a musical
sound, and also remz}l ering that it is the numbcr of sound waves
per second whiclp Stiike the car which determines pitch, we may
arrive at an ynderstanding of the '

Doppler cffeet’ by examining the s £ '_‘__ £
diagrarq:;}dwn in Fig. 7-1. We W/\,WW\,W\MMVWM -
willgééu'me that a source of sound :
iesiationary and located at S, and Fig. 7-1

Lt t an observer is moving from

" E toward E with a velocity . Let the velocity of the sound bc 2.
If both the source and the observer were at rest thc observer at £
would receive n wavcs per secdind, n being the frequency of the
vibrating body as a source of sound. The frequency will be given
by the simple relation n = z/M, where \ is the wavelength. If, how-
~ ever, the observer moves from & to E', more waves will reach his
ear per second, while motion is taking place, than would be the
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case if no relative motion obtained. He will reccive the original
number of waves per second, plus the number of waves between E
and E’. This additional number will be determined by the relation
'/\. Hence the total number of waves reaching the observer per
unit of time will bc given by the expression

;T v_’_a—l—a’
L VD WY

Under these circumstances, then, it will be evident that the pit}h,
as sensed by the observer, will be higher than the normal Qitch of
the sounding body, and by an amount determined by the'velocity
of the observer. Here is a case where frequency and the, pitch num-
ber are not numerically equal. <

In a similar manner, relations may be worked bt for those cases
where the source moves, and where both the'source and the ob-
server move. From the equation given Bove, and from the other
relations just referred to, it is evident¥ {that if the relative velocity
of the source and observer is constarit, the pitch will change by a
fixed amount. If, however, the rclatwc velocity is not constant, the
pitch also will change. The la.t’ﬂ:r situation is often noted when two
automobiles pass, one of which is sounding the horn and the other
is changing speed as theyipass. The effect which we have been dis-
cussing is a matter i'\‘relative velocity; the distance betwcen the
sounding body ang:’t the observer is not a factor in the case.

N \

7-4. Aural Acuteness

Referé&c has already been made (Sec. 5-6) to the general pitch
11m11.g.uom of the normal ear, and it was there pointed out that the
£ax)is capable of responding to an cxceedingly small amount of in-
cident energy. It is interesting and of practical significance to learn
something about the minimum pitch difference which the car is
capable of recognizing. A skillful piano tuner can djstinguish be-
tween a true and an equally tempered (Sec. 9-7) fifth. This involves
the recognition of the one-fifticth of a semitone, This mecans that the
tuner is called upon to recognize not less than six hundred different
sounds in an octave. Indeed, it is said that therc is evidence for be-
lieving that, in the region of middie C and under favorable condi-

-
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tions, it is possible to distinguish one note from another when the
pitch differential is only {9 of a semitone. While such marked
acuteness is to a great extent a mattcr of training and experience,
it is surprising to note how small a pitch differential can be recog-
nized by even the untrained car. Dr. Knudsen, of the University
of California at Los Angelcs, has investigated this problem, and his
findings are shown graphically in ¥ig. 7-2.
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Fre, 7-2. Chart showinggsénsitivity of the ear as a function of the fre-
quency. {Reprinted Hx\p’ermission from “Architectural Acoustics™ by
Knudsen, publishedby John Wiley & Sons, Inc.)

As would be{é};pccted trom our study of intensity sensitivity (Sec.
5-6), it is found that the ear is less sensitive 0 pitch differences at
the Iow'@'r%‘r'équencics. The graph shows that the maximum pitch
sensitivity falls in the region between 500 and 4000 cycles. In that
ba‘}d of frequencies the car can distinguish a diffcrence in pitch as
Mﬂ as 0.3 per cent, or less than a sixteenth of a semitone. However,
at 60 cycles, which is approximately the lower limit of the bassoon,
the smallest change in pitch which the ear can detect is of the order
of 1 per cent; this is nearly a whole semitone. The region above
5000 cycles has not yet been thoroughly investigated, but it is known
that the pitch sensitivity falls off sharply-at the higher [requencies,
probably in some such way as indicated by the dotted portion of
the curve. The fact that the car behaves, functionally, as indicatcd

Lt
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above should receive consideration in connection with musical com-
position and rendition, though it probably is not given proper recog-
nition at present.

Another aspect of pitch perception which is coming to have
increascd significance concerns the minimum time required for the
car to recognizc a definitc pitch. The data bearing on this point
are, as yet, not very concordant, but it would appear that the
“pitch perception time” is more or less independent of the
frequency, being of the order of one-twenticth of a second. O

Not only can the car cataloguc a note as to pitch in a repgarkably
short time interval, but it can also recognize a sound as mch when
only two vibrations arc made. This mecans that in tha. reglon of G4
we can become conscious of the existence of a sound if it persists
for two or three hundredths of a second. Howwer} to recognize the
complete characteristics of a nole anywherc from 2 to 20 oscillations
arc necessary. K7, \

"

7-5. Subjective Tones N g

In considering the matter afs puch it should be recognized that
the hearing mcchanism may &0 react to a given OIT)JCCll\fC stimulus
that one may sensc a frcqllcncy which is not present in the origi-
nal sound wave. Inother words, the ear may, in effect, creatc new
frequencies out of th}« incident disturbances.

In order tg mmderstand the reasons for this strange auditory
reaction it is d€e€ssary to examine the behavior of a vibratile body
when subject’to a periodic disturbance. If we take a simple un-
dampedrdidphragm supported at its periphery and cause a train of
sounghwaves, for instance, to fall upon it the diaphragm will be
set{into vibration and the to-and-fro motion will be symmetrical
Sith respect to its resting position. In such a case the response 18
sald to be linear, i.c., the displacement of the diaphragm is strictly
proportional to the excitation. In terms of symbols this fact could
be expressed by

R = kE

when R represents response, £ magnitude of excitation, and £ a con-
stant which involves the mass and the clasticity of the particultar
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diaphragm being used. In the case of sound waves the cxcitation 71
could, for instance, be expressed in terms of pressure variations.

If, however, our diaphragm is in some way mechanically damped,
as the result of being in contact on onc side with a more or less
flexible body, the response of the vibratile member will be consider-
ably different than in the simple case first cited. The chances are
that under these conditions the to-and-fro motion of the diaphragm
will not be symmetrical with respect to its resting position. In such
‘a casc the response is said to be nonlinear. As a result of this ah-
symmetrical response of the diaphragm the wave motion whicl is
conveyced (o the articulating parts is not a replica of the(drigmal
waves which served to excite the vibratile componcgrt;; In other
words, though the incident wave motion may have \,bi;en sinusoidal
in character, the resulting vibration of the diaphragm (and asso-
ciated parts) will not be; but instead will be Qf‘a complex nature.

It may be shown by mathematical an Jygis that a sound wave
which has undergone distortion bccausc;,of%le nonlinear action of a
recciving agent has acquired various .gvertoncs. The particular
overtones thus introduced will dgpérid upon the receiving agent
and upon the acoustical circumiStances involved. As a matier of
{act, wave distortion may og@,u‘f if the intensity of the exciting wave
disturbance is great, cven-though there is little or no damping. In
other words a receiverlstich as the ear mechanism, may show a
lincar response for gounds of low intensity (of the order of a few
db) but exhibit aJonlincar response for loud sounds, say 80 db or
more. This me%d¢ that the ear not only transmits the original [re-
quency bub\hﬁi/ also introduce various and sundry other frequencies
with the ~Ife§.11t that the nerve impulses reaching the brain centers
contajtg’clfsturbances which had no objective 'gencsis. For instance,
iféngWere to amplify the pure tone of tuning fork until the sound
had'an intensity level of the order of 80 or 90 db, the auditor would
probably hear a number of overtones, perhaps a complete series.
Or if one were to sound some musical tone which contained in
addition to the fundamental only the odd numbered partials,
the listener might also be conscious of at least somc of the even
partials. Thus, because of the nonlinear responsc of the tympanum
or other components of the car mechanism, various subjectivc
tones may be intrecduced into the inal auditory result. Whether
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such subjective tones are present, in any given case, will depend
upon the intensity of the sound, as well as upon the particular
{istener. In the ficld of music, as we shall see later, the possibility of
the appearance of subjective tones is of considerable importance.
Subjective tones are sometimes referred to as aural harmonics.

There is still another group of phenomena which results {rom
the nonlinear action of the hearing organization. If two fairly loud
musical tones of different pitch be sounded simultaneouslys the
auditor may hear a third tone whose pitch differs from either ef the
original tones. Musical history records that Sorge, A “@German
organist, in 1745 and Tartini, an eminent [talian violinist, in 1754
independently discovercd this phenomenon. Tagfini} called such
tones “terzi suoni” or “third sounds.”” They are éften referred to as
Tartini’s tones. As a result of modern reseagehvwe now know that
one may be conscious of a whole series of su¢h tones—tones which
are not present in either of the original ,s'éunds. Indeed the exciting
sounds may both be pure, i.c., entirelyfree from overtoncs, and yet
a listener will testify that he hearg\onie or more such pscudotones.
We are here dealing with anqjcbléi"form of subjective tones.

The pitch relationship of gdch subjective toncs to the gencrating
toncs can best be illustrated by citing a simple example. Suppose
~we amplify the sound emitted by two tuning forks having frequen-
cles of, say, f1 (300)and f; (500) cps. Analysis and expcriment show
that the listener thay hear one or more of a series of subjcctive tones
having the {ollowing pitch relationships:

Ry A
§ 2f1 = 600
o 2fz = 1000
m:’\'.”’ Jo — fr =200
) fit+f= 800

The first two frequencies in the above list will be recognized as the
octaves (first overtone) of the respective original tones. These are
to be expected from our previous discussion; but the last two fre-
quencies apparently bear no simple relation to the primary fre-
q};.e_ncies. The subjective tone whose frequency is given by the
difference between the primary frequencies is usually referred to as
a difference tone and the tone whose frequency is the sum of the
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original frequencies is spoken of as a summation tone.! Collectively,
difference tones and summation tones are frequently referred to as
combination tones. The difference tone is not difficult to hear, and
is probably the one Tartini observed. Summation tones are not so
casily recognized. However, if the primary tones have a relatively
low pitch, thus making the frequency of the summation tone fall
near the middle of the audible range, these tones may be heard,
particularly if the original tones are loud, thus causing the ear to
function in a nonlinear manner. O

Because the frequency of difference tones would correspond to
the frequency of beats it was originally felt that suchy tOnes were
what might be called beat tones, but the consensus of Qpiﬁion at pres-
ent is that difference tones are quite distinct frpﬁ{ any beat phe-
nomena; and it is cbvious that summation tonegeannot be explained
on a beat-tone bagis. It is now believed that'both difference and
summation tones result from the nonlincalf\\ésponse of one or more
components of the ear structure. Undef¢ertain circumstances addi-
tional upper partials and other differeice and summation tones than
those given in the above list may'jbe heard. -

Under suitable circumstapeeés it is possible for a listener to be
conscious of a somewhat difféfent type of difference tone than that
just described. Refercndens here made to a subjective tone which
functions as the fundamental of a group of overtones.

If, for instance, ~axone having a fundamental frequency of 220 is
sounded on a, frombone we have present, as will be shown later
{Sec. 13-18), ot only the fundamental but a complement of five
upper paftiils. The frequencies of these overtones, in such a case,
would Be°440, 660, 880, 1100, and 1320. Now it will be observed
thatdite differcnce between any two adjacent partials is 220, which

(Iathe frequency of the fundamental tone. If one now, hy means of a
Mitable acoustic filter, removes the fundamenta! from the trombone
tone (a procedure which can readily be carried out), the listener
will still hear the fundamental, though it has been entirely sup-
pressed. The difference tone supplied by one or more pairs of the
existing upper partials subjectively takes the place of the actual
fundamental. In short, the ear supplics the fundamental. Indeed
One may suppress the fundamental and one or more partials in the

! The discovery of surmmation toncs is ascribed to Helmholtz.
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original tone and the ear itself will supply thf:sc missing tone com-
ponents. Herc we have a case where the car in some way develops
a subjective tone from existing upper partials, while in the case
previously cited overtones were created, subjectively, {from one or
‘more existing fundamentals. It has been established that the non-
lincar response of the ear is responsible for this type ol difference
‘tone. Q
The practical significance of subjcctive tones is to be noteds” If
partials arc absent in the original tone they may be ac!c};-\ﬂ‘b}r the
ear, and then the quality of the tone (Sec. 8-1) as heqied may be
materially changed. If the fundamental is absent or sweak in a given
tone this component may be introduced or strengtlicted by the ear.
A striking example of this is to be found in the response charac-
teristics of small loudspeakers which form g.patt of some radio re-
cciving sets. Many loudspeakers have a_coné’diameter of six inches
or less. It is probable that, in most cases.sitch a cone will not respond
effectively to frequencies much belasy middle C (262), and yet we
hear at least some of the bass ngt’tﬁs.c')f an orchestral rendition, The
tones of many of the strings andhorns are rich in harmonics. From
these components the ear &eates, as difference tones, the missing
fundamentals and proba‘bhf some of the lower partials. This docs
not mean that the nctigesult is as satisfactory from a musical point
of view as if the spkaker itsclf reproduced the lower notes, hut the
“subjectively creafed lower notes may, at least in some cascs, serve
as acccptahl\c}ibstitutcs for objectively produced sounds.
Differgntial tones are utilized in various ways. One example of
this igi‘g)jbe found in the design of the whistles often used by game ref-
Q&eﬂf*and policemen. These small units consist of two very short pipes
‘Qaying a common supply of air. The pipes are slightly unequal in
le_ngth and hence when simultaneousiy sounded emit two tones that
dlﬁel: somewhat in pitch. Under these circumstances a difference
tone s heard whose pitch ismuch lower than that of cither of the pipes
conslituting the combination. It is thus possible to make a whistle
havmt_g, very small compass but yielding a tone of comparatively
low pitch, -
Organ desjigners have sometimes made use of difference toncs i
order to avoid the use of the long pipes needed to producc the very
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low organ tones. In such cases the resulting comblnatlon tone is
sometimes referred to as an acoustic. base.

In a later chapter having to do with the quality of musical sounds
~ we shall again refer to combination tones. Chap. 7 of “Hearing”
~ by Stevens and Davis should be consulted for additional details on
aural harmonics and combination tones,

7—6. Piich Range of Voice and Instruments

 The average singing voice has a compass of about two oqiﬁv}:q
though in a few cases it may excecd this range. For instance’there
is a soprano (Yma Sumac, a Peruvian}, now engagcd‘m concert
‘work, who is said to have a possible range of five.8ctaves, and a
usable range of four full octaves. The ordinary compass attained by
male and female singers is indicated on the g@ecbmpanying chart
(Fig. 7-3). The diagram shows that the combined range of male
and female voices totals about three and ehg«hall octaves (82-1046).
It will be apparent that the averagesy yocal soloist cmploys about
tweniy-five different notes. ™

Of the musical instruments th@ organ hag the widest pitch range,

extending from 16.4 vps, givgh by the 32-ft pipe, to 8372 sounded
by a pipe whosc speaking length is 34 in. Somc of the larger organs.
have a range of cight oc\@ves, but usually the span is seven octaves
or less. {
- The highest note\employed in orchestral music is given by the
piccolo, which “}{é@\a pilch of A%, (3799). The lowcst orchestral tone
is that of theSbass viol, E; (41.2). The highest piano note is Cs
{4186), and the lowest A, (27. 5). The ordinary pitches of the voice
and of th¢'more common musical instruments are indicated in the
(,hat\shown as Fig. 7-3.

7-7. Production of Standard Frequencies and Measurement of Pitch

In acoustical studics it becomes necessary to generate sounds over
a widc range of frequencics that will scrve as standard pitch values.
There must also be available some practical method whereby one
may make accurate comparisons between the pitch of any given
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sonorous body and that of an accepted standard. Let us first cx-
amine the means by which one may generate tones having an accu-
rately known pitch. Probably the first laboratory method of deter-
mining pitch involved some form of a siren. Such a device consists
of 2 metal disk in which are several concentric scries of holes. The
disk is caused to rotate at a known angular speed. When a jet of
air is directed against the holes, a simple tone is produced, and
the frequency of the tone can be computed from the numben, of
holes in a given series and the angular speed. The comparison is
made when a listener judgcs the siren-gencrated pitch jd\be/cqual
. to the pitch of the source under test. This method of\determining
pitch is now largely obsolete, though it is still sopadtimes used, at
least as a check method. ‘

Fic. 7-4. Galton’s wbisﬂj:’. (Central Scientific Co.)

A classical device, origiQélly designed by Captain Douglas Galton,
is sometimes still used @9)a means of producing high-pitched tones
of known value. Ap}}l\txstration of a Galton whistle is to be seen in
Fig. 7-4. Air frem’a rubber bulb is forced into a small metallic
whistle having:a\ calibrated chamber. Sounds of known pitch up to
the highe;s.t;zﬁldibic limit can be produced by this simple device.
Comp'qtiécm with the standard can be made by auditory judgment
or by, Othe use of the beat method.

) ~ 01 the time of Koenig accurately made tuning forks constituted

the accepted method of generating sounds of known frequency, par-
ticularly in the higher frequency bands, and the forks made by
Koenig himself have never been surpassed for accuracy. He con-
structed and calibrated a series of such generators, the upper limit
of which was 90,000 vps (\ = 1.9 mm or 0.075 in.)—more than
two octaves above audibility. The frequency of any given tone could
be determined by comparing it with one or more of the standard
forks by the method of beats. This consists of adjusting the frequency
under test until no beats occur when the standard sources and the
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unknown are sounded simultaneously, this procedure being referred
to as a zero beat method.

At present forks are seldom made to function at frequencies above
about 4000 vps. Beyond this limit bars are used, of the type shown
in Fig. 7-5. Such bars are now available ranging in frequency from

4000 to 20,000 cps. They are made of a light alloy, and when rigidly
clamped at their mid-point, and struck on the end by a rubber
hammer, will vibrate longitudinally, and for a much longer time
than high-frequency forks. . O

CEN.SGI. CO. \ >
. , /

Fie. 7-5. Iﬁgl\l-frcquency tuning bars. (Central Scientific Co.)

A piece@f?:’quipment that is now widcly used for the production
of pure toncs, varying from the lowest to the highest, is known
techifigally as a beat-frequency oscillator, more commonly
réfected to as an audio oscillator. An audio oscillator consists,
essentially, of an electrical organization composed of two electronic
circuits so designed that each generates a high-frequency alternating
current of the order of 100 kilocycles (100,000 cycles). One of the
gencrators operates at a fixed frequency, while the other is variable.
If and when the output from these two a-c generators is fed into 2
suitable common clectrical network, a third alternating current
comes into being, and this third alternating current will have a fre-
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quency which equals the difference between the two primary elcc-
trical' frequencies. In other words, we have a case of electrical
beats—hence the name of the device. This third electrical current,
after being' passed through certain amplilying and filter circuits, is
‘fed to a loudspeaker. Thus by varying the frequency of onc of the
generators, one may secure a beat note of any desired frequency
betwecn, say, 0 and 40,000 cycles; and this beat note closcly approx-
imates a pure tonc. In the illustration the knob on the calibgied
dial controls the variable generator, and hence the outpugma.scale
on the edgc of the dial indicates the frequency being L’,’(’:I’LQI‘dth By
varying the degree of amplification faint or loud toncs: n’ny be pro-
duced at will. Sounds of unknown frequency may be. COmpa1 e with
the tones produced by the above-described auclro frecquencey gen-
erator, by the beat method. By the usc of thidupicce of apparatus
{audio oscillator) it is also possible to dcter\tmne pitch by the pro-
cedure outlined in Sec. 7-1. .\

Though audio oscillators are uscfulfe¥ many frequency determi-
nations, their calibration is not accui‘até enough for use in the tuning
of planos and organs. Many tuners, in such cases, rely on a well-
calibratcd fork or series of forks' makmty usc of a beat method that
will be touched upon in téwnext chapter.

For the accurate tumﬁg of musical instruments, therc is now
coming into use a V&} ingenious piece of cquipment that makes
it possible to degckmhine pitch by an optical method, rather than
by the usc of anduditory procedurc. By this method the personal
equation ig Idrgely eliminated from frequency determination tests.
This rcl \vé]y new technique makes usc of what is referred to as a
strobiggCepic phenomenon, and the cquipment is known under the
trade hame Stroboconn. !

“The stroboscopic principle is widely used in timing procedures.
If, for instance, a rotating wheel is being illuminated by an inter-
mittent light whose frequency of interruption is equal to the num-
ber of times per second a mark on the wheel passes the line of sight,
the whecl will appear to be at rest. An example of such a phenom-
enon is sometimes observed when looking at motion picturcs; the
wheels of a moving vehicle appear to stand still, or to be rotating
backward. Motion-picture film is projected at the rate of 24 frames

1
A somewhal less elaborate unit is known as 2 Strobotuner,

£
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per second, and because of the “optical lag™ of the eye, the succes-
sive pictures blend into an optical impression of motion. But if it
so chances that a wagon wheel is rotating at such an angular speed
that 24 spokes pass any given point ¢ach second, the eyc no longer
senses motion and the wheel appears not to be rotating. If, however,
fewer than 24 spokes pass the refercnce line per second the wheel
will ‘appcar to be turning stowly backward. By the same token, a
faster angular speed will give to the whecl an appearance of a for-
ward motion. The motion appears to be stationary only whensthé

rate at which the frames are projected exactly equals the pfoduct
"\

F1a. 7-6. Sectordigk used in the Stroboconn. (C. G. Conn, ._Ltd_.)

of the number, &f ~\spokcs multiplied by the number of revolutions
the ‘wheel makc\s per sceond.

Anothgr&'amplc of the application of the stroboscopic principle
is to befound in the adjustment of the angular spced of a phono-
g’{apb;ﬁmtable. A sectored paper disk is placed on the turntable
andilluminated by mecans of a neon bulb. When supplied by the
ordinary 60-cycle alternating current the lamp will flash 120 times
per sccond. The markings on the disk are so arranged that when
the turntable is rotating at the desired angular speed the black scc-
tors will appear to remain stationary. '

The Stroboconn is so designed that the frequency of illumination
given by a neon lamp is caused to vary as the frequency of the sound
varies. Stroboscopic sectors (Fig. 7-6) are causcd to rotate at a con-
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stant angular velocity, the speed of the driving- motor.being very
accurately controlled by 2 tuning fork. There is a series of seven
segments on each disk, and there are 12 such rotating disks, thus
providing for a total of 84 possible pitch elements. Such an arrange-
ment provides for a seiting on each note in a span of nearly scven
octaves. The sound from the instrument is picked up by a micro-
phone and converted into an a-c current. This current, properly
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Lo8% F. 7-7. Stroboconn. (C. G. Conn, Ltd.)
ainpiiﬁed, causes a neon lamp to flash at a frequency corresponding
~ to the pitch of the tone being studicd. In operation some one seg-
ment ring may appear to be stationary, thus indicating the pitch
of the sound incident on the microphone. If, however, a ring pattern
rotates slowly to the left, it means that the sound bas a frequency
somewhat lower than the standard; if the rotation is to the right,
the tone has a higher frequency than the standard. Provision i
made so that the standard frequency may be set at 440 cps, or at
any other value. From the foregoing brief description of the Strobo-
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conn it will be seen that this apparatus indicatcs whether a tone is
flatter or sharper than the standard, and by how much. The diver-
gence can be read in hundredths of a scmitone (cents), and with an
accuracy greater than is possible by an aural mcthod. Figure 7-7
is an illustration of the Stroboconn assembly. By the use of this piece
of equipment it is possible to determine frequency values accurately
and rapidly.

PITCH
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QUESTIONS

1. What is the gignificance of the
term pitch, and how does this con-
cept differ from the idea of frequency?

2. What is the generally ac-
cepted standard of musical pitch?

3. If you had no secondary
standard of pitch, how would you
check the accuracy of your primary
standard fork?

4. A person ig driving at a speed
of 75 ft/sec toward a source ef\®
sound, a siren for instance, whose
pitch is known to be 400 cpy. What
is the pitch that the perso actually
hears, assuming the speed of sound
to be 1100 ft/sec? &

&

O

5. Many of the loudSPéa\lccrs on
small radio sets do not yeproduce
sounds whose frcqu{:nc:es are below
150 cycles, yet ufie beems to hear the
bass notes of dxfusical composition.
How do yéihaccount for this?

6. How"does the pitch range of
the’ﬁﬁrc' and the piccolo compare?

~7 If the pitch of an organ pipe is
carrcct when' the temperature is
70°F will it be higher or lower if the
room warms to §0°F?

8. Why is it important that an
orchestra tune just before the pro-
gram begins, rather than earlier?
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8-1. Nature and Cause of Quality O

. Having considered two of the characteristics ol a mfageial sound,
we next proceed to a study of the third and most img\)o\rtant aspect,
quality. By guality is mcant that characteristic* of a sound by
which one is able to distinguish it from all othxélx\s'ounds of like pitch
and loudness, We readily recognize thecdiffercnt voices of our
acquaintances; the sound of a violin éah be distinguished from
that of -a trombone, even though the4y® instruments play the same
note at the same intensity level; gﬂa:’the difference in the nature of
the sound generated by two different makes of violins is recogniz-
able. The quality or charag'tgr of the sound arising in each of thesc -
cases results in a definite\and particular sound impression. The
French use the word, u\}nbre to express this characteristic of a
sound; and the Gepghans also have a word, Klangfarbe, a frec
ranslation of w{ii&l is “tone color;” which is used by them to
designate what,we term quality.

Not onlyde our cars tell us that different sounds have diflcrent
charac].c:jr:i*stics, but the graphic representations of the corresponding
sound waves also show that definite differences exist. In Fig. 81 we
seeNtle recorded waveforms of the sounds emitted by threc well-
known sourccs. In making these recordings the pitch and loudness
level was held approximately equal in the three cascs. The marked
diﬂ'e;"ence in waveform indicates, then, that some factor or factors,
other than pitch and loudness, give rise to the difference in tone
character that we rcfer to as quality or timbre.

Our first problem is to arrive at an understanding of the objective

cause of what we have termed quality. Why does one sound, par-
102 : :
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Fic. 8-1. Wavetorms of tuning fork (iop),
clarinet, and cornet, each at a frequency
o 440, and at approximately the samc
intensity. -

ticularly a musical sound, differ in
character from another, similar, sound?
We have agrced that a muscialsound
consists of a periodic motion in some
medium, usually air. This means that
the motion of the particles constituting
the medium repeats itsell once during
ecach single period, and this regard-
less of the character of the motion.
Tt is thus evident that, even though we -
hold the pitch and intensity constant, a
wide variety of motions might give rise, {
to a sound. It was Prof. G. S. Ohr{l;é,’"
German physicist and mathematician,
who first pointed out the physicalibasis
of quality. According to {Ohm the
motion of the particlegéof/the trans-
mitting medium corkesponding to a
cornposite musical §otind is in reality :
the sum of a greap of simple periodic motions; and for each such
simiple oscillaiont there exists a simple tonc, of definite pitch, which
the ear car detect. Tt accordingly follows that all but simple (pure)
: tones a;rg: composite. The several components which:go to make up
. such Eb complex sound structure are called partial tones, or briefly,
partials; the partial having the lowcst frequency is designated as the
fundamental, The partials having frequencies higher than the
fundamental are rcferred to as upper partials or overtones.. In
* many instances the frequencies of thesc overtones are exact multi-
ples of that of the fundamental; and in such cases the funda-
mental and the upper parlials are, together, called harmonics. In
those cascs where the frequencies of the overtones are not exact
maltiples of the fundamental, the elemental tones are indicated
by the term inharmonic partials.
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The diagram appearing as Fig. §-2 shows the fundamentals and
upper partials of the tones emitted by the thrce instruments whose
waveforms are depicted in Fig. 8-1. Such charts are known as

" sound spectra. The length of the vertical lines indicates the relative
strength of the several harmonics.
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¥Fic. 8-2, Sp\'eétré of ingtruments referred to in Fig. 8-1.

Helmholt;'\’é;rried out a long and carefully devised serics of
experimemtyfor the purpose of testing the validity of Ohm’s law
of acoustics, as it has come to be called. In 1862 Helmholtz pub-
lisheda volume entitled “Die Lehre von den Tonempfindungen”
inwhich was embodied the result of eight ycars of study and re-
search in the field of the theory of musical sounds. An able English
translation of this classical work has been made by A. J. Ellis under
the title “Sensations of Tone.” Helmholtz summarizes his findings
with regard to quality in these words:! “Hence we are able to lay
down the important law that differences in musical quality of

11"1’7. vor Hﬁ].l'HhOItZ (EHIS trangl.)’ “Sensations of TOI]C,” 5th cdition, chap. fl,
p.127.
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tone dcpend solely on the presence and sirength of partial
tones, and In no respect on the diffcrences in phasc under which
these partial tones enter into composition,”

Various investigators since Helmholtz’s time have confirmed that
part of his statement which is emphasized above. There is, however,
a serious question conccerning the validity of that part of his con-
clusions having to do with phase. Ag able an investigator as Koenig
takes issue with Helmholtz on this point. As a result of his researches
Kocnig was led to the conclusion that differences of phasc eansiot
be neglected when accounting for differences in tonal qua]ity} \Lfoyd
and Agnew, of the U.S. Burcau of Standards (1909), investigated
this matter and concluded that the phase differences of the compo-
nents do not produce an appreciable effect on the. q‘uaht)r of a fone.
Recently, however, W. L. Barrows, of M.I.T.Nin‘teporting on the
design and operation of a new sound- -generating device, states: ““It
has been observed that a variation of phasé\not only makes striking
differcnces in the multitonc waveform¢@s*éeen on the oscillograph,
but that it also produces marked d}’ﬁerences in the character of the
sound.” Whilc it should be said that the sound studicd by Barrows
was not one made up of harmouis partials, yet these and other find-
ings would appear to indicaéthat phase difference may be a factor
in the determination of ;;us}hty For instance, Firestone and his co-
workers have shown @&} J. Acoust. Soc. Am., vol. 5, p. 173, 1934;
also vol. 9, p 524, 1937) that a change in phase relationship may,
under certain condifions, give rise to a perceptible change in both
loudness and, tigbre.

In conside; ng the factors that enter as decterminants of quality
it is to bé;‘noted that there is experimental evidence for believing
that g Ciemded change in the intcnsity of a sound may produce an
appremable change in timbre. It should also be added, in this con-
nection, that the quality of a musical sound may be modified by the
. existence of aural harmonics (Sec. 7-5).

. With the forcgoing reservations in mind, one might summarize

the situation by saying that the quality or timbre of a musical
.sound i3 determined, chiefly, by the number, intensity, and dis-
tribution of the partials that enter into its composition.

The first sixteen harmonics, based on Cs as a fundamental, are
shown in the diagram appcaring as Fig. 8-3. A corresponding har-

:
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momic series might be set up on a fundamental having any given
frequency. Such a scries does not cnd with the sixteenth partial;
indeed, the series may extend into the ultra-audio region. The nu-
merals in the first line below the musical staff indicate the order of
the harmonics; in the second line are given the frequencics of the
several harmonics; and the last line shows the frequency of the notes
on the equally tempered scale {Sec. 9-7). It will be noted that the
harmonic partials are not exactly in tune with the notes on the iy
sical scale, except in the casc of the octave relationship. The pitigical
notation indicates the scale tones which most nearly appfoximate

the frequency of the true harmonics. P\
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Tre. 8-3. Harmonie zf.er'es\i based on C, as a fundamental. Frequencies
are given to the nearest whole vibration.

- In this conngcﬁsn it is to be noted that there are instances wherc
the frequengy, 6f one or more upper partials may not be exact mul-
tiples of 'tslméxfundamental. If the discrepancy is not more than a few
cycl_eg lhe quality of the tone will not be seriously impaired. If, how-
oyerithe departure from being an exact multiple is appreciable such
ahgvertone constitutes an inharmonic partial, and the resultant
complex tone becomes “rough’ and hence unpleasant. Inharmonic
partials, in general, have relatively high frequencies.

In considering the subject of quality it should be recalled that in
Sec. 5—2 it was pointed out that the elements of the inner ear respond
to definite frequencies. As a result of this remarkable ability the ear
can break down a complex sound into its several components and
thus function as a wave analyzer. The ncural reactions to the indi-
vidual frequencics are in turn integrated into a resultant auditory
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jmpression that we recognize as having definite tonal characteristics,
thus making it possible for the auditor to recognize the sounds gen-
erated by different voices and by the various musical instruments.
This aural process of analysis and final integration constitutes one
of the most remarkable phenomena to be found in all naiure. The
process bears some resemblance to the tricolor response of the hu-
man eye.

In discussing the subject of quality it should be noted that ghe
timbre of a musical sound may undergo a decided change withist a
small fraction of a second after the vibrating element of the Sslstra-
ment has been excited. This is particularly true. in those cases

~

Fio. 8-4. Record S}IO\\XQENiDitiEll transients in the case of a percussive
tone, Piano tone, ¢ 4_.:.
AN
where the sountVis initiated by a percussive stroke, as in the case
of the piand, the kettledrum, and the xylophone. In such instances
the vibratile member is excited by being struck a more or less sharp
blow, E{{Z a definite point in its structure. Under such circumstances,
ifitediately after the stroke, the upper partials, in general, are-
foufid to be relatively strong. But owing to the natural damping of
the vibrating member or to the damping caused by the hammer
while it is in momecntary contact with the string or bar, these
higher partials tend to decrease rapidly in amplitude, the most
- pronounced change occurring in less than one-tenth of a second
afier the initiation of the sound. (Partials which diminish in inten-
sity in this manner arc often referred to as transients.} As a result of
the fading out of thesc high-frequency partials the character of the
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sound undergoes an appreciable change. The recordings that arc
shown in Figs. 84 and 14-8 experimentally confirm the fore-

going statement. It is therefore apparent that the timbre of what
might be called the “strike tone™ may be different from that of the
“continuing tone.”

What has just been said with reference to those cases where a per-
cussive means of excitation is employed also applies, to a greater or
less extent, to those instruments in which the strings are excited {)y
being plucked, such as the harp, the guitar, and at times the vighin.

Thus we see that the presence of transients is characterigtichel the
sound emitted by certain instruments, and that this initi@Dgroup of
higher partials, to some extent at least, gives colorte, "the sound
emitted by a plano and similar instruments. D

At this point a review of the analytical treafpient of harmonic
motion by Fourier, as outlined in Chap. 2, w,\Ql:be found profitable.

PAL

R
8-2. Effect of Drrection of Radiation ()" ‘

Before concludmg our dlscusswfr of the subject of quality, it will
be in order to cons‘,ldcr the cffcct of the direction of wave propaga-
: tion on the character of the sound

as it issues from a given musical
instrument. Later we shall study
in detail the timbrc of the sounds
< radiated by the various musical
NP instruments, but in those cases it
\EIES}'-‘E—S will be assumed that the position

of auditor is on a line coinciding

with the axis of symmetry of the instrument such as P; in Fig. 8-5.
{‘ftl‘practlcc however, the auditor may, in some instances, be located
a point corresponding to P, or Ps. If the pitch of the sound and
its loudness level be held constant, will the sound spectrum be the
same at these three representative points? The answer is that the
tone quality of a musical instrument will vary with the orientation
of the listener with respect to the axis of symmetry of the instru-
ment. This fact is strikingly shown by the variation in wavcform as
shown in Fig. 8-6. A similar phenomenon is encountered in con-
nection with the radiation from practically all musical instruments,




Fre. 8-6. Waveforms of a cornct tone
(440) when received on the axis of the
"instrument (fopy, at 45° and ac 90°.
Intensity, and distance from the bell of
the harn, held constant.

including the vocal organs. Investi-
gations - show that it is the compo-
nents in the region above about 2000
cps that fall off most sharply as one
~ departs from the axis of symmetry.
This is particularly true of the violin,
even when considering frequencics as
. low as 1000 cps. The timbre of a

violin is quite different when ‘one’

listens on the right and then on the

left side of the player. All of this has ¢
a distinct bearing on the tonal results
to be expected from an mstrum&nf

when the listener is not direefly in
line with the instrument beipg played.
Band and orchestral cond@dtors might
well consider this aspe}?;\of the situa-
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tion when they arg' asmgmng the position of the various players.

N

8-3. Metka{s r;f Observmg and Recording Waveforms

In 1909 the late Dr. Dayton C. Miller, Professor of Physms at Case
School of Applicd Science, disclosed a method whereby excellent
recor&lngs of sound-wave patterns could be made. Professor Miller
* madc usc of an original device which he named the phonodeik.?

As shown in Fig. 8-7, the assembly consists of a small thin glass
disk D held between rubber rings, and mechanically connected to an
accurately mounted spindle by means of a delicate silk fiber. The
spindle carries a tiny mirror A that serves to reflect an incident beam
of light onto a moving photographic film . Any vibration of the disk

ID. C. Miller, The Phonodeik, Phys. Rev., vol. 28, p. 151, 1909,
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thus results in a rotation of the pivoted spindle and a consequent
deflection of the reflected light beam. Since the motion of the film
is at nght angles to the displacement of the beam of light, a wavy
photographic trace results; thus a trace of the waveform of the in-
cident sound is photographically recorded.

It is to be noted that, essentially, the basic principle of the pheno-
deik is the same as that suggested in Sec. 2-3, and skctched in Fig.
2-3. However, Miller’s apparatus is infinitely more sensitive than
the crude assembly- there outlined.

'By the usc of this beautiful piece of equipment, Dr. I\’[]llt'r‘{him-

'self a skilled musician) made recordings of the wavel‘orms gc nerated

V7 - LY

Fie. 8-7. Diagrammatic ske:tch“stio';\;ing the optical and mechanical com-
ponents of the phonodeik. {8

) ¢ \J
by a numbcr of musiis@k instruments. These rccordings have per-

haps never been sugpassed in clarity and accuracy. Reproductlons
of some of Profess&r Miller’s original recordings are to be found in
his classical Wé’klmc entitled “The Science of Musical Sounds,” to
which thc\(cader is referred.
In moré recent times other methods of rccordmg and studying
sound\waves have been developed. These newer tcchmquu making
c\of electrical equipment, are more convenient and more rapid
than the procedure originally employed by Miller. The author has
made a large number of waveform recordings, some of which are
used as illustrations in this book, by means of a form of oscillograph.
Such an asscmbly consists of a pcrmanent magnet NS (Fig. 8-8)
in the ficld of which is suspendcd a delicate loop of wire through
which the audio- -generated alternating current passes. The motion
i:u'f the loop is mechanically damped by being surrounded by 2
light transparent oil; electromechanical resonance is thus avoided.
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In use the sound waves serve to actuate a microphone, thus giving
rise to 2 weak alternating current which after being amplified passes
through the loop above referred to. The alternating ficld set up by
thiz sound-generated variable current reacts with the permanent
magnetic field, thus causing the loop of wire to vibrate. A tiny
mirror is attached to the loop and is therchy

caused to oscillate in response to the sound f{ )
waves incident on the mirror. An optical setup - & \
similar to that used in connection with the O\
phonodeik is used for making a photographic & wirror
record. _ = f/

There are certain mechanical limitations ’ “I % s

2

involved in the response characteristics of both
the phonodeik and the electromagnetic oscilloi \
graph as sound-recording devices. One sigh” —Ob
limitation is due to the fact that the ’rpt'i\\'ing Fic. 8-8. Essential
parts have apprcciable mass. This’ difficulty components of elec-
is avoided by employing an asseaibly that tromagnetic oscillo-
makes use of a stream of elgqtrb"ns, bits of graph.
negative clectricity. For the Puarposes of this
discussion elcctrons are withleut mass. Such a device, known as a
cathode-ray oscillog aﬁh, has now largely replaced the earlier
equipment utilized im atoustical studies.

The basic com}{()ﬁcnt of this modern form of oscillograph con-
sists of a so-callef-€athode-ray tube, as sketched in Fig. 8-9. Within

‘$)
A §
A\ g 4 §
O :@@ﬁgﬂ_: %
N G — T
Cuthode Anode  Deliecting 2
plates .

Fiz. 8-9. Diagram of cathode-ray tube.

‘an evacuated tubc an electrically heated filament (called the cath-
ode) emits electrons (cathode particles). By connecting a high elec-
trical potential difference between the cathode and another elec-
trode (the anode) these liberated electrons arc causcd 1o move in a
straight line at a very high speed, as indicated by the broken line
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labeled “cathode ray.” This stream of electrons strikes a chemically
prepared screen at the broad end of the tube. This screen is of such
» nature that it fluoresces when struck by elcctrons. (A television
tube is a special form of cathode-ray unit, and opcrates on the same
principles as the tube used in an oscillograph.) Since electrons act
as charged bodics they can be deflected from their original path by
arranging to have them pass near another charged body, much as
bits of paper will be attracted to an electrified comb. On thelway
trom the cathode (flament) to the sensitive screen, the electrons are
caused to pass between two small parallel plates, 4 and¥1’, which
are connected to the output of an electronic amp]iﬁeﬁ’. The sound
waves to be studied are converted into a variable c\fléictrical polential
by means of a suitable microphone, the output of which is connected
to the inpu, of the amplificr. The
@ output S this amplifier is con-
— necged to the deflection plates, 4
L | L and “A’, of the cathode-ray tubec.

Amplifier -a =
g The general arrangement ol the

Microphone

S Dsciliograph O3
Fic. 8-10. Schematic diagram.b;f; » several componentsisshown by the
cathode-ray assembly . block diagram, Fig. 8-10. The al-
\ ternating electrical potential thus

generated by the so@d’wa\res under test acts upon the electron
beam causing it tgh\move up and down through a distance propor-
tional to the ghianging value of the sound pressure. A second pair
of deflectiomplates, B and B, whose planes arc at right angles 10
the first\&f} are connected to a suitably arranged source of alter-
natiqgj&‘ectrical potential (the so-called sweep circuit), which, if
ap‘giqg’ ‘alone, would cause the electron beam to oscillate back and
doxth in a plane at right angles to the first mentioned deflection.
When sound waves, then, are incident upon the microphone, the
electron beam will be subjected simultaneously to two motions,
these two motions being at right angles to onc another. The net re-
sult is that the fluorescent spot will be caused to trace a curve on
the screen which is a replica of the sound-wave form under exami-
nation. Thus it is possible to cause a beam of electrons to draw a
transicnt picture of the waveform of any sound wave—a diagram
that may be visually obsérved, or photographed if a pcermanent
record is desircd. The response of the electron beam is instantaneous,
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_ and, given a high-fidelity amplifier and suitable microphone pickup,
sound waves of any frequency may be rapidiy observed or recorded
by this form of oscillograph. In the field of musical acoustics the
cathode-ray oscillograph has proved to be a research tool of great
value. Figure 8-11 gives a view of a
‘representative model of such an as-
sembly. The circular area in the

- upper part of the illustration is the

~screen end of the cathode-ray tube,

" . The knobs on the panel scrve to effect

.control of the image size and position.
The waveforms shown in Fig. 8-6,
and many other, similar, illustrations
in this book, were made by means of
such equipment.

8-4. Sound Analysis

N

In the fields of musical acogstibs .
fmd communication enginceridghitis i, g-11. Cathode-ray oscil-
important not only to obfrve the lograph. {Allen B. Dumont
waveform but also to d%ti{rr.ﬁjne what- [aboratories, Inc.)
components are present' in a given
sound, and the rela\t‘ih‘é strength of such components. Such an end
is accomplished Jby.means of a piece of equipment known as a wave
analyzer, . /\¢

In his clas\siéal rescarch work on sound Helmholtz made use of
a series ofspecial rcsonators that bear his name (Fig. 6-3). With
the’s&*ﬁa\\vas able to dctcrmine what particular harmonics werc
~ presént in a given complex sound. However, the use of such reso-
“nators does not give a quantitative measure of the relative strength

of the partials, and in modern acoustical study this factor is par-
ticularly important.

A number of mechanical wave analyzers have been devised for
use in connection with the determinatiori of the harmonic content
of musical sounds. Such devices, commonly called harmeonic
analyzers, are more or less complicated' in character, and con-
siderable time is required to make a complete analysis. Notwith-
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standing these limitations analyzers of this type have been widely
employed in sound analysis. A sound curve, such as those shown in
Fig. 86, is passed into the machine and, by the manipulation of
ccrtain component parts, the relative intensity of the several har-
monics can be determined. The sound charts appearing in Tig.
11-5 were set up from data sccured by mcans of such a mechanical
analyzer. ~
. One form of a modern wave analyzer consists of a complidated
c]cctrlcal network of thermionic tubes and circuits whichi akes it
possible not only tos determine
what harmonics. aréjpresent but
also to read od &'mcter the per-
centage of.gach partial present
in the ongal sound. A photo-
graph\pf a standard analyzer of
this\sype is reproduced as Tig.
812
It is beyond the scope of this
volume to cnter into the details
of the electrical circuits used in
the modern wave analyzer, but
it may be said, bricfly, that the
: ; sound under investigation 18
FIG 8-12; \Va\»e analyzcr (General picked up by some form of mi-
Radio Co.) /¢ crophone, converted into a cor-
§ responding alternating clectrical
currcnt and then passed into the analyzer. When the proper
ad_}mtmems have been made the frequency dial is rotated until
@ meter reading shows. When the meter reading is a maximum,
the corrcsponding dial reading will give the frequency of the
particular harmonic that has been singled out. When the con-
trols are suitably adjusted the mecter reading will indicate the
relative strength of that particular component. After the reading of
one component is noted, another harmonic is sought for and a read-
ing made of it, etc. In using the apparatus, the sound being analyzed
must persist at a constant level long enough to enable the operator
to make a complete scries of scttings. In the case of a piano, or even
with a wind-blown instrument, it is often difficult to make a com-
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plete analysis before there is an unavoidable change in the input
level. : .

Various attempts have been made to devise an analyzer that
would give simultaneous readings of all harmonics prescnt in a
given sound. Onc such unit is referred to as a panoramic spectrum
anglyzer. When this assembly is used, the sound being studied is
picked up by a microphone, as in the analyzer just described, and,
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I'ie. 8-13. Wave tracc madéﬁ)y panoramic analyzer. Trumnpet tone, fre--
quency of fundamental 500 cps. The scale at the right indicates the rela-
tive magnitude of thé Several harmonics on a linear basis. The ordinates
at the left show thie'¥elative magnitudes in terms of decibels. The scale at
the top has no sigiﬁﬁcancc in this connection. {Panoramic Radio Products,

Iac. )
& |

after amplification of the electrical currents thus developed, the elec-
‘trical ?ﬁiérgy is fed into an electronic network the output of which
sétygs to actuate an indicator in the form of a cathode-ray tube.
The circuits are so arranged that, instead of showing the waveform
" on the fluorcscent screen, a serics of vertical, pointed deflections
are displayed, one deflection for each harmonic present. The height
of each deflection indicates the relative magnitude of the compo-
- nent. Figure 8~13 is a photographic record showing the nature of
the image on the screen when a sound is being analyzed. The fune-
tioning of this type of analyzer is such that it is nccessary that the
sound under study must persist at a constant level for at least one
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~second. In addition to this limitation there ig another disadvantage

in conncction with the operation of this type of analyzer. The po,;i-
tion of cach harmonic along the horizontal scale is on a logarithmic
basis; hence the frequency readings are crowded together at the
higher freqquency end of the display.

/PN X " 4 . .
Fig. 8-14. Harmonic analyzer developed by the author for usc in the
study of musical sounds. The meter readings indicate the several harmonics
present in a particular tenor voice. The singer was intoning the syllable
ah on A 220,

The. author has designed an analyzer that will, within certain
limits, avoid the disadvantages noted in connection with the above-
mentioned units. In this analyzer the sound to be analyzed is trans-
formed into a weak alternating current by means of a calibrated
microphone. After being amplified somewhat, this current, which
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is an electrical replica of the original sound wave, is passed into a
specially designed electrical filter systerm which serves to break down
the complex wavcform into its harmonic components. Each com-
ponent which may be present is then further amplificd. A meter in
the output circuit of each channel indicates, in percentages, the
relative intensity level of the respective harmonic components. The
meter readings can be visually observed or photographically re-
corded. As now constructed, the new analyzer is designed to give

N
AN
/NS ¢

Relotive harmanie content

| |
13 3 4 5 "6 7 8 85 10
Hormonics i

F Ic,ﬁ;}g._ Spectrum of voice referred tb. in Fig. 8-14,

the ﬁrst.'st?,\n“ harmonics based on two fundamentals whose fre-
quengiedarc 220 and 440. Harmonics beyond the tenth modify only
slightly the quality of a given tone, but the range of the analyzer
could be extended, if desired. By noting the readings as given by
the scveral meters, one can quickly determine the character of any
musical sound based on the note A below middle C or on a notc an
-octave higher (440). By thus analyzing iwo notes an octave apart,
one can quickly determine the general tonal characteristics of most
musical instruments. A photograph of the new analyzer appears as
Fig. 8-14. The meter readings shown give the harmonic content of
the sound of a tenor voice. Figure 8—13 shows the spectrum of this
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voice. This analyzer is particularly useful in connection with the
study of musical sounds which cannot be held at a fixed inteusity
"level, A number of the sound-spectrum diagrams appearing in this
book were made by the use of this form of analyzer. An article
describing, in semipopular language, the author’s analyzer ap-
peared in the April, 1907, issuc of the magazine Symphony.

Q"
8-5. Sound Spectra and Their Use

The analyses made by some form of the equipment doscribed
above are commonly set forth in the form of charts caﬂbd sound
spectra, to which reference has alrcady been made, chcml typical
graphs of this character are to be scen in Chap. 43+1t is 1o be noted
that vertical distances (ordinates) represent amphmde {usually cx-
pressed in pereentage or intensity level in db; while the horizontal
distances {abscissas) indicate frequencieg; })ﬁen expressed in terms
of the harmonic scries. Notice the markcd differences in the general
character of these spectra. In the cadedof the bassoon (a recd instru-
ment) the fundamental is re]atne‘ly weak while the third harmonic
is the dominant partial. Wlth’the trumpet we find that the funda-
mental and the next thres ‘succecding overtones are unusually
strong. The spectrurmn,o of the flute, it will be noted, is comparatively
simple; that of the V101\h is highly complex. It is these spectral dif-
. ferences which givete' each instrument its characteristic tone quality.

The principd] ~\purposf: in making analyses of various sounds,
particularly-¢fa musical character, is to be able to determine the
cause of ehdnges in quality as one modifies the construction or
Operatton of a given sonorous body. For instance, what is there
abQuL the construction of a particular type of piano which makes
PO‘*"ﬂble the production of acceptable or even superior tonal
results? ‘The same might be asked about wind instruments. Until
recently any improvements in design were largely the result of
skill in workmanship based on cxperience plus a “cut and try”
method of experimentation. Now it is possible to approach prob-
lems of this character from an engineering point of view; today the
acoustician can make quantitative measurements; and such pro-

cedure, if followed, could lead to marked advances in the quality
of musical instruments.
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8-6. Synthesis of Musical Sounds

Thus far in our study ol the quality of sounds, we have had re-
course to the analytical method only. Following that procedure, we
have found that most sounds are complex in character; that is, they
arc composed of a group of simple tones, the one having the lowest
pitch being called the prime, or fundamental, and the others being
referred to as overtaones, or upper partials. We have scen that the,
presence of these partial tones makes it possible to distinguish {romi
one another the sounds emitted by various sonorous bodies, 4 M)

The question now arises: Having analyzed a complexvgound,
can one reconstruct or synthesize such a sound? If this,,g}'é'n"“be dane,
the theory of sound quality would receive striking éonfirmation.
Fortunately the answer is in the affirmative. In fdsfyHelmholtz! did
this very thing. He designed a series of clectricgllypdriven forks (each
associated with a suitable resonator) givigg‘:B (below middle C)
as a prime, together with the first seven harmonic upper partials of
that note. Mechanical arrangements wefe provided whereby any
one or all of the resonator aperturesfi{:o"uld he opened and closed at
will. By means of this asscmbly Hé;[mholtz was ahle to combine any
one of the upper partials, or allof them, with the fundamental tone.
The intensity of cach compenent was controlled by the same mecha-
nism employed for opehing’ and closing the apertures. In Fig: 8-16
is secn a Helmholtz sytithesizing assemnbly as constiucted by Koenig.
The Koenig orgahiZation containcd ten harmonic forks, beginning
with C; = 1317BY the use of such apparatus it was found possible
o synthesizkéizgﬁ)ﬁnd which has previously been analyzed, and thus
confirm ‘gh;‘,}oncllxsions of Helmholtz regarding the physical basis
of sound guality. -

horigh the compounding equipment made by Kocnig was su-
perbly constructed, the scheme of synthesizing devised by Helm-
holtz had certain inherent limitations; limitations which, owing to
modern advances in electrical and rclated fields, it is now possible
to overcome. '

At present several methods exist whereby it is possible to produce
electrically a tone which is almost completely pure; that is, rcason-
ably frce from harmonic content.

! Helmholtz, op. eit.
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For usc in certain research studies in connection with the syn-
thesis of musical sounds, the author has designed an electrostatic
gencrator! that yiclds sinusoidal electric waveforms. A group of
such generators mounted on a common shaft serve to develop the
electrical equivalent of a fundamental and its {irst seven harmonic
overtones. By changing the speed of the motor which drives the
alternator shaft, the frequency of the fundamental and its comple-
ment of overilones can readily be shifted up or down the masical
scale. Provision is made whereby the partials can be gingly or

E‘n‘}\’B—l 6. Helmholtz synthesizing apparatus.

collectively fed to a mixing amplifier and thence to a suitable loud-
qu’akcr. The amplitude of each partial is also under control. A
tathode-ray oscillograph may be connected to the output of the
amplifier in paraliel with the loudspeaker, thus making it possible
both to hear and to observe visually the results of the tone synthesis.
Having available the sound spectrum of a given tone, it is possible

with this apparatus (called the Synthephone?) to reconstruct faith-

! C. A. Culver, Electrostatic Aternator, Physics, vol, 2, pp. 448-456, September,
1932,

* For a brief description of this apparatus see a paper in the November, 1939,
issue of the ‘Rev. 8ti, Instr. , by the author,
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fully the original sound; and also to create entircly new musical
sounds.

It is also possible (0 construct an assembly whercby sinusoidal
components may be produced without the use of mechanically
moving parts. For instance, by making use of electron tubes as basic
components, one can develop sinusoidal electric currents of any de-
sired audio frequency. Means can be provided whercby the energy
outpui from each oscillator can be controlled. The electrical output
from a series of such audio oscillatars can be fed into a mixing aw-
plificr and thence into a cathode-ray oscillograph or a Toudspéaker.
Thus, knowing the audio spectrum of any given tone, the sdund can
be reconstructed; in short, it can be synthesized, (”:"‘,

Various uses are made of such synthesizing equipgiént, the most

. notable instance being in the design of so-called eI?:,}tronic organs.
In Chap. 15 we shall consider such types of r'r&gical instruments.
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7

RS

- 8-7. Vibrato o\

Before leaving the subject of tong:{iﬁ“a]ity, there is one additional
determinant which should be mg’nifoaed. Reference iz made to a
melodic embellishment commpnty designated as vibrato. This effect
is to be observed most freg@ently in connection with vocal rendi-
tions and in the playing\?%f stringed instruments, particularly in the
case of the violin. THe effect consists of a periodic variation of the
tone, the frequenc’y\‘ﬁf the fluctuations being two to five per second.
Extensivc studigs\carricd on by the late Professor Seashore at the
University off iowa havce shown that the vibrato is essentially a
frequency-fiedulation cffect. Therc is also evidence to the cffect
that thcri;:‘sornetimes exists a simultancous amplitude-modulation
eff Ct:\jWhen both the frequency and the amplitude modulations
ocz& concurrently, the waveform will likewise undergo a periodic
change. In the case of the human voice, the vibrato effect appears
to be largely involuntary, and possibly may be associated with a
periodic lcssening of the muscular tension required to produce a
sustained note. Thhe emotional conient of the passage seems to have
some bearing on the degree of the vibrato effect. In the case of a
violin or ccllo rendition, the vibrato effect is deliberately produced
by the player as he hrings about a periodic alteration of the length
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of the vibrating string by the movement of his finger. In this case,
“then, the effect is one that is almost wholly a frequency-modulation
phenomenon. !
The question arises as to the bearing of vibrato on musical quality.
It appears to be a matter of common opinion that a tonc in which
vibrato occurs—at least in the case of the members of the violin
family and the voice—is more plcasing than one that is sustained
at a constant level of pitch and amplitude. The effect on the auditom
is, to some extent at least, a psychoacoustical one. In any event e
rcaction of the listener is in favor of a tone that is subject toa shffht
modulation effect; it seems to be more rich and satlsfymg Undouht~
edly there are subtle, and somewhat intangible, elemenls that enter
into the determination of tone quality; and v1l)rate\1ppt'ara Lo fall
in that category.

IMUSICAL ACOUSTICS
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QUESTIONS 2\

1. What deterrnines the quality
of a given musical sound?

2. Arc the terms harmontes and®™S

overlones SYyNnOnymous?

3. What is meant by mhmﬁ»mc
partials? \

4. Why, in generalyhare inhar-
monic partials undes'\i“’alilcp

5. Each of 1wogngcrs may have
a pleasing voxm*hen singing alone,

N

lqgt'{vl{;an singing a duct the musical

.Jresults may be unpleasant. Why?

" 6. Of what utility are sound
spectra?

7. Outline a method by which a
musical tonc may be artificially
created.

8. Why does the tone quality of
musical sounds in a motion-picture
theater depend upon where onesits?

1'The reaflcr is referred to an informative paper by Louis Cheslock on Violin
Vibratd] ‘published under the general title, Rescarch Studies in Music, by the Peabody
Instq\u‘tc ‘Baltimore, Maryland. The papcr appeared in the April, 1931, issue.
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91, Musical Intervals P

In the preceding chapters we have bgéil:\studyihg the laws which
govern the behavior of a single train ‘of sound waves, such as the
propagation of one musical tone, ’t}’liﬂhugh the air. We are now to
consider the relation of musical fones to onc another; and this brings
us more definitely into the dotftain of music.

Comparatively few pexdons are capable of recognizing the true
- pitch of a single musiéat ‘tone, but many individuals are able to.
tell what the ratio of, the frequencics of two tones is. Furthermore,
most Persons qaﬁ srecognize the fact that certain tones, when
soundcd together, or immediately following one another, produce a
pleasing ef(é:{;\{‘,' while other combinations give rise to a decidedly
unpleasahireaction. Of all the 20,000 frequencies with which the
acousiteian deals, only a comparatively small number are actually

€d'1h music. Certain particular frequencies have been selected,
thréugh experience, and built into 2 system of pitch intervals and
scales for use in the noble art of music. By the term musical inter-
val we mean the ratio between the frequencies of any two tones.’
Tor instance, one musical sound may have a frequency of 262
vibrations per sccond and apother a frequency of 528. The fre-
quency in the sccond casc is to the frequency in the first case as
' 2is to 1. Or again, one might be dealing with one tone whose vibra-
tion number is 330 and ancther whose frequency is 660. The ratic of -

their frequencies would in this case also be 2 ta 1. Thus we see
123
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that the interval i the same in the two cases; it is the ratio which is
significant, in this connection, and not the absolute frequencies of
the two tones involved. As another example we might again take
the 330 and anocther vibration number whose value is 495, The
ratio of the higher to the lower note in this case is 3:2. In other
words, the “vibration fraction™ is 3 /2. This means that one sonorous
body makes three complete excursions while the other makes two.
And so we might go on forming an innumerable number of ingec-
vals. But the experience of the human race has taught thag gnly
certain notes when sounded at the same time, or in quick Sadces-
sion, produce agreeable auditory effects; the intervals betwecen such
pairs of tones have hcen computed and have been naed, as shown

in the following table: = . S,
Unison 1-1 Minor thiqi, 6:5
Qctave 2:1 Major sixth 5:3
Fifth 3:2 Minbdt sixth 8:5
Fourth 4:3 Major seventh 15:8

Major third 5:4 _Minor seventh  9:5

N

The term #hird in the above li'sji:' refers to the interval between the
basic note and the third note above, as for instance C and E. Cor-
responding statcrents, cuﬁlﬁ bc made concerning the terms foura,
fifth, etc. Not all of thp%ovc pairs yield the same degree of smooth-
ness when heard sinultaneously. In the following section we shall
endeavor to fing“the reason for the fact that certain intervals give
risc to a sens;:@%p"hysical and aesthetic satisfaction, whilc others pro-
duce a di§;\kg:éeable auditory reaction.

T
&

92 Nature and Cause of Dissonance

When two or more tones, evoked simultaneously, producc arough
auditory sensation, we say that the sounds involved are dissonant;
when auditory roughness docs not obtain, the sounds are classified
as being consonant. Dissonance implics harshness; consonance con-
notes tonal smoothness.

It is often comparatively easy to define a phenomenon, but not
80 casy to arrive at an understanding of the cause. Why is it that the
notes € and E when simultaneously sounded on the piano, for
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instance, produce a smooth musical effect, while the sounding of
C and D has quite the opposite effect? The answer to the foregoing
- question was given by Helmholtz. It was his judgment that dis-
sonance is due to the disagreeable sensation produced by beats,
To quote Helmholtz: “When two musical tones are sounded at
the same time, their united sound is generally disturbed by the
beats of the upper partials, so that a greater or less part of the whole
mass of sound is broken up into pulscs of tone, and the joint effect is
rough. This relation is called dissonance. A\

““But there are certain determinatc ratios between freguehcy
numbers, for which this rule suffers an exception, and either no
* beats at all are formed, or at least only such as have so httlc inten-
sity that they produce no unpleasant disturbaace,. of Yhe uniled
sound. These exceptional cascs are called consonafices.”
 Helmholiz contended that in the middlc register the number of
beats which gave rise to the maximum roughpess is 33 per second
and that they can be detected when the beat frequency is as high
- as 132 per second. When the beat frequesiey exceeds that valuc their
effect on a musical sound is inappregiable. Helmholtz likencd the
auditory effects of beats to the effect produced when a flickering
light falls upon the cye. When beats occur between the limits men«
tioned the auditory nerve agembly s irritated and fatigued.

Here we have the opi’gi'q}; of a great investigator who had spent
some eight years stud¥dng this and related questions. The subse-
quent work of Koeriigrand other mvemgators serves but to c0nﬁrm
and extend his fméings.

- From our pféliminary study of the subject of beats (Sec. 4-3), it
will be cvident that two pure tones will give rise 1o beats only when
their frcquenmcs are not identical in value. But if we examine the
situatiop” when two complex tones are simultancously sounded, it
wifl Be'seen that beats may occur, even though the fundamentals
of the two tones have the same frequency. This is caused by the fact
that the overtones of one of the tones may beat with the fundamental
of the other, or the overtones of one may beat with thc overtones
of the other, or a combination of these circumstances may obtain,

Let us see how this works out in sevcral cases. For comparison
purposes lct us examine the interval known as the octave. The case
in point can be most simply presented by displaying the harmonics
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‘involved in terms of the usual musical notation (Fig. 9-1), using
whole notes to represent the fundamentals and quarter notes to
represent the upper partials.

We will assume that the tones are sounded on any instrument
capable of yiclding at least six overtones (scven harmonics). Only
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three harmonics belonging to the highep’;iléte are written down be-
cause the higher overtones of this nqte.dre not within beating dis-
tance of any overtones of the loxy,e}: ‘note. If the tuning is perfect
each harmonic of the higher ng’té &corrcsponds to an upper partial
of the lower note. Tt is thus, c¥ident that no dissonance can occur
and that such an interval {the octave) is therefore perfectly conso-
nant: the octave is un'&{f&fﬂ this respect. No interval narrower than
an octave will yiclddabsolutely perfect consonance.

Remembering fhe above statement, let us now examine the case
of the fifth, apnitrval that comes as near to being a perfect interval
‘ as any of the several steps. Follow-

B — -"?_h_ij :i:__ ing thc same plan as in the pre-
AR D . - vious casc, the musical diagram
TY™ would appear as indicated in Fig.
L — 9—2. In this case 3 and 2, and 6
L?q‘w_f‘_ I and 4 coincide. But it will be noted
Fre. 9-3 that 3 of the higher note is within

beating distance of both 4 and 5
of the lower note. If the fourth and fifth upper partials of the lower
note happened to be weak the roughness would probably not be
great, but in any event beats would probably cxist, and hence this
interval would not be as smooth as the octave. If we were to sct up
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a diagram of the fourth it would be found that this interval is some-
‘what lcss consonant than the fifth. In other words, these two steps,
among others that might be cited, are imperfect consonances.

In this connection it will he profitable to consider the case in
which four notes are involved, such as a major chord, like CEG(C'.
. An cxamination of the musical diagram appcaring as Fig. 9-3
discloses the fact that the fourth harmonic of E is in unison with
the fifth harmonic of C, but the third and the fifth harmonicsref E
arc somewhat dissonant with the fourth and sixth of the tonicdv{(C).

In the case of G, we see that there is only one partial, ¢he)third,
which is not alrcady present in the toric C. This third will give rise
to beats with the fourth and {ifth of C, and to somé extent detract
from ideal consonance. The octave C7, it will belrieted, introduces
no partials which do not already exist in the togie. Whilc this major
chord is, then, not perfect so far as conspnance is concerned, it is
comparativcly free from disturbing bedts; this accounts for the
satisfying harmoeny of the major chord.

If space and time permitted, oge.Could set up a corresponding
chord which is known to be less, Ii'aﬁnonious than the above, and it
would be scen that conditionsayould obtain giving rise to disturbing
beats. 2z - -

It may be thercfore gefrdown ag an important fact that intervals
and chords are copsenant when beats are cither absent or so faint
as to be completely masked by the fundamentals of the tone in-
‘volved. In thid\géncral conncction it should be pointed out that
intervals arfdy¢hords may be consonant in one part of the scale
and yet'k\:e.\é'issonant in another. This is due to the fact that the
numbc;j‘c\)f beats per second which may develop will depend upon
t}}c:pbsi%ion of the interval or chord in the scale. This is strikingly
SQEﬁwn in the following instance. Take, for example, Cs and E, hav-
ing fundamentals of 65 and 82 respectively, and sct down the fre-
quencies of the fundamentals and the first two upper partials in cach
case, as per the following table.

Ch E,
1st 65————82
2d  130——=1064

20 195 246
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It will be observed that there will be 17 beats per second between
the fundamentals, which will probably not be disturbing. But when
we come to the second harmonic in each case, we see that these par-
tials will give rise to 34 beats per second, a frequency which will
produce marked roughness. The third harmonic of G, will also de-
velop a beat frequency of 31 with the first upper partial of E.. Thus
we see that an interval which was reasonably consonant in the
middle register is quite unsatisfactory in a lower part of the scalg.
O\
9-3. Dissonance in Special Cases O

Belore leaving the subject of consonance and dissoga‘ffae, it will be
well to examine two or three special instances which are encoun-
tered in practice. The earliest forms of music«¢ensisted of a succes-
sion of single tones produced upon some simple instrument or by
the singing voice. A tune sung by one ve(cc or played on a single
instrument, one note at a time, is what we know as a melody;
ancient music was, and much oricntal fusic still is, of this character.
Now the major chord was known 18fig before the Christian era when
only single part melody was cmiﬁléyed. Can one rcconcile these two
facts with the suggestion prc{ﬁously made to the cffect that the
major chord came into yse'because it was naturally consonant; that
is, quite frec from distgtbmg beats? The late Professor Sabinc' has
pointed out that harmony does enter into single part meclody if and
when the rendiion takes place in a room, the reason being that a
single sound pepsists for an appreciable length of time duc to rever-
bt,ratlonS\T»Bm overlapping, then, of successive tones produces, Lo
some exte'}lt the effect of two or more notes being sounded simul-
tanc,o(lsly, hence, consonance and dissonance may figure in the case.

“Agtother factor which may also cnter inio the situation is that
thére is a certain persistence of sound sensation. Therefore, even
though there he no overlapping due to reverherations, tones sounded
in rapid succession in a one-part melody might produce a dissonant
effect. :

In succecding chaptt rs it will be brought out that each instru-
ment and each voice gives rise to a definite and characteristic sound
spectrum—it has its own particular complement of overtones. Bear-

!See W. C. Sabine, “Collected Papers in Acoustics,” p. 107.
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ing this in mind, it is casy to sec that a chord when played by two
different instruments might be consonant, while if rendered by some
other combination might be dissopant. The same might be said of
two singing voices. This accounts for the fact that ccrtain instru-
ments and certain voices “blend,” asg we say, better than others. In
other words, the whole question of consonance and dissonance in-
volves the matter of the absence or the presence of beats. Further-
more, it should certainly be notcd, the smoothest intervals are
not always the most satisfying to the ear. This is evidenced by the
frequent modern use of thirds and sixths in contradistinction™to
the vse of the actave, the fifth, and the fourth. Indeed, actu‘al\dls—
sonant intervals and chords are at times cffectively madcwse of, A
notable example of this is to be found in the coda af‘,Sfi"i%uss’s “Lin
Heldenleben.” R4

Our musical tastes apparently change withitime. For instance,
thirds and sixths were until comparatively rgeent times not used to
any great extent by musicians. For some dnknown reason the sub-
minor seventh (4:7) has never been utilized to any great extent,
although in somc instances, at ]cast, it.is more consonant than the
minor sixth (5:8). Possihly this and ‘other intervals may come to
form a part of musical composgthn. There is no virtuc in mere new-
ness or strangeness, but the acoustician and the musician should
maintain an opcn mind \{V‘li’h regard to the possiblc a.doptlon of new
forms of tonal exprc‘;‘;iqh

94, The Maj{r: t‘fzord

In the i*Q:c\(}Eiing section it was pointed out that certain pairs of
notes, when sounded together, produce a pleasing auditory sensa-
tion. &4 1s “also a fact that certain groups of three notes will produce
a Skrmfar effect; and one of the remarkable things about this circum-
stance is that the frequencies of such triads bear a definitc but simple
relation to onc another, viz., that of 4:5:6. There are three such

groups, as indicated bclow:

C:B:G = 4:5:6
G:B:2D = 4:5:6
F:A:2C = 4:5:6
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From the above relations onc may rcadily compute the vibration
number of any tone, in terms of the basic note G, by means of the

following simple equations:

%=g or E=gc

S _S w c-lc
2—% =g or F = ;CI \:\
% =g or A= g C \,‘.'}:“\,
C%zﬁ_si or B—%C”j;\\

29:2 or D=\3%C

 §
o\
)

Any one of the above triads, taken togéther with the octave of the basic,
or tonic, note, constitutes what lednown as a major chord; thus, C,
E, G, and 2C would be one major chord.

&

O
9-5. Diatonic Sca[e \\

The major dmtemc scale is composed of three sets of major triads,

thus: N
E"\'Q;
,\\“
e D E F G A B ¢ D
2N\
A0 5 6
N U SO 6

The initial note, in this case C, is called the tonic. It is impor-
tant to consider the relation of the vibration frequency of each note
in the above scale to the tonic. If we assume that the tonic has a
frequency represented by n, the successive notes will have the {re-
quencies indicated in the {ollowing chart, thus:
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Name of note ‘ C D E F G A B C

frequency i serms o8 ‘ /1) O/ /49| 413|125/ 15/ 2
|
|

9/8 ‘10/9 ‘ 9/8

Ratio between succes- !

sive tones (intervals) | 9/8

10/9 16/15

A

\

16/15

The vibration fractions (intervals) between successive @Qics
(third line in above chart) are obtained by taking the ratio between
two adjacent frequency values. For instance, the ratio ofy (978 to
nis 9/8; of {5/4)n to (9/8)n is 10/9, etc. An exan}i;lhti%n of the
above table discloses the fact that, in the diatonig::«@sﬁle, there are
only three intervals, viz., 9/8, 10/9, and 16/15. The first two inter-
-vals are referred to as whole tones,! and theMast as a half tone.
They are also designated as a major tope) a minor tone, and a
major or diatonic semitone, in the order ‘given. Strictly speaking,
the last interval (semitone) is slightl’y;lgreatér than half of 2 major
tone. A\ ' ' _

Reduced to mixed numbers+thie vibration ratios 9/8, 10/9, and
16/15 become 1.125, 1.111¢%8hd 1.067 respeetively. When making
computations this numerica! form of the ratios will be found to be
more convenient than t})é [ractional form. Now in adding intervals,
one multiplies the ratio values involved. By way of illustration, the
interval betwee 1(}\ and E is obtained by multiplying 1.125 (the in-
terval C to Dby 1.111 (the interval D to E) which gives 1.250. I
onc procegd$vin a similar manner a chart may be sct up showing
the intervals between C and the other notes of the scale as given in
the 'ﬁrjs;t\’]intf: of figures in the following arrangcment.

3

C D E F G A B (o4
Diatonic : ls
scale 1.000 | 1.125 | 1.250 | 1.333 | 1.500 | 1.667 | 1.875 | 2.000
Tempered
scale 1000 | 1.222 | 1.260 | 1.335 | 1.498 | 1.682 | 1.888 | 2.000

I The tertn fone means, in this connection, a step, and is approximately equal
to one-sixth of an octave.
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The diatonic scale is of very ancient origin, but this scale as now
used was introduced by Zarlino, the first account of it being found
in hig “Instituzioni Armoniche,” published in 1558. The diatonic
scale appeals to the occidental as constituting a satisfactory basis for
musical composition. This scale is by no means the oldest arrange-
ment of musical intervals. The modern diatonic scale bears some
resemblance to the so-called Pythagorean scale,’ and probably is
related to it, historically. The Greck scale is found to be quite guit-
able for melody—a succession of single notes—while the modern
diatonic scale is better adapted for harmonic compositiont )

Each of the older races, which make a pretense to a;pythmg of a
cultural nature, has adopted some system of note: refationship. For
instance, the Chinese divide the note cycle into Meive equal steps,
corresponding to our semitones; but in practicesthey frequently use
only five notes, corresponding 10 the black gotes on our piano key-
board; that is, a pentatonic scale. One &l%0 finds the pentatonic
division of the octave in some examplés'ef Scotch music.

The Arabs divide their cycle intgiixtcen unequal intervals with
the result that their music is cnutely different from anything one
finds among Western peoples.,, The octave and the fifth are utilized,
and they frequently use quéxter toncs.

The Hindus divide the;:i‘r;\:yclc into twenty-two steps, though they
actually use only seven intervals. The octave, the fifth, and the
fourth form a partobthe Hindu system.

The Persiangh\¥ho undoubtedly exerted an influence on Greek
music, and j;\Héféforc on our scalc, employed very smail intervals,
Their octaverwas divided into twenty-four steps, which means that
they mus’\havc used quarter tones,"

Eyon so brief a review of musical hlstory as the foregoing discloses
t%@ fact that about the only intervals common to the oriental and

! Pythagoras, who was the founder of theoretical music, used but two intervals
in developing the scale which bears his name, viz,, the tone and the semitone
(hemitone]. His tonal arrangement was
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occidental scales are the octave and the fifth. It is therefore evident
that there is no such a thing as a “natural” scale. This is not to be
taken to mean that nonc of the intervals have a natural basis for
their use. Probably the selection of the octave rests, to some extent
at least, on the fact that a woman’s voice iz about an octave above
that of 2 man’s. Then again the octave is, in a way, a repetition of
the fundamental, in the case of complex tones, and is often the most
casily recognizable as an clement in such a sound. Similarly, the
third partial (second overtone) is just a fifth above the secong par-
tial. Frequently this tone can also be easily recognized when\liten-
ing to a complex tone. While the fourth might also be said’to have
a somcwhat similar natural basis for its more or Ics¢ “pconscious
selection as a step in our scale, the remaining inEf{r&;als have been
evolved out of our experience and as a result of Qur temperamental
tastes. We shall look into the question furthga}\‘\ip the chapter which

follows. R

3
N\

9-6. The Minor Chord and Scale «\*
In addition to the major tria@'gxﬁd the major chord there is a so-
called minor triad and a coxresponding minor chord. The notes in
each minor triad bear the felation to one another of 10:12:15. One
can build up a series gf\’vif)ration ratios based on a tonic as Inn the
case ol the major ghouping (Sec. 9-4). A minor scale can also be

worked out from these fractions, as set forth in the table below:
o | |

E | F G A .B 20
] e
| O/ | 6/5n | @ | G/2m | B/ | O/5m | 2
—K—;— _ J ! ——

9/8 16/15 1 10/9 ’ 9/8 16/15[ 9/8

10/9

A comparison of the major and minor scales discloses the fact that
the same threc intervals occur in both, but that the order of occur-
rence is somewhat different; the second and third are interchanged
as are also the fifth and seventh. The vibration numbers for the two
scales, using A = 440, are:
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C_-D‘E‘F‘G‘A B‘c-'
Major 264 | 297 | 330 352 ‘ 396 l 440 495 | 528
Minor 264 | 297 | 316.8% | 352 | 39 ‘ 422.4% | 475.4% | 528

It will be noted that three frequency numbers (starrcd) of the
minor scale differ from the corresponding values in the major scale;
they are in each case lower in frequency. This should be kept\in
mind in reading the next section. O\

PR

9-7. The Tempered Scale R

Owing to the natural limitations of the voice of:}t\scloist it may be
neccssary for the performer to usc some tone higher than C asa
tonic.! In such an event it is interesting afd-Significant to compare
the scale built on C as a tonic with 0fi¢ using, say, D as a funda-
mental. The following chart gi\fcs’gdch a comparison:

|
‘G D‘E. ‘A‘|B‘(}’|‘D’
_ —— | N e e —
| N B
Key of C ‘ 264 | 207 1830 | 350 | 39 ‘440 | 495 | 528 |
Key of D | | ZQ'\‘.B?A* 371% | 396 ‘445*‘ 495 || 557% | 594

N

It will be noted@hat four of the frequency values (starred) in the
D scale do pepdgree with the corrcsponding numbers in the lower
scale, It is").fius evident that at least threc additional tones would
be ncpg;le if one were to employ the scale of Dj that is, use Dasa
tonigsy " .

“NI't’is entirely possible that a vocalist might use any one of the
other notes as a tonic; and if we were to set up such a scrics of
scales and compare them with the simplc diatonic scale, we should
find that several other interpolations would be necessary. Our study
of the minor scale (Sec. 9—6) showed that additional tones would
also be needed in order to provide for a system of scales based on
minor chords. It therefore becomes obvious that, in order to pro-
vide for all possible changes of key, it would bc necessary to intro-

1 The making of such a change is known as “transposition.”
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which would be cntirely impracticable when dealing with instru-
ments having fixed tones, such as the piano and most of the wind
instruments; at Jeast 72 notes to the octave would be required.

In order to avoid this practical difficulty, musicians have had
recourse to a compromisc procedure; they have adopted what is
known as the equally tempered scale, The system provides for an
octave having twelve equal steps or intervals. To accomplish this,
five new toncs are added to the .
original diatonic scale, as dia- ek of Aot A
grammed in Fig. 9-4. These 0" & ¢ A B ()
five tones serve as thc sharps of : N E
the tones just below, and as the
Jlats of thosc immediately above.
In this system the comimnon ratio
of one frequency to the nextisthe 6 A
twelfth root of 2, or 1.05946. Fic 9—4\ Diagram showmg a

But why the twelfth root of 27 tempcrcd oclave,

Remembering what was said in -

the previous scction to the cffect th&t intervals arc added by the
procedure of multiplying their rehp\:‘;ctwe ratio valucs, it will be seen
that if there are to be 12 cqudlsteps in the scale the sum of these
steps will be r'2, where n i3 #he value of each interval. Further, this
sum must be equal to 2 hecause G = 2C. That is #? must equal

2 or, algebraically expréssed,
<&

" nt?t =2
“\‘.

or § n = V2 = 1.05946

ad

It will k& Yecalled that the semitonc interval in the natural scale
has ﬁ{(‘:‘\“faluc 1.067, as compared to the above value, In making
computations the above numerical value of the semitone interval
on the tempered scale is ofien taken as 1.06. By using the numerical
value of the semitone of the temperced scale, the interval between G
and the suecessive notes on the cqually tempered scale can be readily
computed. The ratios are shown in the last line of the chart on
page 131. The intervals of the five added steps with respect to the
tonic will have the following values:
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Cgor Dp 1.000 X 1.059 = 1.059
D# or Eb 1.122 X 1.059 = 1.189
F# or Gb 1.325 X 1.059 = 1.414
G#or Ab 1.498 X 1.059 = 1,587
A or Bb 1.682 X 1.059 = 1.782

f

1

One may now arrange a complete table showing the frequency
ratios in the scale of equal temperament based on C as a tonic. In the

following table » signifies frequency of C. O
t’\:\‘
Note Frequency ratio Cents [rom tQfiic® =
N
G 1.0002 A% 3
oz Db 1.059% 100
Y,
D 1.122n K1) 200
A
D Eb 1.189. O 300
E 12607 400
F o 1.335n 500
' L

F4 Gre O 1414 600

) \\‘.' ) . i -
G QO 1,498n 700

_ L' -
GE oAb 1.587x 800
\\: A 1.682¢ 900
SO Ak B) 1.782n 1600
B 1.888% 1100
C 2.000x 1200

Thus we have available a complete sct of interval values by which
one can determine the frequency of any note on any scale.

Any instrument tuned on the basis of the equally tempered scale
has only one true interval, viz., the octave; all other intervals are
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slightly false. The thirds and sixths are somewhat sharp, and the
fifths are slightly flat, as may be seen from an examination of the’
chart on page 131. From the mathcmatical nature of the case a
12-step octave is imperfect. Music played when employing such a
system is necessarily somewhat inferior to that rendered in true
intonation. However, the lack of cxactness, with its resulting slight
roughness, is tolerated f{or the practical reasons cited above. Unac-
companied playing on stringed instrurnents and on the trombone,
as well as a cappella singing, can be done in just intonation, though
_ even in such cases the performers sometimes depart from both just
intonation and equal temperament. There are those who feel(Very
strongly that music rendered through the medium of the{¢gually
tempered scale is decidedly inferior in quality to thag Played in
" frue intonation, Professor Jones in his book “Sound,’?pages 70-74,

quotes the opinion of several well-known musical aithorities on the
question. These cxcerpts are worth perusal. There are seemingly
insurmountable difficultics connected with #hc construction and
playing of a keyboard instrument that wou}d render music in just
intonation. However, with the mcreasmg ‘wtilization of electronic
facﬂltl(,s in connection with the pmductlon of music, it is intriguing
to speculate on the possibility that the acoustical engincer might in
time solve the problem. )

The intreduction of the cqitally tempered scale is usually credited
to Johann Sebastian Baghy-but it appears that this system of tem-
perament was known 10 bhefore Bach’s timc.

Before the equal; tempcrament plan was introduced, there
existed another ; system of temperarnent, introduced by Zardino and
Salinas, and kfidwn as uncqual or meantone temperament. Under
this systcm t& more common scales were rendered fairly accurately
and the rcmamder were disregarded. A performer was accordingly
limjted 8 certain keys only. At one time this system of temperament
was ‘eXtensively used, particularly by organists. For additional
details on the history of both meantone and equal tcmperament the
reader is referred to “Science and Music,” Chap. 5, by Sir James
Jeans, to the Ellis translation of Helmboltz, pp. 546ff., and to a
scholarly historical treatise entitled “Tuning and Tempcrament,”
by I. Murray Barbour. This last work carries an extensive bibliog-

raphy on this subject.

~
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9-8. Tuning in Equal Temperd_menz

As pointed out in Sec. 7—7, the tuning of such instruments as the
piano can be accurately and rapidly accomplished by a visual
method that utilizes the strohoscopic principle. Though the visual
method is being increasingly used, many tuners still make use of
the beat method.

In following the more conventional procedure (the beat method)
the first step involves what is known as the “laying of the tempera-
ment.” This consists in selecting an octave near the midtle/of the
scale, say the one beginning with A,, and tuning cach §tfing in that
octave by means of beats between selecied upp’e:;fpaji‘tials (over-
tones) of certain pairs of notes. The intervals gudst’ commonly uti-
lized are fifths and fourths. If we keep in mind Hiiat the upper partials
of a piano string, for instance, havc frg:g@c'hcics that are about
two, three, four, five, etc., times thagelithe fundamental, it will
be easy to understand how the tempsrament of a piano may be
sct. m’f;

A preliminary step in the ,I;frjécéss of laying the temperament
consists in damping two of «he strings of each note by mcans of
rubber wedges; thus onl(bne string sounds when a key is struck,
If we assume that the Apstring has been adjusted to 440 against a
staridard fork, its tl}iﬁi\upper partial will have a frequency of 1320.
The fundamental 6P s (a fifth above A4} will be 659, and its second
overtone will A€ a [requency of 1318, Hence, if the interval from
Ay to Bs isfi0t close to a just fifth, there will be more than two
beats pgr\\sledond, and the tension of the E; string must be adjusted
until the number of beats is reduced to an acceptable valuc. If
the! fhterval from A, to Dy is not close to a true fourth, there will be
begdts between the fourth overtone of Ay and the third upper partial
of Ds. Proceeding in a similar manner one may, if necessary, adjust
the lension of _the strings in the selected octave, and thus lay the
temperament of the instrument as a whole. Each tuner has his own
particular method of procedure ; some go upward by fifthsand down-
ward by:fourths, while others réverse this procedure. I
" Once the single string for each kcy has been properly adjusted the
damping is removed and each of the several strings of a given note
is adjusted to give zero beats with the siring. originally tuned.
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' (In rescarch on the piano the author has found that the three
strings of a given note will often depart fror strict unison within a
matter of a few hours after being tuned.)

Once the tempcrament is set, the strings of the remaining octaves
arc adjusted by octaves and unisons until they show no beats.
However, in carrying out this procedure it becomes necessary to
make certain compromises in the tuning process. This is because the
actual strings possess a certain amount of physical stiffness. It\
therefore follows that the overlones of a struck string are not exagt
harmonics of the fundamental-—there is a certain amount of whag is
called inharmonicity of the partials. The upper partials of(@ given
fundamental are found to be slightly higher in pith~:’(;han the
theoretical harmonics would be. Therefore in ordef e bring the
upper partials of a given note into reasonably clos® E&sonancc with
the fundamental an octave higher a proccdurg\®nown as “stretch-

_ing” is carried out—the lower octaves are,fdred slightly flat and
the upper oncs slightly sharp. \ x\

The procedure outlined above is f,pflo’wed to a greater or less
citent in the tuning of an organ. lf‘ofﬁa detailed account of tuning
practice the reader is referred to atwork cntitled “Piano Tuning and
Allied Arts” by William B. Whiter
9-9. Key Chamcterist?&)\\"

In closing our di‘sg’ﬁgs;inn of intervals and temperament it may not
be out of place tguhention the debatable subject of key character-
istics. Thereare those who contend, for instance, that a composition
written in tHe "cy of C major will have different tonal characteristics
from the§ame composition if transposed to the adjacent key of 13—
thaptheone may convey to the listener a fecling of decisiveness or
'Pd%rful resolve, while the other seems to suggest fullness or
sonority. Some musicians claim to scnse quite clearly such different
characteristics and to ascribe certain emotional gualities to certain
keys. Is there any objective basis for such an opinion? In attempting
to answer this question there is one fact to be kept clearly in mind,
and that is that on any instrument tuned in equal temperament the
intervals (semitones) are all equal. As a result of this, the scales that
represent the different keys differ only in pitch—the vibration ratios
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are identical. [t therefore seems probable that, so far as planoforte
music is concerned, the special characteristics ascribed to individual
keys are largely, if not wholly, subjective—a psychological phenom-
enon. However, in the case of the stringed instruments, such as the
violin, it is conceivable that the different keys may possess definite
characteristics. This could be due to the fact, as we shall sce later,
that cach open string of a violin, for instance, has its own tone
spectrum, and in playing in certain keys, G major for examph use
is made of opcn strings more often than in executing a p&ssaqe

MUSICAL ACOUSTICS

written in such a key as Gp.

+

QUESTIONS

1. What is mcant by thc terms
consonance and dissonance?

2. What is the canse of disso-
nance?

3. What is meant by musical

musical interval in which g ¢on-
sonance is perfeet. ¢ \!

5. Name the most cofafodh musi-
cal intervals, and givestheir respec-
tive frequency ratiés;

6. Given thc\fmquency ratios of
two intervalg;gew does one find the
frcqucncy*}dtlo which is the sum of
these twq intervals?

.4 :What are the frequency ratios

\‘:

"\
Ny
o
27
S D

0
of the notes)constituting the dia-
tonic scalgd™
8. JFE s 392 vps, what are the
fredueficics, respectively, of a rminor

'Q?liird below and a perfect flth
intervals? N

4. Explain why there is only an, )

\above?

9. Why
necessary?

10, What is the [requency ratio
between the successive notes on the
tempered scale?

11. How many beats per second
will there be between the seventh
harmonic of C; and the nearest
note on the tempered scale?

12. Briefly outline the procedure
by which a piano is tuned.

is a tcmpered scale
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10-1. Laws of Vibrating Strings “'z":“.

Having considered, in the preceding chapters, the-basic facts and
faws connected with the generation and propasation of musical
sounds, we are now prepared 1o pass on to g:gthay of those gener-
ators of sound waves which are most widaly used as sources of
musical sounds. We shall consider in orderstrings, air columns, rod,
plates and membrancs. R\

The first gencrator to be cxammed is the string. A string, from
the standpoint of acoustics, might be defined as a perfectly flexible
filament of perfectly elastic g6ltd material having a-uniform cross-
sectional area and stre tcheél beétween two fixed points. It will at once
be recognized that no pl}ysmal string would be perfectly elastic and
perfectly flexible, thengh it might be of uniform diameter. How-
ever, there are aii\ous matcrials such as steel and animal tissue
which, when utilized as strings, give a close apprommatmn to the
ideal specifieations.

The use.a! strings as a source of musical sounds dates back to the
dawnof hlstory Indced, there are many interesting and picturesque
1336}}d§ Records have been found along the Nile showing a very
early usc of a simple form of the harp; in later times we read of the
psaltery of the Israelites; the lyre was used by the Greeks, who
ascribed its invention to Apollo; and Egyptian tradition ascribes the
ntroduction of a similar instrument to Mercury.

However, it was not until Pythagoras, in the sixth century B.C,,
began his study of musical intervals that any systematic study of

strings as gencrators of musical sounds was attempted. The inven-
141
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tion of the monochord (Fig. 10-1 shows a modern form of this
device) is commonly ascribed to him. With it he discerned the fact
that if one part of a sonorous string is twice as long as another part,
the shorter section will yield the octave of the longer part. He also
discovered that the simpler the ratio of the two parts into which the
vibrating string is divided, the more nearly do the resulting sounds
approach perfect consonance. These discoveries served as the basis
of much philosophic speculation concerning the nature and cauge’of
harmony, but led to no search for quantitative laws. A
Some two thousand years passed after the time of thes famhous
Greek philosopher and mathematician before any real~advance
took place in the ficld of musical acoustics. Then in the seventeenth
century, the Franciscan friar, Pérc Mersennc, wo;:ksdi out the laws

QO O O

o > 3

Fig. 10-1. Sonometer., fC;:;urtesy of C. J. Ulrich.)

which rclate the pitch of tbqgound produced by a vibrating string to
its physical constants {@hap. 7}. In his [amous trcatise “Farmonie
universelle,” Mersenn} set forth four important laws of vibrating
strings, which arezasfollows:

1. The numBep of vibrations per sccond is inverscly proportional
to the length\éf the string.

2. Thesumber of vibrations per sccond is proportional 1o the
squarereot of the tension te which the siring is subjectcd.

3 The number of vibrations varies inverscly as the thickness of
thie Etring.

4. The pumber of vibrations is inversely proportional to the
square root of its density.

Whenever a string vibrates there will of course be a node at either
end. When it is caused to vibrale as a whole there will be an anti-
node, or loop, in the central region, as indicated by A in Fig. 10-2;
a standing wave is developed, and hence the length of the string is
equal to half a wavelength. If excited at the proper points, as W¢
shall see presently, it may also break up into two or more vibrating
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loop being equal to 2
segment.

Onc may,
~ expression
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as scen in B, C, and D of the diagram, the length of each
half wavelength of the sound emitted by that

then, summarizc the situation by means of a gencral

A

n=

2

where \ is the wavelength associated with each segmental pattern,
L the length of the string, and » any whole numbcr. We have pres

viously seen (Sec. 2—1) that

j N
F=x :

where f is the frequency, s the speed

wavelength. By combining the
last two expressions we get

It is known that the specd of a
transverse wave disturbance ig as

stretched string is given by the
relation (\J

_ .\\Q,t’
_ LD
_ S = W
AN
&

where s is th?§?§éd, incentimeters
per secondy
in dYn.e.igi‘o which the string is

beil%:s;ulﬁjectcd; and m thc mass of

the linear tension,
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Fig. 10-2

the string per unit length, in

gram¥ per centimeter. If now we combine the last two equations we

o

arrive at the cxpression

which gives the frequency,

in vibrations per second, of any seg-

mental vibration of a string, and hence the frequency of the resulting

sound wave. Referring again to the verbal

statement of Mersenne’s
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laws governing the vibration of strings, it will be noted that the
above expression constitutes amathematical summary of those highly
important relations. Knowing the magnitude of the tension, and the
other factors involved, one can readily determine the frequency of
the fundamental and any other harmonic that may appear. For the
first mode of vibration (fundamental) #n = 1; for the second maode
of vibration {first overtone, octave) # = 2, etc., for successive cases,
as shown in Fig. 10-2.

At this point in our discussion an important question présents
itself: What determines the manncr in which a string wil’develop
segmental vibration? From the mechanics of the cascy there will
always be a mode at cach end of the string. But it 1s~ev1dent thata
niede cannot exist at the point where the string is cxmted—that point
will obviously be an antinode or loop. In the“stmplest case (Fig.
10-24) wc may assume that the string is belng excited at its mid-
point. If the string were to be plucked, fofitfstance, at a point that
is one-fourth of its length. from one engt Ywe would havc the condi-
tion shown in Fig. 10-25B, a node appﬁarmg at the mid-point. If the
string. be plucked at a point one-§ixth from one end, the situation
depicied in Fig. 10-2C would obtain, giving rise to two nodesin the
body of the string. If the excitailon takes place at a point one-cighth
from one end there will(he three nodes, as seen in D. It will thus
be evident that thequédian point is a node for all even-numbcred
harmonics, and aJodp for all odd-numbered harmoenics. T'o put
the case anotheravay, if we excite a string at its mid-point, all even
numbered hatmnonics will be absent—only odd harmonics will be
present. Idkéwise, if the string is excited at a point one-fourth of its
length 4 fk)m onc end, the second harmonic (octave) will be present
in stz‘ength but the fourth will not exist, and the third will appear
orﬂy faintly.

‘One could greatly extend such an analysis, but the examples cited
will suffice to show that the point at which excitation takes placc
will be an important factor in the determination of what overtones
are present when a string is caused to vibrate, and hence will consti-
tute a factor in the determination of the timbre of the resulting tone.
The effect that the point of excitation has on the resulting wave-
form is illustrated by the escillograph records in Fig. 10-3.

Mersenne’s laws find practical application in connection with the
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functioriing of all stringed instruments. We have scen that, other
factors being held constant, the pitch of the tone evoked is a func-
tion of the length of the string. On instruments such as the
guitar, the mandolin, and the banjo, frcts are provided whereby
 the player is enablcd to alter the length of the string by definite and
fixed amounts; while in the case of the violin, cello, etc., the per-
{ormer has complete control of the length of the string by pressing
it against the fingerboard at any point desired. Hence, the great,

Fig. 10-3. Records showing the
effect of point of excitation of a
string on the waveform. Upper trace,
sonomcter string when plucked at
mid-point; lewer, at one-eighth the
distance from one end. R

Rexibility of\%\uch instruments, and the possibility of playing them in
true intgnation. - :
In onder to produce low tones without employing unduly long
stéings, certain ones are made of greater cross section, and thus of
greater mass per unit length, the added mass in some instances being
aitained by wrapping a string with closely wound wire as in the bass
strings of the piano. In the instruments of the violin family the strings
of a given instrument are all of equal length; while in the case of the
piano the length varies, as well as the cross section and tension. The
tension on a single piano string is from 100 to 500 lb, and the total
force which the sounding board must sustain is of the order of 25 tons.
It is 2 common expericnce to have the pitchof astring change as the
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temperature changes. This is owing to the fact that an increase in
temperature will cause the string to expand and hence lessen the
tension; the pitch, therefore, goes down as the temperature goes up.

At least in the case of a pilano, relative humidity affects, to some
extent ai lcast, the tuning of the instrument. Dr. R. W. Young has
given this subject extended study and finds that, in the case of the
instrument investigated, the pitch rose 0.3 per cent for each increase
of 10 per cent in relative humidity. Dr. Young’s findings are given
in a paper to be found in the November, 1949, issue of the Jodrnal
of the Acoustical Soctely of America, p. 577. ‘O

. L "N

L W

10-2. Complex Vibrations in Strings N

Thus far we have considercd but one modenof vibration in
strings; the string, we have assumed, vibrateda® a whoele giving its
fundamental tone or it vibrated in somc definite number of seg-
ments, thus yielding some particular tope'of higher pitch than the

Fro. 10-4. Photograph .Q_Qf;;ak string vibrating simultaneously in several
modes: {Reproduced by, }%i_‘n’gission fram “The Science of Musical Sounds”
by D. C. Milier, publis}}e by The Macmillan Company.)

fundamental. Théfuestion which next presents itself is: Can a string
vibrate in sevgrdl modes simultancously; that is, can it vibrate
at its funddmental frequency and at the same time produce seg-
mental ¥ibrations? The answer is that it can; and the results of such
complé)’i’ vibrations arc highly important, as we shall see.

¢ By-suitably cxciiing a string it is possible to develop standing
waves of a complex character, indicating that the string is not
only vibrating as a whole, and thus yielding its fundamental tone,
but that scgmental vibrations are taking place at the same time.
Figure 104 is a photograph of a string vibrating simultancously In
several modes. If a resonator having a broad response were to be
associated with a string vibrating in such a manner, we would hcar a
complex tone, consisting of a fundamental accompanied by various
upper partials,
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" The order of the partials which are evoked, and their relative
intcnsity, depends upon the character of the excitation; upon the
point at which the string is excited; and upon the density and
clasticity of the string involved. In the piano, for instance, the ham-

- mer is arranged to make contact with the string at a point that is

. between one seventh to one ninth of the cffective Iength of the string
from onc end, the purpose being to eliminate or greatly weaken

Fra. 10-5. Wavefortw’ of the sound emitted by a sonometer string when
bowed (upper Kom‘), struck, and plucked; frequency 131 cps.

- all partialsy above the sixth, parucularly the seventh and ninth,
Wthh\aI‘E more or less dissonant. -

. A gwen string will yield a tone of decidedly different quality
depending upon whether it is struck, bowed, or plucked. This
is strikingly shown by the oscillograms appearing in Fig. 10-5.
The series of upper partials present, and their relative intensity,
will also depend upon the thickness of the string and upon the
nature of the material composing the string. Thick strings, because
of their rigidity, tend to inhibit the formation of high upper
Partials while thin strings yicld a large number of high overtones.
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The reader is doubtless familiar with the marked difference in the
timbre of a tone emitted by a metallic and a catgut string. The high
upper partials are more quickly quenched in the casc of the gﬁt
string, due to its relatively poor elasticity.

10-3. Longitudinal Vibrations in Strings

In the preceding sections of this chapter we have been consitfring
only the transverse vibrations of strings. Experience shows\that it
is also possible to establish longitadinal vibrations(ig gach a
sonorous body. - A\

Suppose that we have a steel wire, as a siring, ofd the sonometer,
If we stroke it lengthwise by the usc of a piece ef'¢hamois on which
there is some powdered resin, it will be foundithat the string will
yield a loud note of high pitch. If we sho,p’gé}r the active portion of
the wirc by 50 per cent and again exciteit; the note elicited will be
the octave of the one previously cvo'kéa'.’Procecding in this manner
to test still shorter lengths, we shafl¥ind that the law governing the
relation between frequency al‘ldflength is the samc for both longi-
tudinal and transverse vibrasion. Here, however, the similarity
ceases. If one changes thoffenision, it is found that the pitch remains
practically the same {X(‘:Cpt for exireme values of tension. If the
several gut strings ®f & violin be stroked longitudinally by means of
the bow, the rcsultinfg frequency is practically the same for all of the
strings, thus s{i{gwing that the mass of the string has little if any
effect uponits frequency.

Bccags%f the fact that a string in undergoing transversc vibra-
tions. fiecessarily changes in length, it must follow that a limited
am@unt of longitudinal vibration must accompany the transversc
motion. Itis said that these longitudinal vibrations may occasionally
be heard when the A string of the violoncello is sounded. It is not,
however, thesc incidental longitudinal vibrations that are of serious
moment, but rather those longitudinal vibrations which the un-
skilled player brings into being by inadvertently slipping the bow
lengthwisc on the string in the course of regular playing. The tones
resulting from such longitudinal excitation arc of high pitch and
decidedly dissonant; hence the necessity of avoiding this undcgirable
type of vibration.



QUESTIONS

" 1. What determines the pitch of
a string?

2. Iftwo strings, one 100 cm long
and the other 200 cm, are of the
same material, cross section, and
tension what would be the intervai
between the fifth harmonic of
each?

3. What harmonic is absent
when a string whose length is 32 cm
igexcited at 4 cm from one cnd?

4, A gtring 120 ecm in length
gives a pitch of G when bowed.
Where should the frets be placed
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so that the diatonic scale can be
played?

5. What two points on a vibrat-
ing string are nodes, regardless of
the point at which the string is
excited? N

6. Why are the strings at the
bass end of a piano made ofhea\'lcr
material than those y1e};g1§ng the
highest notes? N

7. Is the tlmbrp t} the sound
emitted by a st rrg\t ¢ same when
it is bowed agdlien it is plucked?
Why?



11 Stringed Instruments

O\
"N N
11-1. The Vielin Lo

N

The list of musical instruments which depend upon' the string as
a generator of sound is quite large, and may roughly be divided into
three gmupq} the classification depending Jipon the manner of

I . exciting the vibratile piegnber. In one group we
have those 1nstrumonts m which the string is
plucked, the most ¢emmon examples being: the
harp, the gmtar » the mandoelin, and the banjo.
A second group would include those in which
the ‘,trlng 18 struck, the most notable example
bemg...t:hc piano. The third group includes those
ingtfuments which arc made to sound by mecans
of a bow, and represented by the violin, the
Z»1ola, the violoncello, and the bass viol.

Since space does not permit an examination
of all of these sources of musical sounds, we will
confine our attcntion to certain representative
mernbers of cach type.

First Jet us consider the violin. The exterior
of this instrument is familiar to everyone; some
of the more important features are, however, not
sa well known. The instrument, a representative
model of which is shown in Fig. 111, is provided with four strings,
three of which are of plain gut and the fourth wound with fine wire
to give it sufficient mass." The front, or “belly,” is usually made of

Yicz, 11 1. Violin.

! Some performers use two wound strings, one being wrapped with aluminum
and the other with silver. Occasionally three gut and one steel strings arc used.
Certain violinists have successfully employed four steel strings.

150
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spruce or pinc, the back of maple or sycamore, and the bridge and
ribs of maple. Attached to the underside of the top member, and
extending about two-thirds of its length, is a small strip of wood
called the “bass-bar.”” The bridge stands on two feet in a position
mid-way between the two “f” holes in a region where the belly is
most mobile. One foot of the bridge rests dircetly over the bass-bar.
Reneath the bridge between the belly and back of the instrument is
located the ““sounding post,” a short wooden rod which is in firm
contact with the wood plates which form the two larger qurfaceq
Sce Fig. 11-2. There is some dispute as to
the optimum position for this member of
the structure. The most common position
for the post is a little at the rear of the leg
of the bridge on the I string side. Investi-
gation has shown that the chief function of
the sounding post is to transmit vibrations
from the belly to the back of the instrumens )%
It is necessary to adjust the position of the
post for cach particular instruments$Fhe
bridgc.scrves to convey the Vib}"fc{’cji()ns of showing the position of
the strings to the body and thos in turn thc sound post.and bass-
to the encloscd air; the bagg-bar scrves to (The Philips Tech-
strengthen that part off th belly to which mmg Review.)

it is fastcned. \

The absence of. dcﬁnite frets makes it possible for the player to
control individu lly the pitch of each note, by pressing the string
{called stop g:) against the finger board with the fingers of the left
hand. This I%rangcrnmt also makes possible the gliding of a note
contmuau‘%}y from one pitch to another—a procedure called
Pﬂrtam::nto. It is possiblc for the player to produce. high notes
withoat utilizing extremely short portions of a string. This is accom-
plished by either lightly touching a string by a finger of the left
hand at the mid-point of the otherwise “open’ string or at a point
one-third or onc-fourth, etc., from the lower cnd; or by pressing a
string firmly against the ﬁnger board with one finger and also
lightly touching it with another finger at some point near the
bridge. In the first instance what arc called natural harmonics arc
evoked, -while in the latter case the harmonics devcloped are
- veferred to as artificial harmonics. (Why these names? )

Fig. 11-2. Cross section
of the body of a violin,
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The use of a resined bow of horsehair as an cxciting agent makes
possible the sustaining of a note for relatively long periods of time—
a feature which is in sharp contrast to the corresponding aspects of
execution with instruments in which the siring is struck or plucked.
The quality of tone evoked depends, to somce extent, upon the posi-
tion of the bow’s contact with the string; upon the speed of the bow
movement; and alse on the pressure. Bow pressure is mare effective
in modifying tone structure than is bow speed. Increased bow pr'\er,-
sure tends to increase the intensity of the higher partials. Thapoint
- at which the bow is applicd to the string varies considefably with
different players, and, for a given performer, often Changecz from one
passage to another. However, the most common posnlon Is about
14 in. from the bridge. If a string is howed near the bridge, the
higher harmonics are relatively prominent and\the tone has a more
“cutting” quality. If the point of bow contast’is farther away from
the bridge the higher upper partials sou}ld less strongly and the
resulting tone is more suited to the exéeiition of planissito passages,

The amplitude of the string’s vibation, and hence the intensi ty of
the rcsulting sound, depends qpf;h’ the amount of bow hairs which
are in contact with the stringy»and upon the velocity of the bow;
increased bow speed givesdisc to an increase in sound intensity. The
sound intensity is affeﬁ;\éd’ by the point of bow contact, the loudest
tones being evokeddwhen the string s bowed near the bridge. Bow
pressure as such i$y However, not an important factor in the control
of intensity, csgécially in legato playing.

In discussirig the subject of bowing it is intcresting to consider
the mcch&ncal process by which the string is maintained in vibra-
tion. This proccss involves two related steps or stages.

A8 #he bow is moved across the sur ing it drags the string with it,
béedusc of friction, until the rcstoring force due to the elasticity of
the string finally causes the string to slip backward toward, and
overshoot, its original position. This two-stage process is repeated
very rapidly as long as the bow is in contact with the string. The

resulting vibratory motion of the

N string is known to have the wave-
Fiz. 11-3 form indicated in Fig. 11-3, The

longer portions of the graph

represent that part of the motion when the string is being moved
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because of the frictional force devcloped between the bow and the
string. The shorter sections represent that part of the complete
motion when the string is slipping. A vibratile member having such
asaw-tooth type of motion will, from its nature, contain not only the
fundamental mode but also a large number of both even- and odd-
numbered upper partials. It is the function of the violin body, and
the enclosed air, to act as a composite resonaling system to select and
to enhance the desirable harmonics thus developed and to suppress
the concomitant undesirable components. .

Research has disclosed that the vibratory motions of the brtdgc of
the belly, and of the enclosed air arc not identical with, those of the
strings themselves. The vibrations of the belly appea# t be largely
responsible for the characteristic tonal quality of thet¥iolin.

The resonance of the body and enclosed aj, while extremely
broad, does show various resonance maximd, particularly one
occurring at a frequency at or near 260 : i another in the imme-
diate region of 500. A rough line on)hg natural resonance point
of a given instrument may be got by’géntly blowing across one of
the f holes or by sounding a serigs of tuning forks ncar the same
place. In some violing one ent:Ounters a peculiar case of sharp
resonance, In these instances the body of the violin asa whole, or the
confined air, or a comblpatmn of these elemcnts, appcars to be
thrown into pronoufided” vibration at some particular frequency
{usually not the ﬁmdamental of the wood) with the result that a
strong and morc\or less uncontrollable tone is emitted from. the
instrument. Thiy note is known as the “wolf notc” from the howling
effect whieh it produccs. This phenomenon is most apt to be en-
countet:egﬁn a poorly constructed violin, though it may occur to a
lessep.oxtent in instruments of the highest quality. Players naturally
stfiveto avoid exciting the wolf note.

The waveforms characteristic of the four “open” strings of the
violin are shown in Fig. 11-4. The records arc of a high-grade
instrument played by a skillful musician. It is to be noted that each
string shows a distinctive waveform, and this implies that each
siring exhibits a dcfinite individual timbre. It accordingly follows
that each string will have its own sound spectrum. In Fig. 11-5
is shown a scries of four spectra, sct up from the accurate data ob-
tained by Dr. Arnold Small, and originally disclosed by him in a
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Q.
Fia. 11-4. Wavcforms of the four open strings of a vielin.
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paper appearing in the Proceedings of the Music Teachers National
Assocz'a_!z'an for 1938. Dr. Small reports that “the violin was a Zanoli
of about 1740, and was strung with steel E,'_gut A, aluminum-
wound D, and a silver-wound G string.”” In sec_);lrin‘% these data all
tones were played legato, mezzoforte, up—bow, éhd without vibrato.
It will be observed that the tonal color is entirely different for
each string. A study of thcse spectra discloses the fact that the
norgl_r_LaI violin tone is characterized by the presence of many upper
partials, more than 20 in the case of the G string. In the case ofNwo
strings (E and G) the fundamental is not the loudest cbmpbpent.
Because of the fact that each string has its own 'ton;'_e_’sp:c\:ctrlim a
particular passage is frequently played on a particiitar string in
order to take advantage of its particular timbre. ¢ o 2

The open strings of the violin yicld the notes)G3, Dy, Ay and Lg;
and the normal pitch compass of the instruthent lies between Gy
and B, a rangc of over four octaves. This ghnge can be somcwhat
extended by evoking certain harmoniis) as previously explained.

It is important that each string ef @ violin shall be as uniform
in cross section as possible, otheryis¢ the fingering would bave to
be altered slightly to compensate Jor the variation in thickness of
the vibrating peortion. Henge, ‘When a string wears and eventually
breaks, the player often rcjjlaces the entire sct. Since all gut strings
usually show a slight¢taper from one end to the other, it is impor-
tant that all stringghbe installed with the taper in the same direc-
tion, otherwiseth& samc stops on several strings would not be
side by side. AN\ _

The mut€ ¢ a small notched clamp made of wood or metal
which is,xl’-gﬁxed to the bridge and scrves to “soften” ‘the tone
gcne;‘a\t;c‘c"l. The timbre and the over-all intcnsity arc changed by
tht™use of this device, as is shown by the records appearing in
Fig¥ 11-6. The mute reduccs the number and intensity of the.
higher partials and may strengthen the fundamental. Figure 11-7
should also be examined. The mute apparently accomplishes these
ends by decreasing the amplitade of the vibrations of the bridge.

Certain tonal ecffects are produced by plucking the strin_gS
instead of bowing—pizzicato cxcitation it is called. The tone
quality is decidedly different when using this method of causing
the string to vibrate than when bowing is employed. Figure 11-8
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Fre. 11-6. Waveform of muted (lower record) andunmuted G string of a
violin,
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F1c. 11-7. Spectra of muted and unmuted open G string of a violin.
(After Small)
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clearly shows the diffcrence in waveform when the two methods of
excitation are used. The tone quality of a plucked violin string
depends to some extent on the point of excitation, as indicated by
the waveform shown in Fig. 11-9. Violinists are often somewhat
-careless in playing pizzicato notes. Apparently some performers
are under the impression that the point at which the string is
plucked has no bearing on the resulting tone quality—an erroneous
opinion, as the records show. The foregoing observation holds for

N

Fic. 11-8. W avcforn{ sofbowed (upper resord) and plucked G violin string.

the players of @l stringed instruments. It is to be hoped that a
reform in thigwespect may be accomplished.

In rendering a passage it is. sometimes necessary to reverse the
bow ﬁﬂiiﬂg the execution of a given note. A photographic record
of Such a transition appears in Fig. 11-10. It will be noted that,
as a result of the velocity of the bow becoming zero, for something
like one two-hundredth of a second, the amplitude of the string’s
vibration is nearly zero. An examination of the record also shows
that the wavelorm is turned completely over, showing that the
phase undergoes a reversal, i.c., a change of 180°. However, the
ear does not detcet any change in quality because of this phase

_shift. Nominally the waveform, and hence the timbre, is the same
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in “up-bow” and “down-bow,’’ but actually few violinists are
capable of producing exactly the same waveform and intensity
under the two circumstances mentioncd. In Fig. 11-11 may be
seen the waveforms of a good instrument that resulted from the

Fic. 11-9. Wavcfofutof violin string
when plucked Nt different distances
from the bridge.

N

up-bow and down-bow movements when played by a skilled per-
former. It will bedoted that the timbre is slightly different in the
two cases. Obyiously the matter of bowing technique is an im-
portant fé\'it.ti’re of violin playing. In this connection the reader

¥1c. 11-10. Waveform of violin string when bow Is reversed.

should consult the paper on the violin by Dr. Small, referred to
on page 153.

The violin, as we know it today, appears to be the rcsult of long
gencrations of empirical development dating back to the garliest
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periods of oriental culture. The art of violin making reached its
zenith during the scventeenth and eighteenth centuries. It was
during that period that the famous Italian artisans produced their
highly prized models. The names of Andrea, Antonio, and Nicolo
Amati (three gencrations), Stradivari and Guarneri are among
the names well known to lovers of highly prized instruments made
by master craftsmen. After the death of Stradivari (1737) the art
of ‘violin making declined; most of the instruments made since
have becen copies of the original masterpicces. Occasionally, proba-
bly by chance, a fairly good model has been produced, but ag.onc

-~ 2N

Fre. 11-11. Wavelorms of vielin stfing.
(A 440} when played up-how (iop), apthy
‘down-bow (/ower). "

could tell whysdrhe were relatively good while others were: of
indifferent qufahity. '

In rece@"tycars, owing to advances in -research facilitics, a
numbeg\of serious attempts have been madc to detcrmine by
SCif;pfi‘ﬁé means the basis of these diffcrences. For instance, it was
f6rrperly thought that the kind of varnish used had a bearing on
the tone quality of stringed instruments, particularly in the case of
the violin. But the results of recent scientific investigations indicate
that the kind of varnish, as such, does not affect the end result.

It is, however, reportcd that by the use of X rays certain im-
portant facts have been brought to light about the grain of the
wood used by the older craftsmen in the construction of the much-
sought-after instrurnents. '
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H. Backhaus! in Germany has applied modern methods of sound
analysis to the tones produced by a number of famous Italian
violins; and morc recently Poul Jarnak, of Copenhagen, himself a
maker of high-grade stringed instruments, has, perhaps [or the
first time, made effective use of modern scientific methods of
analysis in the design and construction of violins and ccllos of good
quality. His technical findings are set forth in a valuable paper
published in the Journal of the Franklin Institute for March, 1938, to
which the interested reader is referred. Prof. F. A. Saundcm) of
Harvard University, has also carried on extensive studict glong
these lines. A paper by Professor Saunders, which appedrgd in the
January, 1946, issue of the Journal of the Acousiical Sociefy of America,
is of interest in the above connection. ¢

In a more recent paper by Professor Saunders there is disclosed
a very important discovery made by him i 'the course of his
extensive studies on the violin, He found/that by cutting a slight
groove around the cdge of the top (on the under side) of the in-
strument, the loudness of the instrumgent was increased about 2 dh,
and, at lcast in one case, the wplf sone was eliminated. Further-
more, as a result of this strucgiiral modification, the tone quality
was materially improved, so Thuch so in fact that the tonc of an
incxpensive violin was, a8 % result of such a mecchanical change,
made comparable t {flat of a high-grade instrument, Professor
Saunders’ original paper embodying this and other important re-
sults of his investitdtions on the violin will be found in the Journal
of the Acoustical\Stciely of America, vol. 25, pp. 491-498, May, 1953.

It appcars”probable that the investigations of thc character
above r€fsrred to will, in the ncar future, make it possible to
prﬂduéfﬁ' perhaps on a mass basis, violins and other stringed in-
stramments whose tone quality and ease of playing will be cqual to,
and perhaps surpass, those of instruments madc by the older
master craftsmen.

_We have dwelt upon the construction and playing techniquc of
the violin at some length, first because the violin section is the
basis of orchestral instrumentation; and sccond, because this instru-
ment is inhcrently capabie of producing an extremely wide variety
of tone color; in this respect it surpasses all other instruments.

' H. Backhaus, Z. Tk, Fiz., vol. 8, P- 509, 1927,
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Indeed the violin constitutes, in effect, twclve instruments in one
—each string has its own spectrum, as we have seen, and one may
evoke a tone by any onc of threc methods. In the hands of a skillful
musician it has almost unlimited capabilities of conveying to our
senses the most profound and ennobling cmotional concepts.

11-2. Viola, Violoncello, Double Bass

What has been said in the preceding section about the violinds{ ™\
in the main, applicable to the viola and the violoncelio. The vigla
might be said to be an alto violin. It is somewhat larger than tHe
violin and has heavier strings, thus making it an instrmient of
lower range; it is tuned a fifth lower o\
than the violin. Its four open sirings
ave tuned to Ca, Gs, Ds, and As. Its
range extends from C; to Cs, a span
of three octaves, though its higher
. notes are scldom used. Its character-
istic waveform is shown in Fig. 11-125%%
its spectrum is given in Fig. 11—}3:,“

The viola is seldom employedias a
solo instrument, but occas'@naliy is AR _
used in the rendition of; ];@rﬁ passages  pre. 11-12. Waveform  of
with pleasing effect. The viola is fre-  yiola, open A string. -
quently assigned jiffportant melodies
in orchestral cogipositions. One fine example is to be found in 2
part writtcn, f61'it by Saint-Saéns in his “Reverie du Soir.”* Weber
has given 4 “viola an accompaniment to Annic’s Recitative in
Act IL of \Per Freischiitz. Berlioz employs the viola in a solo part in
“Héield in Italy.” : :

Thé violoncello (Fig. 11-14) is the tenor of the strings. It is
tuned an octave below the viola, thus making it an octave and a
fifth below the violin. The four strings are tuncd to Ca, Ge, Dy,
and A,. It has a range of more than three octaves, extending from
Ce to about Es, but in skilled hands the upper limit may be some-
what extended. The strings of the ccllo are much thicker than
~ those of the violin and viola, and about twice as long. Its timbre is
such as to make it stand next to the violin as an instrument of
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great orchestral utility. Its tonal q’uahty renders it particularly
valuable for melodic expression; and it is often used effectively as
a solodnstrument. Figures 11-15 and 11-16
shaW® the characteristic waveform  and
: spectrum, respectively, of the A string.
A s EERaE \Eac‘h string has its own spectrum and cor-

w@- R RER
i B

i i o \ responding color, as in the case of the
: ' violin. Tt will be noted that its sound
spcctrum is characterized by the presence
of several strong overtones, the sccond of
which is as strong as the fundamental.
There was a time when the cello was
cquipped with five strings; in fact, Bach
composed for such an instrument. Recently
interest in such a type of violoncello has
been revived. The addition of a fifth string
facilitates exccution on this instrument.
Possibly, with the aid of scientific methods,

W SIPTTI
se\‘wa«\aws -4
G o

Fic. 11-14. Violoncello. {Carl Fischer Musical
Instrument Co., Inc.}
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a practical five-stringed tenor orchestral unit may be developed.

The cello is widely used for both mclodic and solo purposcs.
- Perhaps the most popular solo part ever written for. this instrument
- “The Swan® in the orchestral fantasy, Carnival of the Animals, by
Saint-Saéns. Grieg in “Anitra’s Dancc” of his Peer Gyni Suite gives
* thecello a beautiful independent melody. :

The double bass (Fig. 11-17), as its name ifnplics, is the bass
of the string section. To it is commonly asgignc'd'}:the important
task of supplying the fundamental toncs efthe harmony. It is the
largest of the siringed instruments, cand is the sole _Eemaining
member of the original viol family. I.T;‘{Shap(‘, diﬁ’ersgpmé%ha_tﬁfrom

Y

Spectrum of Vicloncello
g o\ 220 v/s
= £ 3
.5 K=
. (&)
g £
: =
(=] s
£ \
=  § %
= A
L wltZN
ZRNS
N
&
‘\x .
. ;'\.." |
’0’\\ “0 B - ] . l .

T2 3456?8910111213
Hormonics )

Fic. 11-16

that of the violin and cello, the shoulders being more sloping.
Formerly it was madc with a flat ‘back, but in recent. times the
back is commonly curved. Originally this instrument had only
three strings, but it now bas four, usually E, A; D, Ge The fourth
string was added in order to adapt the instrument t0 modcrn
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Fic. 11-17. Double bass. (Carl Fischer
Musical Instrument Co., Inc.)

Fiz. 11-18. W’avekofm of double
bass, open D string.

O
~
N 1,' " Spectrum of double bass
{ D4 146.8 W5
= I
z 7 %S —
SEAS
o 5
=8
Sa
wE
< N o
} =4
2
z
ar
(=54
l | I | o o A A
1 2 3 4 5 & 7 8 9 10 11 12 13

Harmonics

F1a. 1119



STRINGED INSTRUMENTS 165

composition. A fifth string is sometimes added and tuned to C in
order 1o supply lower bass notes. The double bass is difficult to
play because of the long finger stretches and the rclatively great
pressure required in fingering. The instrument is tuned in fourths
rather than in fifths in order to shorten the finger stretch requircd.

The waveform of the D siring of the double bass is shown in
'Fig. 11-18, and its sound spectrum in Fig. 11-19. It is to be noted
that the lowest note of the double bass is E; and the highest B,.

The double bass supplies the very deep bass parts in orchestgal,
composnlons, the modern orchestra commonly cmploys elght
“basscs.” Occasionally the double bass is given a so]o part, 4s in
the introduction to the last act of Verdi’s opera Qfello: >

It is possibie to produce harmonics on this m.s‘trument, though

7

they are infrequently vsed. RS

| 7\
11-3. The Pianoforte \§

.
S

The most common of all of the smnged instruments is the one
we know as the piano, originally Ca‘Hed the pianoforte; it probably
has its origin in the ancient hanp As a source of musical sounds it
differs from the members of the'violin family in several important
respects. In the first place,&herc is a string, or group of strings, for
cach note, and secongily} ‘the strings are individually struck at
fixed points by feltzegvered hammers operated by means of keys..
In the case of a, given siring, the musician can control, within
limits, the velpgity of the hammer as it makes impact with the
string; andy {0)4 certain extent, the length of time during which
‘the excited, B\trmg may continue to vibrate is also under the control
of the Qiayer The strings by and of themselves would produce a
Souﬁd of very low intensity. Attached, however, as they are to a
large’ and heavy sounding board, whose resonance curve is very
broad (Sec. 6-2), they indirectly give rise to musical sounds of
relatively great intensity, particularly in the middle and lower
register. The sounding board is, or should be, designed to rein-
~ foree by resonance those partials which expericnce has shown should
‘be prescnt in the piano tone. The hammer mechanism is so ar-
ranged that, in the middle part of the instrument, it makes impact
with the string at a point which is about one-seventh to one-ninth
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of the length of the string. This arrangement tends to suppress all
partials above the seventh.

The strings arc of steel; and cach is subjected to several hundred
pounds tension. From the highest tone down to C; three strings of
approximatcly equal length and tension arc provided for each
note; this is for the purpose of increasing the sound intensity. From
Cs to Gy, inclusive, each note is sounded on two strings, and below
this point only onc string per note is used. Above Cj the strifis
are solid; bclow this point each string is closely wound withwire.
'This is for the purpose of attaining relatively great weight per
unit length and at the same time preserving some degree”of flexi-
bility. The length of any given string depends uppn the pitch of
the tone to be produced and also upon the type of*plano involved.
In modern instruments the *harp” varies inMédgth from the ex-
tremely small upright modcls (“spinet” type) to those lound in
long concert pianos.. The advantage of thhlonﬁer stringed type of
instrument is twofold: (1) greater volttie is attained, and (2) a
more satisfying tone quality is %eqmed—thc complement of over-
tones being more satisfactory i.nffché larger modcls. However, to
attain the same pitch, a givcnétﬁng must be subjected to a greater
tension in the case of the largér modcls. Hence the so-called “harp”
(sounding board struct@re) must be of correspondingly strong
construction. <

The key mechagistn is so arranged that immediately aftcr the
hammer strikcs(tie string it flies back out of contact, and a fclt
damping mcmbér is moved into contact as soon as the key is
released. Ey ‘neans of the right pedal all of the dampers may be
moveddway from the strings as long as the musician desires, thus
pexmlttmg a note or chord to continue to sound while other notes
are played. Skillful control of the pedal is an important part of
piano playing technique. A second pedal is utilized for the purposc
of shifting the entire keyboard mechanism in such a manner that
the hammers strike only two of the three wires in each group, thus
reducing the volume. On grand pianos a third pedal serves 10
arrest one damper or more so that a single notc or several notes
may be sustained. Figures 11-20 and 11-21 show, respectively, the
striking mechanism of an upright and a grand piano.

The piano has a wider pitch range than any other instrument
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except the pipe organ, the fundamentals cxtending from A, (27.5)
to Cls (4186), slightly over seven octlaves.

All tones produced on the piano do not have the same timbre.
The lower notes, in addition to the fundamental, have a relatively
large number of prominent upper partials, while the tones of the

-Frome
—]

| S tring

."\'" e R . .
Fie¢T120. Diagram of striking mechanism of an upright piano. (‘?fter
H. F.\Olson, “Musical Engineering,” McGraw-Hill Book Company, nc.)

middle and higher registers, particularly the la’tte'r, are charac-
terized by few and rclatively weak overtones. This is eﬂden:t from
the two sound-wave records appcaring in Tig. 1122, and Is even
more clearly shown by the corresponding sound spectrum charts
as set forth in Fig. 11-23. ' .

A careful exa%nination of the records in Fig. 11-22 dls(.:loscs
certain important facts in connection with piano tones. It will be
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ohscrved that approximatcly one one-hundredth of a second is
required for the sounding board to reach its maximum amplitude
of vibration after the impact of the hammer on the string. Almost
immediately after the intensity rcaches a maximum, the sound

Damper
wire — 3l

Damper E . /Sm‘ng
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Fig. 11-21. Diagram of striking mechanis'sﬁ of a grand piano. (After
H. F. Olson, ‘““Musical Fngincering,” Mé@raw-Hill Book Company, Inc.}

-»|

Fia. 11-22. Waveforms of two plano tones. The upper trace is a record of

Cy; the lower recording is of Cs.

begins to decay sharply, the rate of decay being most pronounced
in the case of the tones of highest frequency. It will also be noted
that there is a more or less progressive change in quality as the
tonc dies out. At first the fundamental predominates, but after a
small fraction of a second the fundamental may drop to a lower
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value than the first upper partial (the octave). The record shows
that, in the case of the lower tone, the amplitudes of the upper
partials appear to change with respect to one another (sometimes
irregularly} as the intensily of the tone as a whole continues to
decrease. If the several strings of a given note are not tuned to
unison, beats will appear.

From what has been said above it is obvious that the quality of
a plano tone is changing continuously as Jong as it is sounding. In
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Fiz. 11-23, Spcctrg{ﬁi bf the two piano tones rcferred to in Fig. 1122,

fact, experirigzit"s\ conducted by the author indicate that the timbre
may undcg@o* measurable changc in less than one two-hundredth
of a secgnd. This fact probably has a bearing on the much dis-
cugsedguestion of ““touch.” : _

hy pianists contend that they can produce tones differing in
quality by varying the manner in which they strike any given key.
It can be demonstrated that this opinion has no basis in fact.
Extensive experiments conducted by the writer, and by other
investigators, indicate that, if and when the pressure of the stroke
is not changed, the musical quality is in no way affected by the
manner in which the key is struck. Referring to Fig. 11-24, we

se¢ the records of two tones made by a skilled pianist by striking
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the key in two different ways. It will be seen that the wavclorms
are identical, so far as gencral appearance is concerned. Carefully
made measurements of these recordings indicate that the two tonces
are actually identical in quality. What then is the basis of the
popular belief about “touch”?

There arc probably three aspects of the situation which have a
bearing on the case. The first and possibly the most significant
factor is the fact that the quality of a piano tone is a function of
thc magnitude of the initial impulse given to the key. Evefi, 2

Fio. 11-24. Recordings Bi\p.iano tones. The upper trace was produced by
a “cu_shion” touch; thelower by a “rebound” touch.

comparatively {fn;ﬂl change in sound intensity will be accompanied
by an appréiable change in quality; the relative amplitude of the
upper pa‘p[‘%gls is found to depend upon the loudness of the lone.
Thi% .E:S."apparent from" thc examination of Fig. 11-25. Hence
cltanges in “strength of stroke” will be accompanicd hy some
chenges in timbre, particularly in the middle register; though only
a slight effect is to be noted in the case of the lower and higher
notes. It is said that a skilled pianist can evoke as many as twenty
different intensities from a string. If then some given notc of 2
chord is struck with a force differing in magnitude from that
employed in evoking the remaining notes, it follows that the chord
as a whole will exhibit a particd]ar tone color.

Another factor in the case is présent when chords are sounded.
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Seldom if ever are all the notes constituting a given chord initiated
at the same time; there will be slight differences in the time at
which each note is caused to begin—somectimes conscicusly intro-
duced. Such differcnces have a marked effect on the sound of the
chard. Above we called attention to the fact that the timbre of a
tone changed in an incredibly short inicrval of time after the strings
began to vibrate. It will thus be seen that if, say, the beginning of
one note in a chord is delayed slightly, the net total result will be
different than it would be if no delay had occurred. Obviously,
then, a wide variety of tonal effects arc made possible by the way

 Fie. 11-25. The upper recording‘ﬁﬁb%\;s the waveform of Cs on a piano
when produced by a force of 500 g. The lower tracc was recorded when
striking the same note with aMforce of 1000 g.

in which a chord i ,pﬁ}red. Plainly great skill is required on the
part of the perforn:tei"’tb accomplish these ends. But, so far as a single
note is concernéd, no difference in quality can be introduced,
except by changing the intensity. We are here dealing with a string
of fixed length, excited at a fixed point by a mechanical device.
In the.@asé of a single note, given the same magnitude of stroke
iH}PﬁJSB’, a mechanical finger will produce exactly the same quality
of Yofic as would the most skilled musician. Touch probably in-
volves accuracy in judging small time intervals and in correct
estimation of slight differences in sound intensity, and the ability
to apply such perceptions in the playing of chords. _ _
Any discussion of piano tone quality would be incomplcte with-
out a reference to the question of the possible difference in timbre
exhibited by the pianos designed and sold by the various manu-
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facturers of such instruments. Is there a difference in pianos com-
parable to the difference in violins? Our experimental study of this
subject shows that different makes of pianos do exhibit definite
differenccs in timbre. This is evident from the spectrum charts shown
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Frc. 11-26. :S{ge}tra of two different makes of grand pianos when cmitting
the tone\s{ndicatcd. Note the marked difference in timbre between the
two inshruments, :

AN
ié\Fig. 11-26. The two pianos compared were both made by well-
known manufacturers, and were of the so-called parlor grand
models (7-ft type).

To make the study more complete several additional octaves
should have been studied, but the data shown prove that there 18
an appreciable difference in timbre between various makes of
pianos. In Fig. 11-27 there is also shown the difference in tone
quality between one of the above-mentioned pianos and a “spinet”
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(console} model of the same make. While the dynamic range of
the small upright model is of course not so great as that of the
grand unit, its tonal characteristics compare quite favorably with
the large instrument—a result that is somewhat surprising.

In concluding our discussion of pianc tone there is one aspect of
the situation that should be noted. Actual piano strings are -not
perfectly flexible components: they exhibit a certain amount of
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Fra. 11-27. Compapisén ;f the spectrum of a grand and a console (spinet)
type of plano of “’{%'}:B"same make.

stiffness, A.,s}};esult of this departure from. the ideal case the fre-
quencizgs\bf' the overtones of real sirings are not exact multiples of
the fitgdamental mode. This departure from a strict harmonic
rclatignship is referred to as inharmonicity. Young and others
have studied at some length this question as it applics to piancs.
In his latest paper! on this subject Dr. Young reports that, in the
region of middle C (Cy) of the pianos investigated (six), the in-
harmonicity wag found to be about 1.2 cents (hundredths of a

R. Young, Inharmonicity of Plain Wire Piano Strings, J. Acoust, Soc. Am., vol.
24, no, 3, pp. 269-273, May, 1952,
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semitone) for the second mode of the string. He also found that i
does not differ gready for different makes of high-grade instruments,
It was noted that below middle C the inharmonicity is small buy
that above that point it increases rapidly. Dr. Young also observed
that for the middie octaves the inharmonicity is appreciably [ess in
the larger pianos than in the smaller ones. It would seem reazonable
{o assume that the presence of any appreciable amount of inhar-
monicity would detract from the tone quality of an instrument.

The next question is: Can anything be done to reduce inbar-
monicity to a negligible quantity? Professor Franklin Msll‘cr, of
Kenyon College, has suggested! a means whereby thiy, “desirable
end might possibly be attained. Professor Miller hag attacked the
problem theorctically and his analysis indicatcs tka.t by applying a
small amount of mcchanical loading near oile) cnd of a piane
string, inharmonicity might possibly be matetially reduced, if not
complctely eliminated, thus improving E{(;}onc of the individual
strings. The computations indicate thaf\a mass of the order of 0.1
g placed a fcw centimeters from the. end of a string would accom-
plish the desired result. The su@gcsted solution appears to be
simple, and it is to be hoped ¢ha‘t a practical test of the plan will
be made. Here is an intriguing’ research problem for someone who
is versed in both music and physics.

Notwithstanding itsf&w limitations, the piano is a marvclous
instrument. Underthe hands of a skilled musician the piano be-
comes an instrgaent of wide musical possibilities; its scope of tone
color, while f1gt"as great as that of the violin, is extremely wide,
and its d&é}fﬁc range is unsurpassed.

1L—4\ Ti'ze Harp

\Th«: harp is an instrument of great antiquity. Its modern form
is duc fargely to Schastian FErard, who in 1810 developed what is
known as the double-action instrument. Referring to Fig. 11-28,
that portion of the assembly nearest the player includes the sound-
board, along the center of which is glued a strip of hard wood
carrying the pegs to which the lower ends of the strings are fastened.

'F. Miller, A Proposed Loading of Piano Strings for Improvement of Tone,
J. Acoust. Seg. Am., vol, 21, no. 4, pp. 318-322, July, 1949,
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The wood commouly used in the construction of the harp is
sycamore, but the soundboard is usually made of deal. To the
under side of the soundboard two horizontal strips are fastencd,
their function being to cause the sound-
board ta vibrate in certain modes. The
upper ends of the strings are fastencd 10
the curved neck. This member of the
assembly also encloscs the mechanism
by which the pitch of the strings may
all be changed a half or a wholc tone.

Fig. 11-28. Harp. {I.von and Healy.)

The pillar is hollow, thus providing
space for the rods which serve to operate
the pitch-changing components located
in the neck. The base of the instrumeni
includes a system of seven levers, in fghe
form of foot pedals, which artlculate
with the rods passing upward,] 1hr0u0h
the pillar. The strings are of catgut, the
lowest cight being Overwound somewhat as in the piano. As an
aid to the performer kC strings are colored red, and all F strings
blue. Therc are 463trings, and the instrument as a whole is tuned
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Fie. 11-29, Spectra of barp and piano when sounding the same note.
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to the scale of ¢! major. By means of the pedal mechanism, it i
possible to play in any key, thus greatly facilitating the rendition
of any given score. The Erard double-action harp has a compass
of six and one-half octaves; the music is written in both trehle
and bass clefs. Unlike the pianist, the harpist has relatively wide
control of the tone quality of the instrument: the player can vary
the manner in which the strings are plucked, and also the point
at which the strings are excited. Occasionally the upper pastials
of the harp are deliberately evoked by a soloist for use in cpnlbina«
tions with the flutes and clarinets. The harp is the onl\' plicked
string instrument used in an orchestra. Commonly, \fi¢ modern
orchestra employs two harps. Both the physical shdpé of (he instru-
ment and it tonal quality are beautiful. In El,g\‘ﬂ —29 are seen
the sound spectrum of the harp and theMofresponding spec-
trum of a high-grade piano. These spectra“should be carefully
compared. A\

N\



12 Vibrating Aw Colwmns

N

AW,

12-1. Vibrations of Air in Closed Pipes O

Thus far in our study of musical sounds, we have comldered those
sonarous hodies which are solid. In all instances thénair acted as a
medium ‘whereby the energy content of theddotind waves was
transmitted from the vibrating body to the «car. We are now to
examine a case in which a body of conﬁned\amr is caused to vibrate
and thereby become the sonorous body, air will also function as
the transmitting medium, R\

N Tre. 12-1

N

In Sec. QQ"'&C saw that a confined body of air might be set into
strong soporous vibration by means of very slight isochronous
Impulseds‘ ‘It now remains to consider the relations which cxist
bet}«een the frequency of the evoked sound and the dimensions of
the sonorous hody of air.

Let us assume that we have a column of air enclosed in a tube
having a movable piston in one end as sketched in Fig. 12-1. In
front of the open end of the tube, we will also imagine, is a reed
which is in continuous vibration. Suppose the reed to be moving

toward the right, as indicated by Ri. Such a displacement will
177
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cause a compression of the air at the mouth of the tube, and such
a region of compression will move toward the closed end of the
pipe. Upon reaching the piston P, this compression will undergo
reflection, and thereafter travel backward toward the open end of
the tube. If the tube is the proper length, the compression will
reach thc open end just as the rced starts to reverse its swing and
begins to move toward R:. The escapc of the air from the tube
into the rcgion of relatively low pressure will coincide in time
with the movement of the reed away from the mouth of thi tuibe.
This gives rise to a rarefaction, which in turn will progréss ‘down
the tube in the dircction of P. This, in effect, meafishthat the
original compression is reflected as a rarefaction. ThLS rarcfaction
will in turn be reflected at the closed end as a rarcfactlon, and as
it again reaches the open end, it will undergo f‘f:\‘lechon 4y a com-
pression, the reed now being again in motidn toward R, This
process will continue as long as the reedAubrates and L is of the
proper length to make the phase of ‘thkt compressions and rarc-
factions coincide with that of the rded. Encrgy is thus transferred
periodically from the vibrating m,’cd to the enclosed air. It will be
evident from the foregoing Qouvt'ﬁne of the acoustic process that,
when such a condition obtains, the length of the tube (1.} will be
A/4; therefore, the R

speed of wave disturbance
4 % I@h of resonant tube
X §
or O f=zz
O

The tub‘&\i'é thus resonating to the fundamental of the reed. Now,
one may readily find by cxperiment that there is more than one
pmuion of P which will give rise to0 a resonant condition. For
Ihétance, if we make L = 34 (N), resonance is again attained. By
proceeding in this manner one could find other adjustments such
that the new lengths would cqual 3{ (A), 74 (A), etc. In each of
these cases the resonator has been excited by a generator having 2
single fixed frequency.

In carrying out any one of the above-indicated experiments, we
have caused standing waves in air to be set up, with displacement
nodes and loops (antinodes) as sketched in Fig. 12-2. In all cases

Frequency of I%;d. () =
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there will be a displacement node at the closed end, motion being
stopped by the end wall, and an antinode (loop) at the open end,

Bearing in mind that points of zero displacement are points of
maximum pressurc variation, it will be evident that a pressure loop
will exist at the closed end. From the foregoing discussion it is
evident that the air in a closed tube or pipe may vxbrate In several
different modes.

Next suppose that our reed generator were capable of vibrating
in several ways at one and the same time, and hence of emitting
several different frequencies simultaneously. Further, let itabe
assumed that the tube available is of fixed length and thaf\ihis
length is of such a valuc that the enclosed air will resonate to the

lowest or fundamental sound py
emitted by the gencrator. What tz::::-d—::i:‘:_h_
would be the resonance effects - h,{f;_"'

under such circumstances? The NN N
tube would respond to the funda- ¢! I(:f::__..'\"' F:::-‘—‘{'i::__
mental ernission, as in the instance s ;“t ; *»’zﬂ'{ p
before_cited, and as shown dia- m‘kuf ‘-:\:A‘{:,-— ,‘:}_1(:,_,
grammatically in Fig. 12-2a. If 83— _t“‘_wz_; -
the reed’s cmission chanced tafs Fio. 122

have as one of its componeptiha

partial whose frequency was\threc times that of its fundamental
resonance f[or this ‘«‘.ound\z\Ould also occur and the situation would
. be as shown in (&). If there were present a component whose fre-
quency was five timesthat of the fundamental frequency, resonance
would abtain in.t this case also, as depicted in (¢); and so on through
the list of p t1als whose frequencies bear the relation to one
another of, 103, 5, 7, ete. It may therefore be stated that, in the
case of a})lpe closed at one end, a series of odd~-numbered har-
monfes inay be caused to exist. It is not physically possible for the
even-numbered partials to exist, because such partials would not
be in phasc with the exciting agent. In passing it should be noted
that the character of the exciting agent is not significant; it may
be a reed, a thin ribbon of air rushing across the mouth of the
pipe—any means in which, or associated with which, there is a
slight vibratory motion having the same {frequency as that of the
air in the tube.

Q.
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12-2. Vibrations of Air in Open Pipes

In the casc of pipes which are open at both ends, the situation is
somewhat different. From the discussion in the previous section, it
i evident that there will be a loop, or antinode, at each end of an
open pipe; and the simplest condition under which this could

obtain would be as diagrammed

______ L A— in Fig. 12-3q. Here the{bipe

o) ._-—::::Jf‘":: ------ would bc emitting its funda—

) P Mo v > mental tonc, with a rkthi‘ at the

(5} “~~=:+,--" ==h+,--—' mid-point. In this casethe length

= v E— (L) of the pipes Will equal one-

_w M N half the yva‘(eleng,th of the
G S = emitted sodnd, or
T >,
Fic. 12-3 A L= 3

AN

From this we get the equation thatythe

speed of wave disturbance
2 X length of resonant tube

Frequency of the sound (f) =

or '{*,\ f= i
&
Comparing the refations governing the frequency of a closed and an
open pipe, 1t 1&vident that, for two such pipes of equal length,
the open PkPC &will have a pitch an octave higher than that shown
by the glesed unit.
Asdfy'the case of the closed type, there are several modcs in which

the 'Sc.j_:ien pipe may vibrate; in each case with an antinode at each
‘end. Two such conditions are depicted in (5) and (¢) of Fig. 12-3. In
(8) we see that the length of the pipc is equal to two half wavelengths
while in (¢) it is equivalent to three half wavclengths. It is therefore
apparent that the frequency of (h) would be twice that of (¢); and
that of (¢) would be three times the pitch of (z). It follows, then, that,
in the case of a pipe open at both ends, a compleie complement of
upper partials is possible, giving the series 1, 2, 3, 4, 5, etc.; this is
in contradistinetion te the closed pipe situation, where only the
odd numbered partials are possible. This is an important distinc-
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~ tion, and should be kept clearly in mind as we later examine the
- practical application of these principles.
" Further, it should be carcfully noted that, because of the above-
indicated difference in the retinue of upper partials, the quality of
the tone from a closed pipc will always be different from the
timbre of a tonc emitted by an open pipe; they cannot possibly be
alike in quality. The tone from an open pipe is rich and brilliant,
because of the greater number of overtones, while that of the
stopped pipe is, relatively, dull. .
O\
NS ©

12-3. End and Temperature Corrections O\

‘The relation between pitch and length of a ﬂ,onorous alr column,
as given in the two precedmg sections, is Only dppf&lmatcly cor-
rect, The length of cither an open or closed pipé\giving its funda-
mental note is slightly less than that indicated y theory. In other
words, the prime note is lower than that wﬁi‘ch might be expected
from the physical length of the pipe. C‘ertam aerial perturbations
occur near the open ends of the plpe vwwhich have a slight effect
upen the anticipated pitch. The eenter of a loop does not occur
exactly at the end of the pipes Put a short distance beyond—a
distance which is a funcngr{ of the diamcter of the pipc. For a
closed pipe, open at the\e{écﬁing end, this relation becomes

M = L + G.58R

A
where L’ is the, e;ﬁi,ctive length (speaking length) of the pipe in
question, L "\actua] physical length of the pipe being used, and
R the radm'\of the pipe of circular cross section. We may now
rewrite o\ur *relation for the fundamental frcquency Df a closed p1pe
as fi lltaws
s

" 0.58R)

f= (T

The above indicated correction factor is predicated on the assump-
tion that the wavelength is great compared to the diameter of the
pipe, which is usually the casc. If we arc dealmg w1th an open pipe,
the end correction must be doubled.

Investigation has shown that the magnitude of the end correc-
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tion varies slightly with pitch. As one goes up the scale, this cor-
rection factor at first rises somewhat and then falls. This means
that the higher partials may be sharp with respect to the funda-
mental and hence may give rise to a certain amount of dissonance.
Fortunately if this departure from the strictly harmonic relation
(inharmonicity) is at all pronounced, the troublesome partials will
be only faintly evoked. Obviously, however, any inharmonigcity
will, {0 some extent, have a bearing on thc quality of the eroftted

.\\
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tone. .
Since there s a speed term in the equation giveny {?bove and
since we have lcarncd that the speed of sound is aftlnc tion of the
temperature of the transmitting medium, it follows.that any change
in tempcrature will change the pitch of the gaund emitted by a
given pipe. It will be recalled that the spegdhdf sound increases as
the temperature incrcases; therefore, thepitch of a sonorous pipe
will rise as the temperature rises. In afder to compute the natural
pitch of any pipe, by means of theJforegoing formulas, it accord-
ingly becomes necessary to kngyvz';'the temperature, and to apply
the temperature correction, astindicated in Sec. 3-3.

) i... \

&

QUESTIONS

1. How long is 4nyopen pipe
whose fundamenta}s i the same ag
the second over'hﬁc of a closed pipe
whose length. 15 40 cm?

2. TNhatt\‘s the length of an open
pipe, Wh()sc fundamental pitch is
N

.}An organ pipe has a pitch of
440 at 68°F. What will be its pitch

if the temperature of the room
changes to 80°F?

4. What would be the frequency
of the third harmonic of a closed
pipe whose length is 8 fi, negleeting
end corrections? Qf the sixth
harmonic?

5. Why must the end correction
be doubled in the case of an open
pipe?



throughy still water it will be

13 Wind I nstrumen Ls

13-1. Aeolian Tones ) ‘

Before taking up a detailed study of wind-blown jﬁétruments il
will be useful to give consideration to certain bafic) acoustic phe-
nomena that have a bearing on the generat'i\o\r;‘ of lones in such
instruments.

When there is relative motion.
between a solid body of small
dimensions and a fluid, eddies or
vortices are formed behind thes
moving hody. The existencerof
such eddies, when a liquiddgithe
medium, is shown in thédilusira-
tion appearing as Figy13-1. It
will be noticed that fHese vortices
alternate on efiher side of the
path of thésélid object. If a
stick, for instance, is beingdrawn

fofad)that a small shock is given

Fie. 13-1. Eddies formed when a
body is moved through a still
liquid. (From a paper by G- J.
Richards in Phil. Trans. Rey. Soc.,
October, 1934. Rcproduced by
permission.)
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to the stick as cach eddy is formed. The neighboring portion of
the liquid also reccives a slight pulsc,

Quite similar phenomena occur when therc is relative motion
between air and a solid body. In the casc of air the formation of
cach cddy likewise imparts a small impulse to a wirc or other
object past which the wind may be blowing. If the ratc of formation
of the eddies happens to correspond to the natural period of a wire,
for example, it will be found that the wirc will be thrown into -
* vigorous vibration, with the result that an audible sound is heatd—-
the wire “hums” or “sings,”” we say. Sounds thus generaied are
known as aeolian tones. Such sounds are heard whcn(ﬁfc wind
blows through tall grass or the trees. One of the ancicnt musical
instruments known as the aeolian harp operated . on this principle,
Strangely enough the pitch of an acolian tone dqez%\not depend upon
the tcnsion of the wire or its length, but is inftéad a function of the
relative speed of the air and the ob‘]ect—ﬂﬁs the speed of the air
increases the pitch rises. \

By this time the reader is perhaps wondcrmg what all this has
to do with the generation of musicalsounds in any modern musical
instrument. The answer is thai:,{here is an intimate connection
between the phenomena aboir'e' mentioned and the production of
a tone by a flute or an org\n pipe. Weshall now consider that aspect
of the situation. ¢

&

N

13-2. Gt??ié’?’ﬂfffi?i’t‘?f Musical Sounds by the Vibration of Air Columns

In Chap,\ﬁ we discussed the Jaws that govern the manner in
which thﬁ\alr in closed and opcn pipes vibrates. We now address
oursclvE;s to the question of how the vibration of such air columns
lS,..JIfllhade and maintained, There are two mcthods by which an
aig/column can be caused to vibrate: (1) by reeds and (2) by the
movement of air against an edge. Later we shall consider the first
method, but for the moment we are concerned with the latter
method mentioned.

If a stream of air issuing from a narrow slit is caused to impinge
on a sharp edge, the physical conditions will be essentially the same
as when the wind blows against a telephone wire. Small aerial
vortices will be formed on both sides of the wedge and these eddies
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will give rise to a faint sound known as an edge tone. As in the
case of the aeolian tones, the pitch of the edge tone will depend
upon the speed of the air strcam. Now if there is associated with
this mechanical edge a column of air, this enclosed air will be
thrown into vibration as a result of the formation of the aerial
eddies. If the frequency of the eddy formation chances to correspond
approximately to the natural frequency of the air column, reso-
nance will occur, and a relatively loud sound will. result. The
cddies plus the air column constitutc an acoustically N
coupled system, and once the air column is in vigorous A
vibration, it will, to some cxtent at least, tend to cause \
the eddy frequency to coincide with its own period. W\
A flue organ pipe constitutes an assembly correspond- )
ing to the arrangement above suggested. A sketch ofgidch

' AN
Fic. 13-2. Diagram of a f{ie‘}wgan pipe.

a unit appcars in Fig. 13-2. Air at a4 pfessure of the order [N

of 5 Ib/sq in.* is caused to issuc from a wind chest as a X
thin aerial ribbon. As it strikes“the lip this stream of air
breaks up into a series of eddses. The formation of these }

eddics within the pipedl dnitiatcs pressure pulscs having

afalrly definite frequenc The fact that such eddies exist physically
15 clearly shown I3y, the striking pictures originally produced by
Carriére,! and I:Q';produced in Fig. 13-3. In examining this illustra-
tion it is to_Be\noted that the ribbon of air also swings back and
forth acro&e edge of the wedge (the “lip”). There is some differ-
ence of.dpinion among thosc who have studied this phenomenon
as ?O‘.tl}lc process by which the air column is actually excited.
However, Carriére found that when no vortices werc formed no
sound is heard. It is possible that the swinging of the air ribbon,
due to the formation of the eddies, is also a factor in causing the
Pipe to “speak.” In any event, the aerial perturbations occurring

* In practice, organ air pressure is aften expressed in terms of inches of water as

measured by an open-tube manometer.
1Z. Carrigre, J. phys., vol. 6, no. 52, 1925, and vol. 7, no. 7, 1926.



186  MUSICAL ACOUSTICS

e

L@

- DEAT ORI SN (- NS S AP
Fia. 13-3. Vortices formed at the mouth 8f a fluc organ pipe. The wind
pressure in (g} is normal, but is succgssfiiely lower in the other three cases.
(From a paper by Z. Carritre in J&kys., vol. 6, p. 52, 1925. Reproduced
by permission.) N

~

at or near the lip servg..],;é initiate and to maintain the pulses of
compression and rare{ﬁt‘ﬁon required to causc the air in the tubc
to vibrate and thu$\emit a sound, according to the laws outlined
in the last chapter.
N
&
13-3. '%aﬁ DPipes

rl1]1é."’rnodern organ is a collection of a number of instrunients,
nd™each instrument, or “stop,” is composed of a group of air-
ﬁown pipes. Danicl Bernoulli is commonly credited with having
been the first to discover the laws which govern the notes emitted
hy the pipes used in an organ. Later, Mcrsennc, Savart, Helmholtz,
Rayleigh, and Koenig, by theoretical and cmpirical investigations,
extended our knowledge of these laws and their practical litniia-
tions, Somec of these laws we have already examined in the preced-
ing chapter. It may be added here that when the cross-sectional

size of a pipe becomes comparable with its length, the formulas
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connecting' pitch and length break down. Mersenne was able to
lower the pitch of a pipc seven whole tones by holding the length
constant and incrcasing the diamcter from one-fourth in. to 4 in,
The work done by Mersenne was extended by Savart to include
pipes of various forms. As a result, we have what might be desig-
nated as the law of Merscnne and Savart, which is to the effcct
that: “Twe similar pipes having similar embouchures emit notes
whose pitch is inversely proportional to their lineal dimensions. A\
This means, for instance, that the fundamiental tone of a 12-in. pipe
of square cross section (say 4 in. on a side) will give rise to a ndte
that is an octave lower than a similar 6-in. pipe which is Zin. on
a side. Organ builders have. worked out several empiricalMormulas
for usc in the design and construction of organ pipes¢ M. Cavaillé-
Coll, a celebrated French organ builder, makesxiSeof the follow-
ing relations: O '

For cylindrical pipes of diameter ¢ \\

= L+ (543
For rectangular pipes of depthls

.

\:%i‘\: L+ 2a
where L' and L haqe ‘the same significance as before and ¢ is the
length of one crpss-section side.

Organ pif 's"?ir(, of two general types: (1) flute (Sometimes called
{lue) pipes,{a Gand (2) recd pipes. The flute organ pipes follow, in a
general way, the design sketched in Tig. 13-2, though there are
varigils*modifications of this structural plan. For instance, such
pipes¥are made in various shapes, as shown in Fig. 13-4, and
certain auxiliary components arc somctimes attached near to, or
even in, the mouth; in certain cases the edge of the lip is notched.
By means of such structural details the harmonic content of a
- given pipe is modified in such a way as 10 yield a tone havmg mnorc
or less definit¢ timbre characteristics. Such terms as’ bourdon,
gamba, and viole célestc, etc., are used to designate the particular

" tone qualities thus secured.
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Fio, 13-—4. Reprcscntativc t e . .
-type organ pipes. Left § - viole céleste
gamba, flute, hourdon, ype organ pipes. Left Io right: viole eeleste,
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In general it may be said that the tonal q_uahty of the sound from
an organ pipe depends on such factors as:

. Whether the pipe is open or closed
The scale of the pipe

. The shape of the pipe

. The magnitude of the wind pressure
Method of excitation {(by edge or recd)
Thickness and nature of wall material

Shape and size of the mouth and associated parts L\
"\

Referring to the second item in the foregoing list, the tergr*‘scalc”
designates thc ratio between the diamcter and thee l‘ength of the
pipe. For instance the gamba pipe shown in Fig. 134 would have
a scale of something like 145 or 0.045, whilc thegeate of the bourdon
would be about 0.16. The scale of a pipe bds.a marked effect on
the tone quality. The larger the scale valuc “the more difficult it is
to excite the higher partials, hence a pipe of large scale has rela-
tively few upper partials. By the sande-token a slender pipe (small
scale) will yield a tone rich in U\rertoncs Further, since the end
correction varics to some exteqt \with the frequency (Sec. 12-3) it
will be evident that this facter also has a bearing on the quality.
In fact, the scale and engi‘cbrrection factors are interrelated in their
influence on quality, ®ne is tempted to discuss in detail the char-
acteristics of the variows organ pipes, and how the timbre is attained
in each case, byt $pace forbids. Those interested in following up
this' and rclated\ﬁuestions should consuit a work by Dr. William
H. Barnes \a;nntled “The Contemporary American Organ,” 5th
edition.

Thes majorlty of pipcs are made of zinc, tin, or some alloy. Some
pifics) particularly the larger ones, are made of wood.

The tuning of open flute pipes is adjusted by means of a narrow
stiip cut in the pipe wall near the top. The cut-out portion is
rolled up or unrolled, thereby lengthening or shortening the
“speaking” length of the tube. In the case of stopped flute pipes
tunmg is effected by means of a tight-fitting adjustable plug mscrtcd
in the upper cnd of the pipe.

Thus far we have been confining our attention chiefly to the

Alute type of pipe. The reed pipes of an organ differ in certain

e
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important respects from the type of pipe WhICh we have just been
considering. Instead of a thin ribbon of air functioning as a sound
generator, we have a metal reced serving as the means of initiating
condensations and rarefactions in the associated resonator. Two
gencral types of reeds are possible: (1) free reeds; and (2) striking,
or beating, reeds. In the former, the vibratile part of thec reed is
slightly smaller than the aperture over which it vibrates. Therged
organ, the harmonica, and the accordion arc cxamples of\free-
reed instruments. In the second type the reed is slightly lapgcr than
the associatcd aperture. The clarinet makes use of 2 veed of this
type. Originally both free and striking reeds were intorporated in
organs, but in recent years the tendency is to use he beating type
of generator exclusively. In Fig. 13-5 the eséehitial components of
a rced organ pipe are shown diagrammatieally. S is a metal tube
having a part of one of the walls cut away&R is the reed, usually of
brass, held in place by means of wedseB. A wire W, whose lower
end rests against the reed, providgs 4 means whereby the reed is
tuned. The reed is curved shghtly dutward from its base throughout
its length; it therefore does not rest in contact with the metal tube,
called the shallot. Air cngexing the chamber C, as shown, rushes

throughs the narrow opening between the reed and

the*shaliot, thus causing the reed to vibrate. The

yegult is that the opening is periodically closed and
g'\opcned pufls of air enter the pipe P. Each pufl of
air causes a condensation to procecd upward in
the tube, This is reflected, at the open end of the
pipe, as a rarefaction. By the time this rarcfaction
reaches the reed the reed opening has been closed,
and the rced will momentarily remain in contact
) with the shallot duc to the presence of the rarcfac-
tion. The rarefaction will accordingly bc reflected
s e a second time, but in this case without change of
phase. Upon arrival at the open end, the phase will
‘ ) be reversed, and the rarefaction will be reflected

v '
3 !
\ !
3 !

N

Fic. 13-5, Diagram showing construction of reed
organ pipe.
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Fie. 13-6:T'ypical reed organ pipes. Left fo right: tuba, oboc, vox humana,
Clérmj:;,? The curved shape of the tuba pipe is not significant.

as a condensation. Upon arrival at the reed end, the pressure duc
to the condensation plus the force of restitution of the reed itsclf will
cause the reed to move away from the shallot, and thus a eycle of
operations is complcted. This process wilt be repcated as long as air
is supplied to the chamber €. Two important {acts arc apparent from
the above discussion: (1) The pulse travels four times the léngth of the
tube during the time required for the reed to execute one complete
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- Fic. 13—7.‘V§ﬁ‘a"\7cf0rms of organ pipes. Reading down: clarinct, A 220;

viole, A\{?ﬁ, harmonic flute, A 440; diapason, A 220. Heaviness of trace
not sjgp'ﬁ‘icant.

,’Vi});'ation; hence the wavelength is four times the length of the
pipe; (2) The air in the resonating pipe is mechanically closcly
coupled with the reed. This latter fact means that the “‘spcaking”
frequency of a reed pipe is determined by the joint effect of both
the gencrator (the reed) and the resonator. It has been determined
by careful experimentation that, generally, the speaking [requency
of a reed pipe is lower than that of either the reed itsell or its
associated pipe. If the reed is too stiff, the generator may impose
its natural frequency on the pipe, but in the case of organ pipes
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the reed is of thin metal, thus bringing about a condition of re-
ciprocal influence. In practice the recd and pipe are arranged to
have nearly the same frequency; this condition makes for a more
satisfactory tone, and a “quick speaking” pipe assembly.

From (1) above it would appear that a reed pipe might be
considered to be a closed pipe, with a node at the reed cnd. Actually

Clarinet - - Violo
E Choir - 8 ft g Choir -8 ft —
£ A 220 < A 220
(=] o " \
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C < '\
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,\fE“’rc. 13-8. Spectra of organ tones shown in Fig. 13-7.

SUGE 4 pipe does not function as a closed pipe, as will be evident
from the sound spectrum (Fig. 13-8) of a clarinet pipe. In practice
both orchestral and chorus reeds (discussed below) show even as
well as odd overtones. ) o

A reed pipe is tuned by altering the natural period of the reed,
rather than by altering the length of the pipe. The lower end of
wire W (Fig. 13~5) presscs against the recd, and when moved up
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or down serves to lengthen or shorten the vibratile part of the
reed, and thus changes its period.

By making the vibratile member assume a particular shape, the
reed is prevented from closing -abruptly; it closes with something
of a rolling motion, closing first at the base end. If the moving air
were to be abruptly stopped, the resulting tone would contain a
rctinue of prominent high upper partials and thus have a harsh
quality. The adjusting of the reed and other adjacent clements of
a pipe to produce the desired timbre is called voicing, ahd the

shaping of the reed constitut®s one
— of the most 1mportan1: phaqes of
First diopason
Great-gft — that process. ¢,

— .4 338 — In the orgam réed pipes may be
classified in twQ main groups: (1}
chorus reeds,’such as the trumpet
and tubay(2) orchestral, or imita-
tive, teeds, as for example oboe,
clz}fihet, and vox humana. Figure

{4 ~:;1v3‘—6 is 2 photograph of a group
12 3 4H0§m0§ics? 8 9 16 “\Wof rcpresentative reed pipes. TThey .
Fic. 13-9 A arc all made of soft metal. Note

(\J the various shapes, and ailso the

presence of the tumng\wne The imitative reeds are designed to
bear some tonalyresemblance to the corresponding orchestral
instruments, bt »the sound spectrum of these stops bears little
resemblance~é/the instruments after which they are named.

One is%\si’nptcd to discuss in detail the characteristics of the
variougtergan pipes and how the timbre is attained in each case,
bu, sp\ace forbids. However, we cannot close our all-too-brief dis-
cusston of organ pipes without at lcast referring to that group of
stops commonly spoken of as the “strings,” of which the viole
d’orchesire is a conspicuous example. The so-called string tones
are sccured from flute pipes by modifying the physical relation of
the elements which determine the shape and size of the embouchure,
by giving special contours to the lip, and by other special structural
modifications. In Figs. 13-7 and 13-8 will be secn a record of the
waveform of representative flue and reed pipes, together with the
corresponding spectra. These waveforms and spectra should be carc-



WIND INSTRUMENTS 195

fully compared, and the essential differences in the harmonic
content noted.

In this connection it should also be noted that thc timbre of
organ tones on a given stop may differ radically depending on the
pusition of the note in the musical scale, For example the 440-A
. on a diapason stop has a decidedly diffcrent tonal quality from the
220-A in the same rank of pipes. This dilference is strikingly shown
by the two corresponding spectra shown in Fig. 13-9. It is obwi-
ously important that both the composer and playcr recognize ‘this
significant fact. R \)

AN
S %

13-4. The Organ

In considering the organ as an instrumentit i\:}ay be said that
therc are four gencral groups of pipes: (1):the diapasons, (2) the
flutes, (3) the strings, and (4) the recdshib}a diapason tone serves
as the basis of organ tone structure. MNs this group of pipes that
distinguishes the organ from all theother musical instruments.
Each of these main groups is madetup of a number of subgroups,
each having the same generals tonic characteristics but differing in
certain details. Thus an grgan is an asscmbly of a number of
instruments, cach such’ilng‘brument {a suborgan) being composed of
groups of pipes called xanks, or stops. The number of stops in an
organ varies from(Semething like ten to morc than a hundred.
The various stgpy iﬁay be connccted to one of the keyboards by
means of dr"a\'b'\knobs, located on either side of the manuals, or
by the uﬁ&a}'icvcrs located above the upper keyboard. The op-
erating thechanism of an organ is so constructed that the organist
can make use of any particular individual stop (*‘voice”} or a
5{6‘1[5 of stops. Thc stops in turn are asscmbled in a number of
major groups, each group constituting essentially a separale organ,
the number of such units ranging from two to eleven. Provision is
made, however, so that the several organs may be played simul-
taneously. This is accomplished by what arc known as “coupling”
mechanisms. Each single suborgan is played from its own keyboard.
One of them, the pedal organ, is played by the fect and the others
by the hands, the keyboards of the latter being known. as manuals.
The several organs are called Choir, Great, Swell, ete.

¢

¢
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In dealing with the -several stops one often hears such terms ag
«g.f” pitch. By that is meant that the longest pipe {open type) of
that stop is approximately 8 ft in length, and hence its fundamental
tone is middle C (C,). Many organ stops are of B-ft pitch. A 4.ft
stop would bc an octave higher and a 16-ft stop an octave lower
than the 8-ft group.

Certain of the organ pipes yield sounds of rclatively fow inten-
sity, while others arc capable of producing tones whosc mtensu:y
is high. But the over-all control of the sound level is brought ahout
by means of adjustable shutters that form one side of the ¢figlosure

Pipe
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o o L—Air chamber
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D:bpbragm/ | 1. N\,
70 wind
P

¥1c. 13—10\Di'z{gram of organ valve mechanism.

in which onc or gnorc of the organs arc housed. By means of these
shutters, whth are controlled by a foot pedal, the volume of
sound cangsmoothly modulated. This organ is the one designated
as the sj'\?gl unit.

T he air supply for the organ as a whole is provided by mecans of
i‘l&rge high-spced fan driven by a suitable electric motor. The

1, or “blower,” as it is usually called, forces air into a wind chest
from which air ducts lcad to the several groups of pipes.

The modus operandi by which air from the wind chest is admitted
to the individual pipes, when the keys are depressed, is shown
diagrammatically in Fig. 13-10. There are two general schemes
for accomplishing this end, one known as the electropneumatic action
and the other as the full-¢lectric plan. The clectropneumatic system
is the onc most commonly used and the sketch, somewhat sirn-
plified, indicates the essential elements involved in that plan. A
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study of the diagram will disclose that the depression of the play-
ing key opcrates an clectrical relay which in turn activates a
pncumatic relay that serves to admit air to the attached pipes.
In the case of full electric operation the pneumatic relay is replaced
by an electric relay unit.
. Tt is also of considerable intercst to obscrve that the tone quality
of different organs differs widely. The fact is quite apparent when
one examincs the spectrum charts
appearing in Fig. 13-11. In this
connection it should be pointed
out that two like pipes, two
bourdons for instance, made by
thesame manufacturer and voiced
by the samc expcrt, may, under
different ambient acoustical con-
“ditions, yield quite different sound
spectra. In many churches the
acoustical surroundings scriously
detract from the optimal tone

WIND INSTRUMENTS
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quality of one or more ranks oft

pipes. It is therefore of the great- )

est importance in designinganew
church building that théJocation

\Tre. 13-11. Spectra of a given

stop on two different organs. Note
the marked difference in timbre.

of the organ pipes be given careful consideration. Unless the archi-
tect and the orgapbuilder collaboratc closely in such an under-
taking the final fesults may prove to be disappointing.

In this geheral connection therc is a related factor that is of

considerablésimportance. We refer to
treatmetit ‘of a church interior, -particularly the nave.

the matter of the acoustical
Now that

more_gttention is being given by architects to the matter of the

reduction of excessive reverbcration,
siderable apprehension concerning the

organists are showing con-
possibility of overdoing the

application of sound-absorbing matcrial to the walls and ceiling. of
church interiors, and its possible effect on organ tonc. At a recent
conference of orgamists this question was given considerable

attention.

In his book “The Contcmporary American Organ,” before re-
ferred_'to, Dr. Barnes in the last chapter, under. the caption Re-
quirements for Good Church Acoustics, takes what would appear
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ic be an exireme position in this matter. The author has had some
cxperience as a consultant in conncction with the acoustics of
church interiors and is personally acquainted with several of the
leading acousticians in the country. To the best of our knowledge
and experience every reputable acoustical engineer gives careful
and sympathetic consideration to the musical aspects of the situa-
tion when dealing with church interiors. Dr. Barnes, apparently,
feels otherwise. The acoustician faces a diffcult task in dealing
with church interiors; he is called upon to arrange condilions so
that the pastor can be heard and understood and also sq that the
organist and the singers may be given full opportuni‘g}ufbr correct
expression. There may be cases in which a compxOmisc may be
necessary, but the organist s never deliberately pen@lized. Further,
it may not be out of place to point out thatthe) tone quality and
the expression that the organist hears when sitting at the console
is not necessarily the samc as that expcr"\én}:cd by the members of
the congregation, as an objective test will readily show. Sym-
pathetic coopcration between the, ‘organists and the acousticians
is necessary in order that the bost Over-all results may be attained.

In concluding our discussion of the organ it might be said that
the unique thing (musically) about an organ is that it is possible
to play, simultaneouslyi‘ﬂae various ranks of pipes, each having its
own individual tone*Characteristics. An organ may thus combine
what amounts to_fiany instruments and thus produce a composite
tone color of gredt’ beauty and wide dynamic range. In this respect
the organ differs from all other musical instruments. In the case
of an orﬁgcs’tra some geventy-odd players arc involved in securing
the comubined effect. At the console of an organ a single performer
attain® a corresponding result. Notwithstanding certain mechanical
4nd tonal limitations, the modern organ is a magnificent instru-
ment. Organ music is particularly adapted to serve as a medivm
whereby man may express those aspirations and cmotions which
arc inscparably connected with his religious life.

13-5. The Flute

Tts great age, its essential mechanical simplicity, and the tender
beauty of its tone color combine to make the flute the most inter-
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esting of the orchestral wind instruments. It consists of a metal
or wood tube about 26 in. in length with a 84-in. bore, open-at
one end (Fig. 13-12). The embouchure is an oval opening near one
end. The flute shown in the illustration is provided with a series
of 16 openings in the tube wall, 11 of which may be closed directly
by seven fingers and one by the left thumb. The four additional -
openings may be opened or closed by mcans of siitably é'rrangcd
keys. The openings serve to modify the effective length of the
resonant air columii. _ A
So far as the generation of a single musical tone is concerned,
the flute functions in the samc manner as a flute organ pipgﬁ"Thc
player causes a stream of air to impinge on the sharp edgs-of the
embouchure, thus giving rise to an edge-tonc. The pitch of the

o
L A

Fig. 13-12. Flute. (Carl Fiscl;t;‘:f Musical Instrument Co.)’
edge-tone is governed by themvelocity of the air from the player’s
lips. As in the flute organgpipe, the enclosed air column is thrown
into vibration by meaﬁs\%’f the aerial reed, and resonates at the
frequency determined\by its operating length. By control of the
lateral openings, aﬁd"f)y changes in the air pressure, the flute can
be made to coveéva range of three octaves beginning with Gy and
extending tq\C\;‘:‘ _ .

The topes\of the flute arc characterized by an cxtremely low
harmoni¢-content. I igure 13-13 shows rcpresentative wavefor‘ms
of ahigl and a low note, and Fig. 13-14 depicts the correspond:r-xg
spectta of these two toncs. It will be observed that the sour?d in
the upper register contains only a small percentage of a sn'agle
upper partial. When sounded softly the notes in the upper register
frequcnﬂy have no overtones present. In the middie reglster: there
are traces of upper partials, but-the fundamental predominates.
In the lower register the tonc is characterized by a somewhat greater
harmonic content. If the lower register is sounded loudly, the tone



200  MUSICAL ACQUSTICS

color changes decidedly, the octave and the fourth harmonic
predominating.

How is it that an open-pipe type of instrument yiclds a tone
having so low a harmonic content? No completely satisfactory

ute tones.
I
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answer to this question is possible in the present state of the art of
musical acoustics. However, certain aspects of the casc may be
cxamined with profit,

© We have seen in the case of strings that for the higher toncs,
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there arc few upper partials. Theory shows that, not only in the
.case of strings, but for high frequencies in general, the higher
harmonics have only a small amplitude; and this is particularly
noticcable in the case of sonorous air bodies, In the case of the
flute the nature of the tone-gencrating process probably tends to
make the higher upper partials inharmonic and hence only feebly
emitted. The nature of the material of which the tube is made also
appears to have an appreciable effect upon the harmonic content
of flute tones. Miller, who has exhaustively examincd the fumes-
tioning of the flute, concludes that instruments made of silyer and
gold have a greater harmonic content than those made ©f Wood.
It would appear that the density of the material and(i*tié“e]asticity
are both factors in the case. There are those who feéPthat a metal
instrument yields a “liquid” tone, particularly'g}ﬁtable for solo
work: while one made of wood {cocus, ebony) exhibits a rich
mellow tone which Is useful in orchestral work. The weakness of
the upper partials makes the instruménp p’abticu.laﬂy useful in con-
nection with accompaniments for the soprano voice, as, for instance,
in the flute obbligato in the Mad Se&te from Donizetti’s Lucia, and
in “Lo, Here the Gentle Lark” liysBishop. Indeed one of the most
surprising features about the_tone color of a flute is its remarkable
birdlike timbre, particularl{in the highest register where the tone
congists almost entirely¢of/ fundamental. It is frequently used in
solo parts, a beautiful® example being the composition “Wind
Among the Trecsf{'b’? Briccialdi. Three flutes are commonly em-
ployed in the modern symphony orchestra.

~G
QO
13-6, f}“ Ve Piccolo

The design and construction of the piccolo is much the same as
that of the flute, except that it is shorter, being only about half
the length of the flute. The fundamental frequency is therefore an
octave higher than the flute, its range being from Ds to Br. The
methad of evoking its tones is essentially the same as in the case of
the flate. Figure 13-15 shows the waveform of two piccolo notes.
The instrument is used to producc the highest notes of the wood- -
wind section in both band and orchestral compositions.
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FIG' 13-15. Wavcforms of two piccolo notes: feft, G regéuf G,
"N

137, The Clarinet | 3

We are next to consider the members of a group of wind instru-
ments that make use of a vibrating reed ag\the sound generator.
Like the flute, reed instruments are of aanent origin. Such instru-
ments undoubtedly were used in earLy\Greek times, though they
probably did not originate in Grecog” The instrument which we
know as the clarinet dppears to have evolved from an
instrument known asithe chalumeau of the middle ages.
The records indi€ate that it was first used in 1751 by
Rameau as asorchestral unit.

The modérn clarinet is a single-reed type of instru-
ment, 1n\sbmradlstmct1on to the oboe and bassoon, which
have. fwo reeds. Structurally, the clarinet (¥ig. 13- 16)
consists of a eylindrical tube of uniform bore, except for
@slight flare near the open cnd. The tube, which is made
_ \ of wood or metal, is picrced by 13 to 22 side holes. &
& system of keys providcs for the opcning and closing of the
holes beyond the six commonly controlled by the finger
tips. The mouthpiece, which carries a rather stiff bamboo
reed of the beating type, is tapered toward the end. When
at rest the end of the rced does not quite touch the
slightly bevcled embouchure.

As in the case of the reed organ pipe the clarinct has 2

I'e. 13-16. Soprano clarinet. (Carl Fischer Musical Instri-
ment Co.) :
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‘¥éed end, and hence would be expected to yield only odd
harmonics. Actually, however, while the sccond harmonic may be
absent we ﬁnd that other even partials are often present. The
clarinct, therc{m‘e s not a true closed pipe. When overblown, it
sounds the third’ “partial; that is, the pitch-goes up a twelfth. The
lowest note on the clarinet is D in the bass, and by simplec fingering
(opening of successive holes) the player can reach Bp in the treble
clef. This range constitutes what might be called the funclamentak
scale of the instrument. Ta sccure higher frequencies, the natural
third harfnonic is utilized. To facilitate the formation of livee
loops in the resonant air column and hence the productidn)of the
third partial, a “speaker” key is opened. This key contols a small
lateral opening located about six inches from the tip‘@Pthe mouth-
piece. This small vent hole prevents the pressus within the tube
from rising above or falhng below that of the atmosphere, and
thus “encourages”” the [ormation of an astiode in that region.
By uncovering this opening, the player ig€nabled to evoke the third
harmonic and thus to shift all of the fondamental tones a twelfth
higher. This rcgister, if it may be®e ‘called, then begins with B,
and extends to Gy, this being thel natural upper limit of the mstru-—
ment. However, by utlhzmg a piaymg technique known as “cross
fingering” a skillful play cr\gs able to add another octave to the
range. The key systerR new in general use was introduced by
Boehm in 1843. Owihg to the difficulties encountered in fingering
in certain keys, th¢? {larinet is made in four pitches, viz., C, Bp,
A, and Ep, the thivee latter being what are known as “transposing’’
instruments, THe Bp instrument sounds a whole tone lower than
the written §1u51c and the A clarinct three halftones lower. This
arrangcment is necegsary because of the complicated fingering of
the mst«mment

Thé clarinet tone has the “reedy” characteristic timbre of the
family to which it belongs. The quality of the tone in the lower
(“chalumeau”.) register is decidedly difterent than that in the higher
range. This is evident from an examination of the oscillograms
appearing in Fig. 13-17. The reed when sounded alone yields a
raucous medley of high frequencics, but when associated with the
column of air within the instrument, its vibrations are, in this case,
dominated by the resonator, particularly if the reed is not too stiff.
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Fic. 13-17. Wavcforms of clarinet tones: left, Gi; w2ft, D
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The rced is then compelied to yield notes corresponding to those
which are natural to those of the air column. The result of this i
that the instrument emits tones which are considerably lower, and
much more stable, than those natural to the generator itself, The
sound spectrum of a lower note (Fig. 13-18) shows the presence of
strong upper partials, the second, fourth, and sixth being particu-
larly prominent. These overtones give the clarinet its characteristic
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tone color. It is possible to control the intensity of the clarinet tone
more effectively than that of other wind. instruments,

When wsed in military and concert bands, the clarincts take the
place of the violins in orchestral instrumentation. Indeed, sym-
phonic music is sometimes rendered by largely substituting reeds for
strings.

The clarinet has been used extensively in operatic and symphonic
renditions since about 1770, one of the themes {requently being
carried by this instrument. Wagner gives a prominent part to the AN
clarinet in the Tannhiuser overture. Mozart makcs cﬂ'ectlve us'f,: of
the clarinet in his Quintet in A major.. : C L AN

In addition to the instrument jost dcscnbed and Sometlmcs
referred to as the soprano clarinet, a bass clarinet/iy frequently
used in orchestral work. As is to be seen in Fig. '13—‘I,9’,' it resembles
somewhat the saxophone in appearance, beitghtrooked at the
upper part and having a turned-up metal',béil‘. This instrument
is made in both A and Bp types, though\™
the latter form is more commonly used. {The
bass clarinet is tuned an octave below the

corresponding soprano instrumenty) ‘and has

a range extending from D; to Eb’s Having
this range it can compass thelhigher notes of
the bassoon and the lowef nictes of the flute.
Because of its mu‘«‘,lcal\hcmblllty and rich
tonal quality, it is msed by many composers
to carry solo and” theme parts. Wagner for
Instance uses, lt.\for important passages in
several  of, \hIS compositions, notably in
Tannfzauwr and in Die Valkyrie.

In, pz}ssmg, it is interesting to note that
sote musicians contend that an A clarinet,
for instance, will yield a different tone color
than that produced by a Bb instrument.
Objective’ tests show that few, if any, com-
posers or conductors can actually detect any

F1a. 13-19. Bass clarinct. (Carl Fischer Musical
Instrument Co.)
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diffcrence in sound quality between the A and Bb clarinets, and
the same is probably truc concerning the A and Bb trumpets, Any
apparent difference in tone color is probably subjective,

.Readers who are interested in the technique of tonc color con-
trol in clarinet playing may wish to read an article appearing in the
July, 1948, issue of The Etude, entitled The Foundation of Clarinet
Tone Quality by Paul Van Bodegraven.

13-8. The Saxophone

Q"

N
7 ’\' A

"N\

Because of its wide use in dance bands it is populaxly supposed
that the saxophone is of quite recent origin. As aahatier of fact, it

Bic. 13-20. Tenor saxophone.
{C. G. Conn, Ltd.)

realized in practice.

weced  organization,
v conical tube, and the diameter

Further,

was invenged. by Adolpbe Sax,
a skilled\\Bclgian instrument
makcg\}r{ 1840 and made its
firsp-@ppearance in a symphony
otchestra in 1844, 1t is a single
but has a

at the recd end is
that of other recd
instruments (Fig. 13-20), This
means that the acoustical cou-
pling betwcen the reed and the
pipe is not so intimate as in the
case of the clarinet. It may be
shown by theoretical analysis
that a conical tube, acoustically
closed at the generator end, will
give rise to a complete comple-
ment of overtones, and these
mathematical deductions aré
the harmonics devcloped in a

of the tube
larger than

conical air column arc found to be the same as those which pbtain
in the case of a cylindrical column open at both ends, and of
the same length. In the casc of the saxophone, because of the rela-
tively thick recd commonly employed with this instrument, there i3
more or:less confliét between this vibratile member and the ait
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column as to which vibrating body shall control the pitch of the
note emitted. This “struggle” between the reed and the air column
gives rise to a timbre which combines some of the characteristics
aof the clarinet and the cello. In order to reduce the impedance of the

Fra. 13-21. Waveform of the saxophonc in the middle register.
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air coiumn, and therefore permit it to control the pitch, the holes
are made relatively large; and this necessitates the usc of keys for all
openings. In this country the saxophone is widely used in dance
bands, and accasionally in orchestras. A typical saxophone’wa\:.'c-
form is shown in Fig. 13-21 and the corrcsponding spectrum in Fig.
13-22. This spectrum is more or less unique. It will be obseerd
that while a small percentage of the ninth and twelfth harmonics
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is present several of the adjacent partials are either absent or
represented only by a trace.

The several types of saxophones have ranges as follows: soprano,
Ab;s to Ebg; alto Dbs to Abs; tenor, Ab, to Eby; baritone, Db, to
Aby; base, Ap; to Db,

As indicated above, the saxophone was originally employed in the
rendition of serious music, one of the first instances being in a com-

“position by Bizet entitled L’Ariésienne Suite. The saxophone is
asgigned a conspicuous voice by Ravel in his well-known “Bolero.”
Most brass bands now employ several saxophoncs; its p,s\é"in\ dance
orchestras has already been noted. Perhaps no ether musical
instrument has been so widely abused, musically, astthe saxophone,
but in the hands of skilled performers it is capablg of yiclding uscful

musical senhds.

Though>»” the saxophone is
madc{éf metal it is cormmmonly
clgﬁsiﬁed as a wood-wind instru-

_yment,

13-9. The Bagpipe

Perhaps the most unusual reed
instrument is the bagpipe. It
consists of four pipes each
equipped with a reed, of the
single or double type, supplied
with air from a leather bag kept
inflated by the player’s breath.
Threc of the pipes, as indicated
in Fig. 13-23, are called drones;
these sound continuously.

. 13-23. Sketch of a bagpipe.

(After H. F. Olson, “Musical P

Acoustics,” McGraw-Hill Book One of the pipes, Cfrlued.the

Company, Inc.) chanter, is pierced wn'h' eight
: holes that can be closed with the

fingers, thus making it possible to vary the piich of the sound emitted

by this particular pipe. The melody is played by means of the

chanter, and the droncs furnish a continuous harmonic background
of sound.
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In the oboc we have an example of an instrument in which the
generator consists of two beating recds, as compared to one ‘in the

clarinet. The oboe also differs in another important
particular from the clarinct; it has a conical instcad of
a cylindrical tube, the double reed being positioned at
the apex of the cone. Figure 13-24 shows the general
features of the instrument.

The recds of the oboe are of cane, but they are much
smaller and lighter than the type used with the clarinet,
The two recds of the oboe when at rest form a small »

W
Fra. 13-24. Oboe. {Carl Fischer Musical Instrindent Co.)
P
N\
elliptically shaped opening at their freghends. Under the
action of the player’s breath the rceglg&zilﬁratc transversely
and longitudinally. This motion ‘alternately opens and
closes the opening, thus givingtise to pulses of compres-
sion within the tube. To an{éven greater extent than in
the clarinet, the rcsonai®yair column controls the fre-
guency of the Vlbratl&q\of the double-reed system. The
fingering tcchmquc Ms theoretically similar to that

of the ﬂute—a p ﬁe open at both ends. Because of the fact that a

13-25.
sounding Cs.

Fo. Waveform of oboe

delicate adjustment is required
in order to effect a change of
pitch it i¢ customary fo have
the oboe sound the pitch (A)
for the orchestra as a whole.
The waveform of a representa-
tive oboe tone is shown in Fig.
13—25. An analysis of the char-
acteristic sound of the obee
(Fig. 13-26) shows a number of

- both even and odd harmonics

tobe present, as is to be expected, the octave being stronger than the
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fundamental; the third and fifth harmonics arc also relatively
strong. This complement of harmonics gives the oboe its character-
istic tone color, a penctrating, “recdy” sound resembling in some
respects the human voice. Overblowing gives the octave rather than
the third partial, as in the case of the clarinei. This fact simplifies
somewhat the note-hole arrangement as comparcd with that of the
clarinet,

The range of the cboe is from Bb; to Fy inclusive. A
: N
o )
K . A
s W
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The obog\'l'g}é' long been used effectively as an orchestral instru-
ment—fbiethe time of Bach and Handel down to the works of
Sibeligs A heautiful oboe obbligato appears in the chorale Jest, Joy
Of;;Mfiﬂa-“ Desiring. A notable solo passage for the oboc occurs in the
ficsp movement of Beethoven’s Fifth Symphony.

13-11. The English Horn

‘This instrument; a picture of which is shown in Fig. 13-27, is ﬂ:lﬁ
alto member of the double-recd family. While somecwhat similar m
appearance to the oboe, this reed instrument has a curved mouth-
pipe, is somcwhat larger than the oboe, and terminates in a
globular-shaped bell. Acoustically, the English horn develops both
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odd- and even-numbered partials, but its complement of overtones
is somewhat different from the oboc, as tmay he
seen by comparing the sound spectra shown in
Figs. 13-26 and 13-29. Its waveform is indicated
in Fig. 13-28, The English horn is pitched a {ifth
lower than the oboe, and likc most lower pitched
instruments has a relatively extensive comple-
ment of upper partials, as shown in Fig. 13-29,
Its tone 15, accordingly, richer and somewhat

Iz, 1327, English horn. (C. G. Conn, Litd.)

moare somber than that of the oboe, the tone chars
acter resembling, to some extent, the tone of ght
human voice. The instrument is sometipaes used
in orchestral compositions to cxprcss'g'ﬁie'f and
anguish, sometimes tenderncss or a drdamy mood.
The English horn is built in the kewof F, and has
a pitch range of two and a half oetaves, its lowest - w@‘%?g
note being LI below middle® C. The keying SN %ﬁéﬁ%
arrangement and the fingering arce the same as i

thosc of the ohee. In‘iﬁmod{tm form, the English horn was first

Fia, 13-28, Waveforms of English horn, sounding A 220 and A 440.



212  MUSICAL ACOUSTICS

Relgtive hormonic content
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used by Rossini in Willism Tell (1829) and
by Meyerbeer in Roberidyin 1831, Commonly
only one English lQn\l is uscd in orchestral
instrumentation. X\\/
13-12. T{zé;B&ﬁoon

Like. the oboe, the bassoon is a double-reed
instrdmient, and it functions, essentially, as an
a{ﬁé"dboe. It consists of a conical tube 931in,in

+~ Fic. 13-30. Bassoon. {Carl Tischer Musical Instru-

ment Co.)

length, measuring 134 in. in diameter at the
flared end, and 3{4 in. at the rced end. A short
metal crook connects the reed assembly to the
wooded tube. The double reed is larger than
that used on the oboe. Becaunse of its relatively
great length it is doubled back on itself (Fig.
13-30), the actual length of the instrument
being only 4 ft. The acoustical length of the bas-
soon is controlled by seven holes and 16 or 17
keys. Owing to the length of the instrument the
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Fic. 13-31. Waveforms of the bassoon in the low anc}.:;ﬁiaélle register.
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holes pass obliquely through the tube wall, thus bringing the actual
apertures within the compass of the fingers. Representative wave-
forms emitted by the bassoon are shown in Fig. 13-31, and in Fig.
13-32 may be secn the spectrum of the middle register. The instru-
ment yields the full harmonic scrics and has a range of more than
three octaves, extending from Bbi t0 Ebps. It will be no;c_d that Fhe
strongest component is the third harmonic, the fundamental being
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relatively weak. The three registers of the bassoon, like those of the
clarinet, each have distinct tonal characteristics. The bassoon has
been long and extensively used in orchestral renditions. Notwith-
standing the fact that the construction of this instrument violates
some acoustical principles, its tonal color and its mechanical design
are such that it gives wide scope to the playcr, being somctimes nsed
for solo melodies. TFor instance, Beethoven used it cxtensively,
having written for it a number of independent parts. Grieg naakes
effective use of the bassoon in *‘In the Hall of the Mountaify King®”
in his Peer Gynt Sutte; Weber in his Hungarian Fanlasia gifes'it a solo
passage. When played staccato, the instrument prgd’gcﬁes a more
or less humorous effcct. For this reason the basséom is sometimes
referred to as the “clown of the orchestra.” ™) '

13-13. Brass Instruments K

In several of the preceding sectioﬁé@ve have dealt with instru-
ments having single or double re’cds that function as the sound-
gencrating component, We aye: now to consider another group of
wind instruments which, ,,th'c;flgh not classified as of the reed
type, do employ what afleunts to a double reed as the primary
vibratile member, R»f@eﬁce is here made to the brass instruments,
in which the lips of $he blayer scrve as the sound-generating element.
In these instrumghts the lips of the player are drawn morc or less
tightly acrosg'sq' gdonical or cup-shaped mouthpiece, thus producing
a double, fembranous reed. The breath of the player directed
against.f’l’k"e two bands of siretched tissue causes them to vibrate
at a fr€qucncy which depends upon their tension, effective length,
aﬁd} the air pressure. We have here an instance of an outward
striking reed as distinguished from the inward striking typc used,
for instance, in such instruments as the oboe.

The resonant tubes with which thesc mouthpieces are associated
are of various forms. In general, howcver, the tubes are conical in
shape, for at least a part of their length, and end in a more or less
broadly flaring bell. In most instruments of this type the length-of
the tube is great compared to its average diameter. The shape of the
tube, particularly in the enlarged seclion, cxerts a pronounced
influence on the tone color of such instruments. One effect of the
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terminal {larc is to reduce the intensity of the higher partials. A horn

with a wide spreading bell produces a tone that might be character-

ized as “dillused’; whilc a small bell viclds a “brighter” and

a morc penetrating quality. Another effect of the enlarged section of

the tube involves the effectiveness of the horn as a radiator of sound.

The gradually increasing curvature tends to cause the sound dis-

turbance to emcrge in the form of sphcrical waves. In conse-

quence of this, the energy is transferred to the ambient air more,
efficiently.

A horn havmg a properly designed terminal section funcum}q as
an open pipe, though actually it is closed by the player’ 5. \Ilps at
the mouthpicec end. It yiclds a full complement of upperypartials,
In gencral, the fundamental tone of a brass mstrume{lt is produced
only with considerable difficulty.

It is to be noted that the shapc of the mOl{thpleCC produces a
decided effect on the tone quality produc’eé by brass wind instru-
ments. A deep conical mouthpiece assigtsin the production of a
smooth tone; while a shallow cup- qhapcd mouthpiece facilitates
the formation of the higher partialspiand hence a “bright” tonc.
Bach type of horn requires a pam:icular form of mouthpiece. Two
representative mouthpicee units arc shown in Fig. 13-33.

Referring again to the.$hape of the longitudinal section of a
brass instrument, it is i t{re;%ting to note that there does not appear
to be any unanimity®ef opinion as to the optimal flare cogfficient in
horn design. By thig’térm is meant the rate of increase in diameter
with distance aloag the tube axis. Dr. E. G. Richardson in his
well-known wark entitled “The Acoustics of Orchestral Instru-
ments ands'ﬂlc; Organ” holds that the taper of brass instruments
fOHOWs .gh"exponential law. American designers do not concur in
thi ”o?iﬁion. For example, Mr. Vincent Bach, who is a skilled
trumpet player and a manufacturer of high-grade brass instru-
ments, does not subscribe to the exponcntial idea. From what the
author can learn, it would appear that each designer of such
instruments has his own flare coefficient, and that the value of
this factor has been arrived at largely on an cxperimental basis,
rather than from theoretical considerations. Here we find a situa-
tion similar to that encountered in the design and construction of
the violin. ’
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trumpet; (&) tronibone. (Vincent

Bach Corporation. ).\
A</

In suéceeding-Sections we shall consider the design and function-
ing of SCV%@}‘I‘epresentative instruments of the brass choir,
N\

1314 »The Horn

Phe simplest form of horn is that somctimes referred to as the
“nataral” horn, an illustration of which appears as Fig. 13-34. It
consists of a tube some 10 ft in length and is equipped with a
funnel-shaped mouthpiece. In the original form of this instrument
1o provision was made for altering the length of the resonant air
column. The player, therefore, could produce the harmonic scale
by means of the lips alone. However, by introducing the hand,
fingers first, into the bell of the horn in such a manner as not o
completely close the opening, it is possible to lower the fundamental
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a1 semitone and thus establish a2 new series of partials. Thus certain
additional notes were added. Though used by the older masters,
it has largely been replaced in the
modern orchestra by an instrument in
which provision is made for changing
the length of the resonant air column,
This is accomplished by means of a
system of pistons and crooks.
The valve horn, commonly known as : L2\
the French horn, is the modexs'fn counter- Fi. 13-34. Or1g\ma1 form
. . . of horn.™

part of the original natural horn; it has N
a tube length of from 12 to 16 ft. A cut of this instrugient is shown in
Fig. 13-35. By means of threc valves (of the zdtayy type) onc or

Fi6. 13-35. Modern French horn. (C. G: Conn, Ltd.)

more side-tubes, or “crooks,” as they arc called, are added to the
original length of the tube, thus augmenting the length of the
resonating air column, and therchy lowcring the pitch by one,
two, or three semitones when used singly. When the valves are
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not depressed by the player, the side-tubes are closed; the valveg
may be depressed singly or simultaneousty. This valve mechanisy
thus makes possible the full chromatic scale, and thereby gives to
the brass instrument a facility of execution comparable to that of
the wood winds. The introduction of the hand into the bell is also
practiced in order to facilitate the production of certain notes, and
also to act as a mute. However, in certain modern high-grade
horns an exira valve is provided for muted tones. A carcful apalysis
of the acoustical situation will reveal the fact that, since anj\given
valve has the effect of opening the tube and introducing.dn addi-
tional length of tubing, the simultaneous use of twh valves will

Fic. 13-36. Wavcforr\ﬁé of French horr in middle and high register.

lead to imperfectintonation unless some compensating device is
available. Thisimitation is overcome, in the case of some horns
at least, by/arrangement whereby short compensating tubcs are
automati€ally introduced when two or more pistons arc simul-
taneou&ly depressed. The horn is made in several keys, but the T
hopiv Owing to its convenience of playing in different keys, is
générally used. :

The range of the French horn extends from B, to Fs. Its best
range is from the fourth to the twelfth harmonic. The wavcforms
of two different notes sounded on this instrument are shown in
Fig. 13-36. In Fig. 13-37 we see the spectrum of the tone having
the lower pitch shown in Fig. 13-36. It will be observed that in
the case of the lower note the second harmonic is louder than the
fundamental, which is relatively weak, and that the third harmonic
is also a strong component. In the region of Fp a large number of
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both odd and even upper partials appear. However in the higher
range, even when blown fortissimo, the instrument yields 2 tone
that shows almost no harmonic content other than the fundamental.
The tone of the French horn is characterized by a soft plaintive
guality, which makes it blend well with
both the wood winds and the bras
instruments. In orchestral work the
. s . Spectrom of
instrument is frequently used to fill in - . French homn -
and sustain the principal harmony;in | 294 vfs
solo passages it is assigned mclodies of
a sustained nature. Frequently French
horns are used in pairs, half the players
taking the lower notes and the others-
the higher. This is because players find.
it difficult to adjust the lips readily to
cover the cntirc scale. In the modern
orchestra, however, the playcrs arc N\
usually expected to be able to t:om_pa.sgf D "
the entire scale. In Mendelssohirs :
*Nocturne™ from A4 Midsummeyﬁiém_’; S 1 ngm-'.pni;s 4
Dream is to be found one of theé most =~ g 13-37
beautiful passages for homis in all IR
. musical literature. A shért but very striking passage for the French
horn appears in “«The Merry Pranks of Til Eulenspicgel” by
Richard Strauss. \ : o T i

Relative harmonic cantent
Py
|

.../,

I
13-15. Ti{(ﬁ”mmj)ei -

Anogher' brass instrument that is widely used in orchestral work
is_thg :.?rillnpet. From the illustration (Fig. 13-38) it will be seen
that/the total tube length is less than that of the horn, and is
cylindrical throughout approximately three-fourths of its length.
From there it widens conically, ending in a flare at the bell, whosc
terminal diameter is about 4 in. The diamcter of the cylindrical
part of the tube is only 34 in. The resulting small diameter-to-
length ratio, together with the use of a cupped mouthpiece, makes
possible the production of a full serics of harmonics up to and
including the tenth.
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In the trumpet, and certain other brass instruments, cach of
the .valves instead of being of the rotary type, as in the case of
the horn, consists of a plunger-like mechanism which is referred

Fic. 13-38. Trumpet. {Vincent Bag{\@or’poration.

to as a piston valve. A tuning slide.i ’}}r;:)vided in the bend near
the beginning of the enlarged portidnlof the tube.

In the playing of the trumpet-And other brass instruments, one
enqqﬁﬁ’tcrs the problem of attaining cor-
reth intonation, particulary when using

&‘the valves. By the use of a properly de-
signed and fitted mouthpiece, a skilled
player can largely compensate for any
inherent intonation defects. Theintercsted
reader is referrcd to a paper appearing
in the September, 1950, issue of Symphony
entitled Problems in Intonation of Brass
Instruments, by Vincent Bach. In addi-
tion to the subject of intonation, Mr.
Bach touches upon another important,
Fic. 13-39. Waveform of 20 related, point. He takes the position
trumpet when sounding that symphony orchestras should tunc
I, the string section to A by means of a bar

or other device, while the brass choir
should be tuned to a Bb tuning standard, thus making it possible
for them to tune to an open tone. The author concurs in Mr. Bach’s
opinion regarding such a tuning procedure.

In order to facilitate fingering, the trumpet is commonly de-
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signed for use in two pitches, Bb and A, though an Eb instrument
is sometimes used in military bands. This means, as before indicated,
that when C is written in ordinary music, Bb is sounded by the
player. The trumpct is therefore a transposing instrument.

An oscillogram showing a characteristic waveform of the trumpet
appears in Fig. 13-39, and the corresponding spcctrum is shown
in Fig. 13—40. These records show that the first four harmonics
are all strong, thc sccond being as strong as the fundamental, and™\
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that the rema{ﬁhig partials diminish in magnitude as the order
increascs. [{\s”this spectral distribution of energy which- gi\fes to
the trumpet its full and penetrating tonal characteristics. -'"_Fhe
Tangs;‘:ij;f ‘the trumpet cxtends from Es to Bbs, thus giving it a
cofpiss of two and one-half octaves. The trumpet is the soprano
instrument of the brass orchestral choir. .

Tn the “Marche Slave” and the “1812 Overture” Tschaikowsky

has assigned passages of great beauty to the trumpets.

13-16. The Cornet

In design the cornet differs from the trumpet in that its tube is
shorter and the bore is larger, a greater percentage being conical.
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As a consequence of the larger bore, the harmonics above the
seventh cannot readily be produced. Because ol the smaller numbey

Fia. 13-41, Wavelorm- of Bb
cornet, sounding A 440,

of partials cvoked when blowing the
cornct, this instrument does not
require so careful an adjustment of
the lip tension and air pressure ag
is required when sounding the trum-
pet. The cornet is thercfore less diffi*
cult to play than the trumpéy In
fact, the facility with’ whichvit’can
be played probably cx;;::;g:gfs that of
all other brass inst;‘ﬁments. The
characteristic waveform of the cor-
net is shown inM4g, 13-41, and a
rcpresentatwe\\sound speclrum in

Fig. 13-42. It will be noted that the har}rmmc conicnt is by no
means the same as that of the trumpét)in the carnet the second
harmonic is stropger than the fundamental and there are fewer

Relative Hgpmanic contenf
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partials than in the trumpet. The strong first and second upper
partials give to thc cornet its characteristic timbrc—a brassy
piercing tone. The range of the cornet is approximately the same
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as that of the trumpet, and it is likewisc used .in the Bb and A
Lypes. _ :

The cornct is used principally in military bands, frequently
carrying the lead part; occasionally -
it is used in symphonic renditions,
as in César Franck’s Symphony in D
Miner.

13-17. The Tuba

The tuba, ithe fourth member of
the brass choir, serves as the hass of
the brass group. This instrument
has a large conical bore throughout
most of itg length (about 18 ft), and
terminates in a wide bell, one form
of the instrument heing shown in
Fig. 13-43. "The waveform of a note
in its midrange is seen in Fig, 1344,
and the corresponding sp_ectm‘x;i n _ -
Fig. 13-45. “The tuba is cofhmonly ¢ 007 T @ 6.
equipped with threc valyé, but in Conn, Ltd.)
some of the newer . models a fourth ’ .
valve is added. [Fhe instrument is made in two types—the
Ep and the Bb. Thc range of the Eb tuba covers about two and a

Fia. 13-44. Waveform of tuba.

half octaves, from A; to Ebs. The range of the BBp instrument s
from E, t0 Bp;. Owing to the wide borc of the tubse; its fundamental
is readily evoked by the player. It will be scen that the sound
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spectrum of the tuba is characterized by a limited number of
harmonics of which the fundamental and the octave arc the prin-
cipal components. This and its low pitch account for its sonorous
tone.
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Dvofdk has used L‘k@:tﬁba effectively in the New World Symphony.
Amnother good cxan‘lple is to be found in Finlandia, by Sibelius.

13-18. Tﬁs{’i}'rambone

The tl}iqUe instrument among all of the wood winds and the
brasscs is the trombone (Fig. 13—46). Here we have an instrument

thout pistons, yet one which is capable of yielding the chromatic
scale throughout more than three octaves. Throughout the major
portion of its length it consists of a telescoping cylindrical tube
terminating in a bell of moderate size; a cup-shaped mouthpiece is
used. By making use of a U-shaped sliding crook, onc side of which
articulates with the mouthpiece portion, the acoustical length of
the resonant air column can be adjusted within wide limits. In
practice seven positions of the slide are commonly utilized. When
the slide is closed, we have what is designated as the first position;
the fundamental and seven upper partials can then be evoked.
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Each successive position lowers the note by a semitone. In the
last position the fundamental is not obtained. The pressure of the
breath and the tension of the lips also assist in producing a given
note. Because of the slide-tube feature it is possible for the per-
former to play in true intonation. In this respect the rombone is
comparable to the violin,

Fic. 13-46. Trombone. (Vincent Bach.Corpuralion.)
AY;

A representative waveform of the tro,liibsne is shown in Fig.
13-47; the analysis of a characteristic wawe appears in Fig. 13-48.
Because of the shape of the resonangiair column, the timbre of the
trombonc resembles somewhat Dhat of the trumpet, as may be
seen by comparing the sound spectra of these two instruments. It
is not, however, as rich in ,higl’l‘ upper partials as the trumpet. Its
tone i, therefore, ChaI:E}CI;\SI‘iZCd by a more noble and sonorous

Fic. 13-47. Wavcform of tromboene.

quality. The instrument has a wide dynamic range. The trombone
is made in scveral sizes, the tenor instrument in B> being most
commonly used. Its compass is from Es to By, Because of the noble
dignity of its tone the trombone was for a long period in medieval
times used in connection with religious scrvices. In rendering
symphonic compositions the modern orchestra commonly makes
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use of three trombones, one of which (the bass trombone) is
pitched considerably lower than the tenor instrument. Trombones
speak a dramatic passage in the prelude to Wagner’s Lohengrin,
Another well-known example of the use of trombones occurs in
the “Triumphal March” from Verdi’s Aida.
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The base trombone, referred to above, is similar to the tenor
instrument in clcs"gn and construction. Its range is from A; to Gba.

~\:.
13— 19 7% Vocal Organs and the Voice

Ihﬁ:\most perfcct musical instrument known to man is the human
ldrynx. In possible variatious of pitch, timbre, and intensity, it has
not been equaled by any of the musical devices that man has yet
devised. Essentially the human vocal apparatus is a wind instru-
ment of the double-reed type. The voice is produced by the forcing
of air from the lungs through the opening (glottis) between two
adjacent pieces of membranous tissue known as the vocal cords
(Fig. 13-49), thus causing the free edges to vibrate as in any
double-reed instrument. By means of muscles connecting these
vibratile tissues with the walls of the larynx, thc tension, the
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tength, and the thickness of the vocal cords can be modified. ‘This
makes possible not only an adjustment of pitch but also affords
. some control of the quality. When singing a note, the inner cdges
of the cords probably touch during each vibration, thus alternately

Tie. 13—49. Laryngoscopic view of
vocal cords and associated parts
wher 2 high note is being sung. 4,
false vocal cords; B, true vocal
cords; €, ventricles; D, rima glot-
tidis {opening). (From “Morriy’
Human Anatomy”) by Schaeffer,
McGraw-Hili Book Company, Ine.)

Oraf pharynx

~Laryngeal
pharynx
I Esophagus

Fic. 13-50. Qutline sketch showing mouth and head cavities.

opening and closing the glottis. The. resulting puffs of air, under
pressure from the lungs, serve to set up rcsopant vibrations of the
air in the associated cavities of the throat, mouth, and nosc. The
unique feature of the human vocal apparatus is that the size and
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shape of the resonant system is under the conscious control of the
speaker or singer. The oral and nasal cavities, the Iarynk, and the
vocal cords constitute what might be termed an “acoustical net. .
work.”® The diagrammatic sketch appearing as Fig. 13-50 indicates
the principal clements composing thig
network, The resonant frequency of
" this system of intcrconnected cavities
may be changed by altering thé\size
and contour of the oral cayity’ The
lower jaw, the tonguc, aafl the lips,

7°%&
S

Fie. 13-51. Waveforins“of two voices in-
toning the sameNawel at approximately

the same frequengy.
8

\ 7
AN

singly"orn acting together, serve to ac-
comphsh this end.

“While the vocal organs constitutc an
(,xceedmgly flexible acoustical organi-
zation, it is to be noted that a given sct
B of vocal cords, associated as they -arc

AW with a particular resonating system,
will produce & perfcc tly definite and characteristic timbre—the voice
of a pafthUL'l}' person. Certain harmonics will be emph; asized while
others \.Qll be suppressed. In Fig. 13-51 is shown the waveform of
Wwo d—'ffferent female voices as recorded when each intoned the
S}(lla‘ble ak on the same pitch. The marked difference in wavelorm
Sgobvious. The waveform of a person’s voice is as characteristic of
that individual as his fingerprints. An analysis of such voice wave-
formos shows that, in some cases at least, certain of the upper
partials are inharmonic. Incidentally, it may be added that partials
up to the thirty-fifth have becn noted in vocal sounds. The extent
to which the timbre of the voice may be modified by a vocalist in
singing a note is strikingly evidenced by the two records shown in
Fig. 13-52.

A great amount of research has been carricd out in an cflort 10
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arrive at an understanding of the acoustical structure of both vowel
and consonantal sounds. Such knowledge is highly desirable if one
is to make cven a beginning in the improvement of the singing or

Fie. 13-52. Wavcforms of male voice intoning a givehwowel in two ways.
Upper record, ““closed” tone; lower, “open” tone.@ﬁc relative amplitude
not significant. NS :

the speaking voice. So far as the vowels are concerned the following
facts have been definitely establis}mﬂ: '

1. Any given vowel sound.igodharacteriz_cd by the presence of
one or more definite gioups of partials. .

2. The partials whichgta\to make up a given characteristic.group
are more or lcs§\§y}nmetrically disposed about onc or more
dominant parf,ial. '

3. The 1'requeﬁcies appcaring in these characteristic groups
are mudlythe same regardless of the fundamental fre-
quen. v

4. Thg various vowel sounds are produced by means of a “modu-

daitng” process which consists of so shaping the mouth and

Jthe pharyngeal cavities that the proper order and intensity of

partials is developed by resonant action.

‘The sound spectra shown in Figs. 13-53 and 13-54, reproduced
from “Speech and Hearing,” by Dr. Harvey Fletcher, of the Bell
Telephone Laboratories, bear out the first three statements made
above. Any particular one of the groups of partials rcferred to is
known as a formant. In the spectra shown it will be 11'0teF1 that there
are two principal formants, the partials in one constituting a group

N
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of relatively low-frequency components, and the other involving a
group of relatively high-frequency partials. In general, sach a
grouping is characteristic of vowel sounds. The details of each
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FiG. 13-'53 Harmonic content of the vowel # when vocalized at three -
d‘lf{erent pitches. (Reprinted by permission from “Speech and Hearing” by
HvFletcher, published by D. Van Nestrand Co., Inc.)

formant, and the span of the formants in the scale, determine the
voice characteristics of a particular person.

As a result of the extended rescarch Dr. Fletcher found that the
mean fundamental frequency of the male voice, when sounding
the vowels, is about 124 ¢ps, and for the female 244. The research also
disclosed that the low characteristic frequency depends upon the
particular vowel being uttered, the range being 296 to 955 {or the
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male voices and 332 to 1036 for the female voices in the casecs
studied. The corresponding values for the high characteristic
frequency sounds are 1800 to 3000 and 2000 to 3266 respectively.
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Fig. 13?5:4'*- Harmonic content of the vowel z when vocalized at tl]re:f
diﬂ‘ﬂﬂélﬁ' i:)itchcs. (Reprinted by permission from “Speech and Hearing
by'RI¢ Fletcher, published by D. Van Nostrand Co., Inc.)

The high frequency characteristic components are esse;1t1al5 ;g

intelligibility. It is possiblc to filter out all frequencies below

and still secure understandable spcech. L counds
In Fig, 13-55 may be seen the waveform‘ of several vowe ,so el

as intoned by the same person at appromma.tely the SE'H}?: }E)e in;

While the details of a given vowel rccord w1ll.vary wit e

dividual, the general waveform of each vowel is characteri
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Fic. 13\—55 Waveforms of several vowels. Top row, left, a as in ak; right,
a aS\m fate, middie vow, left, o as in oh; right, oo as in moon; bottom row, Left,
¢ 85'In ek Above five recards intoned by the same person at approximately
the same pitch. Last record, boitom row, right, ¢ as sounded by a different
person. The spacing and heaviness of the lines not siganificant.

that particular vocal sound. This statement is based on the examina-
tion of many recordings of vowel sounds.

The foregoing observations apply to spoken sounds. But vowels
play an even more important part in the singing process. Unfortu-
nately, musical vocalization has not been quantitatively studied
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{0 the same extent as speech, but there is reason to believe that the
same general relations obtain for vowels which are sung.

In the case of consonants, two types are recognized in one the
sound is formed without vocal cord action, while in the other the
cords play a part. The former are called unveiced censonants,
typified by f and p; and the latter voiced consonants, of which »
and b are examples. In general, consonantal sounds are impulsive,
and hence contain transients. The presence of these transient
partials determines, to a great extent, the character of such soundgl, >
The intelligibility of spoken and intoned sounds depends lqnngy
on the carc with which the consonants are vocalized. "\

Through proper training it is possible to acquire inte}ligéﬁt and
skilled control over the vocal organs and therchy smprove the
musical quality of the voice. Howcever, much of the-ge-called vocal
training has little scientific basis. For some unatdatintable reason,
many vocal teachers still rcfuse to make use of hie'scientific facilities
which have in recent years been made,available, and which, if
utilized, would greatly facilitate vocal ingfiction. Technical equip-
ment is now available which, if intelligently and sympathetically
employed, would change vocal tr'a'l'niﬁg from thec present cut-and-
try procedure (0 one based on)well-known scicntific principles,
And such a program of trainifig nced not in any way detract from
the aesthetic and artistic @§pects of vocal music. The reader who
Is interested In voice }s\aining will find it both interesting and
profitable to read astishulating and provocative volume by Messrs.
Stanley and Magfeld entitled “The Voice: Its Production and
Reproductions? I the light of the preceding discussion, Chaps. 2
and 11 of g%“hook just referred to are particularly worth while.
Unfortupzi’tcly many singers are poor musicians. A teacher of vocal
musia\éslioﬁld not only be a thorough musician, but he should also
be thoroughly familiar with the fundamental principles of musical
acoustics. : _

A good voice should have a compass of at least two octaves,
though many who are classified as singers have a lesser pitch range.
The chart shown as Fig. 7-3 indicates the compass of the Sf:‘Vel‘a]-
types of voice: the limits given are for average voices. As 1S the
case with most musical instruments, the vocal organs usual.ly do
not yield the same quality of tone in all registers, but the timbre
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of any given rcgister can be profoundly modified by training and
experience. Figure 13-56 shows the sound spectra of a trained voice
singing a note in three different regisiers. The marked difference
in timbre is obvious.

From time to time efforts have been made to produce vocal
sounds, particularly the vowels, by artificial mcans, the object
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- being to acquire further information bearing on the principles
underly ‘the production of sound by the vocal organs. Among
the méans tried have been tuning forks with associated resonalors
fH‘ﬂthltZ); organ pipes {(Miller); and more recently, oscillating
tibies by the Bell Laboratories. These, and other studies now In
progress, will undoubtedly vield uscful information which should

prove to be valuable in connection with the production of vocal
music.



14 Vibrating Rods and
Plates O

14-1. Longitudinal Vibration of Rods

In concluding our discussion of sonorouds bodies, we shall con-
sider brielly several special cascs which )dre coming to have in-
creasing importance in the ficld of applied acoustics.

Elastic rods may vibrate in scqctél"diﬂ'erent ways. The displace-
ments may be tongitudinal, tra}hé\&?erse, .or torsional. Further, the
rods may he supported in scveral different ways. It will therefore
be cvident that a variety. 6f'\cases present themsclves for considera-
tion. However, only t‘?(io ‘or three of the possible cases have any
present application, i;ﬁhe ficld of music; and we will accordingly
confine our atteniion to those forms of vibration which produce
musically usefubresults.

Before cofigidering these instances, howcver, it may be worth
while tozé};ce at least at one case which at present is chicfly of
- acadgndi¢ interest only. Reference is made to the vibrations of a
rgdhin/which. the periodic displacement of the particles is to-and-
froMn a direction parzﬂlel to the longitudinal axis. Two cases of
this type are: (a) the rod fixed at onc end and free at the other;
and (4) the rod fastened in the middle and free at both ends.
These two cases arc sketched in Fig. 14-1. If a metal or glass rod,
for instance, is rigidly fastened at one end as shown (a) fmd
stroked longitudinally with a resined cloth, it will be thrown into
longitudinal vibration, and will emit a relatively high pitched note.

The fundamental note is accompanied by a retinue of extrcmely
. 235
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high upper partials. The fixed point on the rod is a node and the

free end an antinode. Such a rod obeys the same general law as

does a closed pipe; the partials occur in the order 1, 3, 5, etc. The

frequency is independent of the cross-sectional area so long as this
dimension is small compared to the length.

In the case indicated in Fig,

(a} 14-1b, the rod behaves Acousti-

cally in the same manner as\an

open organ pipe; the ﬁxed?point

is a node, and each 1'1*§:e;zéud’is an

{] ) : .
antinode; hence the“wavelength
is twice the length> ol the red.

Fie. 14-1 The vibrationNof " the rod is ex-

tremely vigorgus; a glass rod will
sometimes be [ractured, breaking up into afgiular segments.

One point should be carefully notqd*“in considering the longi-
tudinal vibrations of rods. It is this: théfrequency of the vibrations
executed by a rod is the same as ghe:frequency of the resulting air
wave, but the wavelength is got. This will be evident from an
examination of a relation \«\j}liéh we have used before. In this case

b3

O
\\.fmd = X’ = fair

Now it is well known that the speed of waves in a solid is not the
same as it is ig.égas; hence the speed term (s5) in the above equation
will have ql\é.}fﬁluc, say, for metal, and quitc another value for air.
Thercfore® X (wavelength) will be different in the two cascs. It
the}:efoxfc‘ follows that

N
\
\ ; h1-::(‘1 — Srad

}\air Sair

This is a useful -relation; because if we know three terms, we can
readily compute the fourth. Advantage is taken of this fact in
determining the speed of sound in various solids. In making such a
determination, use is made of a piece of apparatus first suggested
by Kundt; the setup is shown diagrammatically in Fig. 14-2. A
glass tube 7 held in position by any convenient means contains
some light powdered material such as cork dust. A movable piston
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P closes onc end of the tube. A rod R of the material to be studied
is rigidly clamped at € at its mid-point, By stroking the rod, as
suggested above, it may be made to yield its fundamental note,
The longitudinal vibration of the rod will conimunicate jis periedic
motion to the air within the closed tube. By -adjusting the length
of this air column by means of the movable piston, a length of
tube may be found such that the enclosed air will be in acoustical »
resonance with the sonorous rod. When this condition obtains,
standing waves will be sct up in the air, and the dust particles"“:iﬂ
arrange themsclves in well defined heaps along the tube, in the
same manner as indicated in Scc. 4-5. By finding the average

r £ &Y
s

Fe 142 ¢

distance between the dust heaps, which:éoi‘respond to half wave-
lengths, one can readily compute the~yx}é{velength in air correspond-
ing to the wavelength emitted byQL‘hve' tod. Since the speed of sound
in air is well known, the speed of sound in the solid sample under
test can be easily computed Byvheans of the equation given above.
This test is useful in d e@nining the speed of sound in materials
which are 10 be uscdin the manufacture of musical instruments.

A&

14-2. Tmnsmgé.\']?;ibmtion of Rods

The tran,s&%*'s'c vibration of rods follows laws quite different from
those whiéﬁ obtain in the cases just cited. Several modes of trans-
versgvibration are obviously possible, but therc are only two cases
whichvre of interest from a musical point of view; and the first of
these ig that in which the rod is fastened at one end and free at the
other—sometimes referred to as a fixed-free condition. The case is
sketched in Fig. 14-3. Since rods used in musical and related
devices commonly have a rectangular cross section, we shall con-
sider only that gcometrical form. We have previously dealt Vf’lth
several examples of this type of sonorous body—in the various
classes of reeds in connection with certain musical struments. In
those instances the vibration of the rced or reeds was more or less
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acoustically dominated by the associated resonant air body. In the
cases now to be considercd, the sonorous bedy is to be dealt with
as an independent vibratile agent, though in certain cases it may
be associated with a resonant chamber.

When yielding its fundamental tone, a rod of the type under
consideration vibrates as indicated in Fig. 14-32. Rayleigh® has
shown that the fundamental frequency of a vibrating bar of she

type shown is approximately
(a) (5} el given by the expression (M)

A/ )
i f « \

1
{

S ——
)
7/
&

) where ¢ is thé\thickness parallel
to the dirf:@tfon ol hending, { the
lengtheand £ a constant which in
turn{ Involves the coeilicient of
clasticity of the material of which

J‘;f the rod is made. The thickness at

3% right angles to the direciion of
< vibration is not a factor.

Further, the frequendies of the successive upper partials do not
bear the 1, 3, 5, cte., relation 1o ane another as in the case of the
stopped organ pipewAnsiead, it has been shown by Rayleigh, and
confirmed by t::sip\criment, that the rclative frequencics of the first
five upper partials bear the relations given by the numbers 1,
6.25, 17.?&’4’.4: 56.5, 84, It is thus apparent that the frequency of
the sugcfe;ssive overtones increases very rapidly, and that they are
inhatronic. Because of their high frequency the partials are quite
trapéient.

As is to be cxpected from the above-indicated frequency relations,
the spacing of the nodes is not equal. In the case shown as Fig.
14-36, 1he node is located at a point slightly more than a fifth the
length of the rod from the free cnd. In the third casc illustrated
(¢} the two nodes are positioned approximately one-cighth and
one-half of the length, respectively, from the free end.

The tuning of {ixcd-free reeds is accomplished by scraping off 2
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! Lord Rayleigh, “Theory of Sound,” vol. 1,
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portion of the material. The pitch is raised by scraping off a small
amount near the free cnd. To lower the pitch the reed is scraped
near the base or fixed end. Examples of the usc of fixed-free reeds
are to be found in the reed organ, harmonica, clarinct, saxaphone,
ohoc, and hassoon.

The tuning fork may be thought of as two fixed-free rods at-
tached to a common base. When vibrating at its fundamental fre-
quency, there are two nodes, one on either side of and
close to the peoint of support, as sketched in Fig. 144,
That portion of the fork bctween the two nodes
vibrates in synchronism with the two branches; and
when atlached to a resonant base gives rise to
isochronous vibrations therein, thus increasing the .
intensity of the emitted sound. Immediately aftep.a “
tuning fork is struck or bowed, one or more of its upi)e}
partials can sometimes be heard, particularlyiF'it is
struck at a point where one of the antidodts of a
partial occurs. Such partials are, fortun,attclir, exceed- Fra, 14-4
ingly transient; and hencc a tuniqgofprk becomes a
convenient source of a pure musicabdonc. The relation given above
for the fixed-free bar also givesthe frequency of a tuning fork.

A sccond important mod@\of transverse vibration is that in
which a rod or bar is fre€'at both ends, and in the center. This
situation 1y diagramed T F ig. 14-5. When vibrating at its funda-
mental {requency, suéhda rod has two nodes, each node being 0.224L
N\ from each cnd, as shown in the
sketch. If the bar is supported at
> these two nodal points and struck .
\ le——s] in the middle, the fundamental i8
evoked. The same will be true if
it is held in a vertical position by
supporting it at one of these points. In cases of this type the funda-
mental frequency varies inversely as the square of the length. The
frequency of the fundamental of a rod free at both ends is not the
same as in the case of the same rod fastencd at one end, the former
being higher and in the ratio of 25:4. In the case now being con-
sidered the upper partials are inharmonic, and form a series
corresponding approximately to the numbers 1, 2.76, 5.4, ctc. It

[ — \
02240 Q¥ 02241
p \ v Fig. 14-5
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will thus be noted that the partials in this case bear a differcnt
relation to one another than in the previous case. Though the
overtones do not form an harmonic series, they are not all dissonant,
though some are decidedly so.

One use to which the transverse vibration of bars is put is to
be found in the percussion instrument we know as the xylophone.
This organization consists of a serics of flat strips of metal or wood.
These bars arc usually mounted in a horizontal position ongseft

material t«{hrch touches each bar at appr0x1matf‘ly its two nodal
points, The bars are excited by being struck by a felt- covered or
wood@n ball. In some cases the sonorous bars are associated with
t’ubuIar resonators for the purpose of augmenting the intcnsity of
the emitted sound. Such an assembly is called a marimba. The
compass is three and one-half octaves, extruding from Cs to Fr.
An illustration of the marimba is shown in Fig. 14-6.

Another use of a generator of the frec-bar type is to be found in
the chimes incorporated in argans, clocks, and in some door signals,
usually consisting of tubular ““bars” supported in a vertical position
by means of a cord atiached at one of the nodal points.

One or two metal bars mounted on resonating chambers are
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sometimes used as standards of pitch for use in connection with
archestral tuning.

14-3. Vibration of Plates

Chladni, 1o whose work earlier reference has been made, studied
the vibration of platcs at great length, and it is to him that we owe
the gencral laws which obtain in such cases,

Fz, 14-7. C}ﬂaeli;i'figures showing several modes of vibration Qf abll‘q}l:;g
metallic plagg {From “A Texthook of Physics” by C. A. Culver, publis
by The I\/L;&%{i_llan Company.) -

Ifié\ts’q'uare or round plate of solid mater.ial Z:LS CIaI'DPed at- 1;?
Céntél: and bowed at some point on its edge, it will emlt'a muic !
note which is characterized by a retinue of upper Pa‘"“alsi :eslcof
are largely inharmonic. Such a plate .breaks up mt% }?e mplest
acoustical scgments, as in the case of strlngs and ba{'s. fndamental
mode of vibration, that is, when the plate is giving its :'lres onding
Rate, is that in which there are four segments and. foull;{ﬂ; T}I:e e
nodes, as shown in the upper left diagram of Fl.g' h._ illustration
of Chladni figures, as they are called, shown in € ’
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were made by photographing the pattern made when the surface
of a vibrating metal plate is pardally covered with fine sand; the
sand arranges itself along the radial nodal lincs. By damping the
edge at some peint and bowing at another, various segmental
patterns, and corresponding toncs, may be attained, as shown in
the figure. It is important to note that adjacent scgments are always
moving in opposite directions at any given instant. An oscillograph
of the tonc emitted by the plate used in making the above Chladai

Fic. 14-8. The uppp&ace shows the waveform of a vibrating plate
recorded immediately” after being cxcited. The lower record was made
after the plate hayWeen vibrating for a few scconds. Note the reduction in
the number o/ partials.

pattcrps“.greproduccd in Fig. 14-8. A record of the sound emitted
by ;cl{e"'same ‘plate, taken about a second later, is shown in the
I6Wer of the two wavelorms. Note the marked decrcase in the
intensity of the higher partials,

Chladni’s laws of vibrating plates are: (1) The frequencies of
two plates of likc shape, and showing thc same nodal patterns,
vary as the thickness of the plates. (2) The frequencies of two plates
of the same thickness, and showing the game nodal patterns, vary
inversely as the square of their diameters. The two foregoing statc-
ments may be combined into a single law having the form: If the
plates are similar solids, the frequencies will vary inversely as
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the homologous dimensions. For instance, if one plate, either
- squarc or round, 13 twice as thick and has twice the diamecter of
another, the larger plate will yield a note which is an octave
helow that given by the smaller body. As a matter of fact, this
law holds good not only for solids but also for liquids and gases.
It is, in fact, a general law of sonorous bodics.

While vibrating metallic plates are not used dircctly for the
production of music, such vibratile bodics are widely employed in,
connection with the reproduction and the recording ol musical
sounds: In such devices the plates usually take the form of a fhin
shect or diaphragm. Musical sounds are picked up by son€form
of microphonc and by one of several means converted jnto' corre--
sponding alternating currcnts. 'These in'turn are -amKlCi\ﬁcd and fed
into a loudspeaking system, or are photographicall§recorded on a
cinema film. In most cases the so-called microphone consists of a
diaphragm which is mechanically associatcd.%@?ﬁ an electromagnct
system or @ pressure-sepsitive crystal gigzoelectric) in such a
manner that the variable air pressure Qﬁih@ diaphragm caused by
the sound wave gives rise 1o correspvo,n’ding minute electric currents.
Each such diaphragm has one Or‘r;:ic:i*:é natural periods of vibrations.
I the inherent fundamental périod of a microphone diaphragm
should chance to coincide with one of the [requencies of a complex
incident sound wave, ~th\§1‘t’particular; frequency, because of the
resonance elfect, would" be unduly augmentied by the clectro-
acoustical system ¢@nstituting the sound pickup device. The result
would be that the’reproduction of the incident sound - would be
defective; in @ther words, acoustical distortion would obtain. For
instance, th'c:\cfiaphragm of an ordinary telephone transmi_tter h:as
a natup@ .iﬁr_:riod in the region of 800 cps. In order to _aVOid _’EhlS;
ong/GAtwo means is usually adopted as a remedial measure: Elth.cr
somé¥method is used to damp the diaphragm somewhat at 1ts
natural frequency; or the diaphragm ig stretched so tl‘lat %ts ‘natural
period js very high-—above that of any frequency which is likely to
exist in the incident sound.}

Sound is sometimes received on a piezvelectric crystal without the use of ,a
diaphragm and thereby converted dircctly into an clectric curre.nt. S::e the author’s
text on “Theory and Applications of Electricity and Magnetism,™ p. 232, for a
discussion of the piezoelectric effect,
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14—4. Bells

Plates arc acoustically related to bells, and bear somewhat the
same relation to them as rods do to tuning forks. A bell may be
thought of as bcing derived from a cisk, curved in shape and
loaded in the middle. A cross-sectioned view of a musical bell is
shown in Fig. 14-9. The segmental vibration of beils, in general,
is the samc as in the case of plates; the number of vibratingsseg-
ments is always even, and the fundamental, or ground fone, is
emitted when the bell breaks up acoustically into four\sé@,}nents
The nodes may form both radial and circular lines, {he' lirst run-
ning up and down the bell and the latier aroupd’ %. The first-
mentioned lines are referred o as nodal meridiahs/Zand the second
as nodal ¢igsles. As in the case
of plat(}ﬁ,} adjacent scgments
move\m opposite directions at
any.given instant. Bells are made
Of+a special alloy known as bell
«inetal, containing three to four
™ parts of copper to one part of
tin. The frequencies of bells vary

_ T ix?vcrsc%y as their homologous

Fia. 14-9. Cross sccti\ of a bell . dimensions. It follows, therefore,

that the pitch of bells of the same

shape and mate,\rldl varies inversely as their diameters. It is also

true that thc\pltch of the notcs emitted by bells varies inversely

as the. CI'I{{C. root of their weights—the larger and heavicr the bell,
the lowér ‘the pitch.

1hé art of bellmaking is very old; van der Gheyn (1550) and
_i—{e’mony (1650) were successful in casting bells which have since
served’ as models for later artisans in this field. These craftsmen
did for bellmaking what Amati and Stradivari did for violins. As
a result of his study and experience, Hemony concluded that 2
good bell should have three octave notes, one major, and onc
minor third. It is now fclt that, in order to deveclop a pleasing tone,
a bell should have the partials indicated in the diagram shown in
Fig. 14-10. The minor third is considered to be a particularly
important component, giving to the bell tone its plaintiveness, and
accounting for its appeal quality.
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The pitch of a bell, as heard by the listener, is not determined
by the lowest or hum tone, but by 2 component that is higher in
pitch than the hum tone. This partial appears to be an octave
below the fifth, and, strangely enough, has no objective existence;
it appears to be an aural harmonic.-Notwithstanding the fact that
this subjective partial decrcases in intensity more rapidly than the

hum note, it is the musical com-
Ocrove of strive-noted \

poncnt by which the pitch of a ——t— Snomina)

I is commonly designated. _ ——eriect Bith ¢\
be ‘;1 com y desig d ttinor it LD
Actually there are, in many Fundomentok op Strikenote

cases, a number of high partials :

in a bell tone that are inhar- _E‘"’@”tﬁ@fe

monic. Fortunately, however, Fik. ; 4;10'

most of these are quite transient \

and hence do not seriously detract from th'teiJality of the tone. In
Fig. 14-11 is to be scen the waveform ofsgparticular relatively small
bell. The record begins immediately 4fter the bell was struck. As in
the case of the plate the sound contdins many upper partials. About
two-tenths of a second after jhéf bell is sounded a characteristic

Fic. 14-11. \_f\’avcfonn of a bell.

pulsating tonc is often heard. This vibration in intensity is due to the
" existence of beats, as indicated at the right of the record. The lower
tracing is an enlargement of that portion of the record. Sl_lf:h be’ats
are probably due 1o a slight difference in pitch between the vibrating
segments, due in turn to nonupiformity in mass distribution, The
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late Professor Jones, of Smith College, who made an extensive
study of bell tones, found that immediately after being strack the
fifth partial was the strongest component but that after two or
three seconds the minor third was the dominant overtone.

When bells are cast at the foundry they are made slightly larger
than they will be when (inished. When being tuned the cast bell
is placed on its crown on a revolving tablc. By means of a cutting
tool shavings are cut from the inside until the desired complcme\nt
of partials has been sccured. Removing metal from the rim taises
the pitch. The pitch is lowered by removing some metal at_places
above the rim., O

A group of Bells designed to yield chromatic gntérvals and
arranged to be struck from a keyhoard is known aﬁé'carillon. The
number of bells involved in such an assembly varies from 23 to 72.
Such musical bells are hung ““dead,” and theMarger installations
have a total weight of many tons. The b I5'0f a carillon are tuned
to the equally tempered scale, but.bécause of the inharmonic
relations of some of the partials only e limited number of chords
are feasible. Usually only the n}tf.{ldﬂy is played. With the larger
installations, however, a melody" ean he played on the larger bells
while an accompaniment gan be executed on the smaller units.
Much rusical knoi-vledg(g and mechanical skill are required to
produce satisfying rL‘Rlifts.’ Ome who plays such a set of musical
bells is known as agearillonneur,

It is now pqss{blé to duplicate the sound of carillon bells by
el'cctroacoustigﬂfl' means, and thus avoid the necessity for the strong
towers nc%{i}i'w support the traditional carillon installation. The
cost of af installation of this type is also substantially less than for
the cast-bell type of assembly. This newer method of producing
b{’ﬂ‘a)'ﬂie tones will be described in the following chapter.

14-5. Drums

Another musical application which involves certain of the prin-
ciples connected with vibrating plates is that of drums. Ilere we
arc dealing with membranes, usually circular in shape, and often
associated with a resonant air body.

The use of drums dates back to the dawn of history—probably
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hefore, and the use of this type of percussion instrument is common
to all peoples. Modern drums f(all into two groups: (1) those
designed 10 produce sounds of definite pitch and timbre such as
the kettledrum uged in the orchestra; and (2) those which have
no definite pitch, and which are used for marking rhythm or for
the production of ccrtain special eflects.

The kettledrums or timpani (Fig. 14-12)
may properly be classified as musical instru-
ments. In construction they consist of a hol-
low hemispberical body of metal over the
open end of which is stretched an animal
membrane, this vibratile member being
under tension. By means of a number of
screws arranged around the edge, the ten-
sion can be adjusted and the pitch thereby
controlled for a range of approximately a
fifth. The kettledrum cmits a musical nege\\
of definite pitch. An oscillographic record'ef | : :
this sound is given in Fig. 14-14° A Fi.14-12. Ketiedrum,
strctched membrane vibrating aldne gives '
rise to certain upper partials whigh succeed each other at very close
intervals-—in some cases less#han a semitone. When, however, such
a membrane is associated(With a suitable resonant cavity, such as
is the casc in the dr"qm\\J\lst mentioned, the tone color is greatly

\Y

Fia. 14-13. Waveform of kettledrum. Note change of phase.

modified, and we have a timbre which has the characteristics
shown in the illustration. Threc kettledrums are now commonly
employed in orchestral work. One is tuned to the tonic .Of the key;
another to the subdominant; and the third to the dominant. The
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smallest drum has a range extending from Bsb to Ty: the compass
of the largest extends from I to Cs.

Solos for timpani appear frequently in symphonic compositions,
as in Rimsky-Korsakov’s Russian Easter.

As indicated above, the bass and snare drums do not emit a
dcfinite pitch; neither do they present a definite tone quality. They

will therefore not be considered further.
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15-1. Electronic Cartllon Systems AN

It is possible to produce carillon officets by electroacoustical
means. One method of attaining this‘cid makes use of the chimes
that commonly form part of chureliergans. The sound from these
chimes can be picked up by a suifable microphone, amplified, and
radiated from a group of §tcfl?ﬁbrs (loudspeakers) installed in the
tower of the church. The(sound from such a towcr-chime system
partakes of the nature efibell tones, and is found to be quite pleasing.
However, in order tc&ccure satisfactory results from such a tower-
chime installationyit'is important that the following general speci-
fications be fo 'ti\:fcd:

1. The organ chimes should be of the highest quality.

2. The’%ﬁime assembly should be housed in a room that is
thermggtatically and acousticaily controlled.

B The microphone should be a high-grade unit of the electro-
CE‘nz;lmic type, and properly positioncd with respcet to the chime
assembly.

4. The amplifier should be free from distortion effccts when
Operated at its rated capacity of 100 watts. :

5. The four stentors should be of the rcentrant horn type, and
each should be capable of handling 25 watis without distortion.

6. The horns should be mounted at a suitable height.

Another substitute for the conventional carillon bell ass
249

cmbly
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makes use of a serics of slender bars fastened at one end, as sketcheg
in Fig. 15~1. A scries of such free-fixed rods of suitable lengths is
rigidly fastened to a heavy base and so arranged that they may be
excited by means of an electromagnetic striking mechznism which
in turn is controlled by the keys of a special or a standard console,
Such rods yield a fundamental and several uppcer partials. One or
more electrostatic or magnet pickup devices are supported very
near each tone rod. When a given rod vibrates, a minuie electrftal

N
¢\

\§
E{egrmsmﬁc ’
N pickups ) \\:
. 3 S&pecker
8

Amplion/

*
~

Electoodoyne!

i

Frc. 15-1. Sketchghgwing cssential components of one form of electronie-
bell assembly. N
&

N |
currentyls ‘developed in the pickup unit and this smali current 18
amp}ii:ﬁed electrically and in turn fed into suitable loudspeakers.
By\céreful design of the tone bars and the position of the pickups,
those harmonics which are characteristic of cast bells may thus be
made available.

Electrocarillon bell assemblies, such as the one last described,
are commercially available. They give musical results that are com-
parable with those secured from the conventional carilion installa-
tions. The cost of either of the types ahove mentioned is only 2
fraction of the expense that is involved in providing a cast-bell
asscmbly.,

7o bartery supply
and consofe key
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15-2. Electronic Organs

During the past few years several attempts have been made to
devclop an instrument that would simulate the tones of a conven-
tional pipe organ, and scveral designers have attained a consider-
able measure of success.

‘Two different lines of attack have been followed in attempting
to solve this problem by electronic means. The first method involves
the direct synthesis (Scc. 8-6) of a given tone color. The gynihbsis
of any sound may be accomplished by gencrating sinusoidgl\'é‘ieﬁtric
currents and then mixing such clemental components in, the proper
proportions to produce the de-
sired complex wavcform.

A second method of approach
is based on the production of
an clectrical current containing
a multitude of frequencics and
then, by means of an elcctrical
filter system, attenuating or em-
phasizing various components Ln,
such a way that the Tes‘%!mﬁt Fro. 15-2. (Hammond Instrument
waveform  corrcsponds 1\ that (5
of the desired soun@d{ ¥ was
pointed out in Sec/8~4 that any sound may bc analyzed into its
components. Orglah tones have becn so analyzed: Knowing the
sound spectrun\:ef a given organ tone it is possible, by either of the
above met d@}é‘,’ to duplicate the tone of such a pipe. Theoretically
the casc ds'\quite simple, but to combine the various synthesized
tonalit@és’ﬁ:hat enter into an organ chord involves rather complicated

networks.

c}"crring 1o the first method mentioned it may be said that there
arc several mcans whereby simple sinusoidal currents may be
gencrated. One procedure makes usc of what, in electrical parlance,
is known as an inductor type of a-¢ generator. The esscntial parts
of a gencrator of this type are depicted in Tig. 15-2. The uuit
consists of a small permancnt magnet about one end of which are
wound a few turns of wire, as shown. In front of onc end of this
magnet there is caused to revolve at constant angular speed a
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small disk of soft iron about 1 in. in diameter. The periphery of
this fnductor disk has a wavelike conlour of definite form. As the
disk revolves, being of magnctic material, the irregular edge causes
the strength of the permanent magnet to change in valuc; and this
change in magnctism will conform to the waveform described by
the periphery of the rotating disk. By proper design a periodic
change in magnetism closely resembling a sine wave can be secured.
‘This cyclic change in the strength of the magnetism will indueg ih
the associated winding a minute electric current. This feebléyélec-
tric alternating current, then, becomes one of the winety-odd
similar sources of energy from which any given muslcél tone is
synthesized. The angular speed of the inductor chsl-. and the number
of sinusoidal projections on its edge, togcther, datermine the [re-
quency which that particular unit will generate! By having avail-
able a group of such gencrators, and by, /theé use of appropriate
auxiliary circuits, it is possible to miX fxc output from several
generators in the proper proportion to produce an electrical replica
of the desired tone. This weak cqmiil’cx clectric current is fed into
an amplifier which in turn actgﬁté‘s some form of transducer, thus
converting the clectrical outpitinto sound.

Some comprchension oféthe complexity of the electrical circuits
involved in the prod s’fxﬂ}l of synthetic music may be gathcred
from an examinatign of the diagrammatic sketch shown in Fig.
15-3. The diagraf;is intended to represent a very small part of
the possible electrical civcuits (very much simplified) of an “elec-
tronic” orgdily “The circles at the left (with curved lines enclosed)
rcpresentél\serie‘; of clectrical generators, each such generator being
arrang\ed to develop a minute electrical current of definite and
fig€d) frequency, as indicated by the adjacent note letters. Scveral
toni€s and one full octave arc sketched. Commonly there are 90
such generators, thus providing for a fundamental and the first
seven upper partials. It is the judgment of the designers of such
instruments that the absence of overtones above the seventh will
not seriously impair the quality of the desired tone.

Suppose it is desired to producc a diapason tonc whose funda-
mental is Cp, as shown. By means of the diapason stop connections
are made to the generators indicated, and appropriate amounts of
the 2d, 3d, and 4th harmonics (in the form of minute clectric al
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currents) are combined into a complex electrical waveform char-
acteristic of the diapason tone. When the player depresses the key
K,, this complex electrical current is passed to a suitable ampiifier
and thence to a loudspeaker, where the electrical current is con-
verted into sound.

Suppose that the organist desires, say, to play the octave (Cs)
on the flute stop at the same time that he is sounding the diapason
Ci. In order to do this he presses key Ks. The flute stop is connected
to generator Cy as a fundamental and also, for instance, to*( as

O\
e\

Ez @ Ligpasarn

Mixiag v Power
omplifer  amplifier  Reproducer
TR

Ca . i” 3
Fig. 15-3. Schematig, d\lh\gram of one form of circuit utilized for the pur-

pose of synthesizingy musical sounds.
. A\ X .

=

the first uppd partial (second harmonic). Tt will he noted that
gencrator%'may serve ag the fundamental of the flute stop and
also as, the third overtone of the diapason. This process of causing
any @ven generator fo function as a fundamental of one stop a.nd
@.ah upper partial of another is known as “borrowing.” The closing
of K, simultancously with K, will cause electric current from the
diapason and the flute stop to be fed to the mixing amplifier at
the same time, with the result that one will hear both complex
tones from the loudspeaker simultanecusly, as would be the case
on the conventional organ. There is a basic difference, however; in
the standard organ the sound which we hear is generated as sound
by the pipes; in the synthesizing instrument electrical impulses are
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generated which in turn are converted into sound by means of
thermionic tubes and the associated electromechanical organization.
Because clectronic tubes are sometimes used In gencrating the
minute electrical current needed, and alse in the conversion of
such periodic electric currents into sound, such assemblies are re-
ferred to as clectronic instruments. A complete organ would involve
from 20 to 35 stops and possibly two or more manuals. With this in
mind, it will be apparent that the electrical organization neccssary
in order to producc music by the process of synthesis is of a highly
complex nature, O’

In a second method of producing organ tones syntbéﬁtjcally, use
is made of an electrostatic generator. In Sec. 8~6 a‘Brict reference
was made to the electrostatic generator [or the de's?i'én of which the
author is more or less responsible. Dr. Floyd ANFirestone has also
designed an electrostatic generator that ma&&)c‘ utilized for tone
synthesis. \ x\

An electrical condenser consists of atMéast two parallel conduct-
ing platcs, usually metal, separ‘atﬁ@i’:by a very small intervening
space of nonconducting matcrial.,}’s‘tif:h as air, mica, or waxcd paper.
We say that a pair of such gonductors has capacitance—-the ability
to store clectrons. If and ien the plates of a condenser are first
connected to a source f{éléctrical potential difference, such as the
terminals of a dry cell, there will be a rush of electrons from the
battery to the plafés of the condenser—the plates become clec-
trically ckarged.gTh'is movercnt of elecirons constitutes o momen-
tary pulse QQ@:‘(’:tric current. When a given potential difference is
impresscd Qnthe plates the magnitude of the charge acquired by
" the co.ngi‘éi'lscr will depend upon the amount of the overlapping
pla{i‘éﬂ’éa, that is, upon the capacitance of the condenser system.

If '6ne of the plates of the condenser has a particular shape, and
the other plate is caused to move parallel (o the first member, the
capacitance will vary in valuc as the overlapping arca changes. If,
for instance, we have a metal plate P; having the shape shown in
Fig. 154, and if we cause another plate, shaped as P, (o rotate
very near to and parallel with Py, the capacitance of the syster
will vary in a manner determined by the shape of the rotating
plate. Under such circumstances the charging current will vary in
a corresponding manner. If the rotating plate (the rotor) is prop-

\
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erly shaped, the capacitance will vary sinusoidally as the rotating
member moves, and the charging current will have the same wave-
form. The Irequency of the current variations will depend upon the
angular speed of the rotor and also upon the number of scctors that
" make up the rotor and the stator.,
[f the varying current is caused
to pass through a resistor (R in
[ig. 15—-3) the potential difference
developed at the terminals of R
becomes a source of pulsating
electrical  energy. The small
amount of cnergy thus made 29
available may be amplified by i, 15-4, Staté’r}\ and rotor clec-
means of a suitable electrical trodes of eleeledstatic generator.
network, as indicaied in the dia- ':1\\' '

gram shown in Fig. 15-5. Figure 15-6 shows the actual wavcform
of such an clectrostatic generator. Thus we have an elemental
generator that will perform the samé-finction as the inductor type
of generator previously described.Jn Fig. 15-5, Gy and G, represent
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F IG.\15—5. Circuit diagram showing a group ol electrostatic generators
and associated amplifier connection.

a nurnber of such electrostatic generators, the outputs of which may
be fed into the amplifier, and thus build up a given tone color.

It may be added, in passing, that the sectors of the stator of an
electrostatic generator may be so shaped that wavcforms other than
sinusoidal may be developed. The leading British electronic organ
makes use of electrostatic gencrators having specially shaped stator
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plates. The largest model of the British instrument is a three-manual

asscmbly incorporating 93 stops.

Elemental sinusoidal waveforms may also be generated by means
of electronic tubes. A tube, such as those found in any radio

*

Fia. 15-6. Basic waveform produeéd by the synthephone.

receiving set, will, if connectedtinto a suitable electrical network,

function as a gencrator of@inusoidal currents. Such a circuit is

sketched in Fig. 15-7. (F(')'r\.\a detailed discussion of tube oscillators
&

Fis. 15-7. Schematic diagram of
tube-generator network.

sce the author’s text entitled
“Theory and Applications of
Electricity and Magnctism,” p.
524.) A group of such generators
can be incorporated in the organi-
zation shown in Fig. 15-3, and an
clectronic organ developed on
that basis. Such an asscmbly has
the advantage that there are no
mcchanically moving parts.
From the foregoing outline it
is evident that there arc at least

three methods whercby sinusoidal currents may be generated for
use in connection with the synthesis of musical sounds.

We next proceed to examine what might be considered to be a
selective method of developing the desired waveform. In our study
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of the generation of violin tones (Sec. 11-1) it was noted that a
saw-toothed type of oscillation is always madc up of a large number
of sinusoidal components. With a generator of this gencral type
available it would be possible, through the aid of filters, to select
a group of partials that correspond to a particular musical tone.
Therc are at least two methods that may be followed in developing
a saw-toothed wave for usc in the domain of ¢lectroacoustics. One
method utilizes the electrical oscillations that may be produced-by
an clectron tube. Above it was pointed out that such a tubg could
be made 1o develop a sinusoidal wave output. It is also 'I'r’ué‘ that
a tube of this character may be caused to yield an outpdt whose
waveform is of the saw-toathed shape. Then by utlhzulg a filtering
process the desired waveform
may be made available for use in % emaiter
an organ of thé electronic type.
Scveral of the clectronic organs
now on the market are constructed 2\
on this principle. \
One well-known electronic organ makes use of a vibrating reed
to secure the desired compgslge waveform. It will be rccalled
that the reed of a clarinetnJor instance, develops, when sounded
alone, a large group, Bf partials. One manufacturcr makes
use of wind-blown N{Kta]hc reeds, similar to those used in the
Amecrican reed organ, as one mcmber of a variable condenser.
Now the capacitafice of a condenser depends not only on the size
of the plates,/aspreviously indicated, but also on the distance be-
tween the\#wp plates, and it is this factor that is made variable in
the case ©f the reed generator. A diagrammatic sketch showing the
cssent'kail’s} of such a reed generator is to be seen in Fig. 15-8. The
vibrating rced V forms one platc of the condenser, and the small
mcYal plate P the other component. These two condcnser elce-
trodes are charged by means of a battery of 100 to 300 volts. As
the electrostatic capacitance of the condenser, formed by ¥ and
P, changes, owing to the vibration of the reed, the varying charging
current will flow through the resistor R; which in turn will establish
a varying potential difference between the terminals of that resistor.
Thus the resistor becomes a source of alternating electrical energy,
as in the case of the electrostatic condenser previously described.

Fio. 15-8
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By proper design of the reed and the other associated components,
this reed type of clectrostatic generator will develop an electrical
output that is rich in harmonics. The sound of the reced is not
utilized in any way; indeed, it is suppressed. Again by utilizing.the
principle of electrical filtering the desired form is secured, and in
turn transformed into sound of the desired timbre, by the methods
previously described. The instrument makes use of a series of such
reed gencrators each of which develops a particular wavelorm when
associated with a suitable electrical filter. It is to be noted thanthis
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Tic. 15-9. Comparison oﬁ}n\certain note when sounded on a particular
electronic organ with, tedame note when played on a conventional organ.

instrument, ard@he one employing a multiple-frequency tube
gencratar, c!pés'ﬁot utilize the principle of synthesis.

Markex advances are being made in the design and construction
of elecgrpr\ﬂc organs, but it is probable that this type of instrument
will péver completely displace the traditional pipe organ. However,
t{%\néw type of organ is coming into wide use, owing in part at least
to its comparatively low cost. The spectrum of one tone on onc of
the well-known electronic organs is shown in Fig, 15-9. In the same
illustration is also to be seen the corresponding tone spectrum of
onc of the better pipe organs. Note the difference in the harmonic
content. It is of course possible to make the clectronic instrument
have exactly the same harmonic content as the conventional organ,
if so desired.

T'or a detailed technical discussion of electronic organs the reader
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is referred 10 a recent hook cntitled “F lectronic Musical Instru-
ments” by Richard H. Dorl, and published by Radio Magazincs,
Inc., Mineola, N.Y. :

15-3. Electronic Piano

Various atternpts have been made to develop a piano in which
the sounding board, which functions as a mechanical amplifier,
would be replaced by an electrical amplifier. Theoretically such a\
substitution 1s possible, but in practice a number of d1ﬂicqlacs
present themselves. O

It is, for instance, theoretically possible to synthesize a,plano tone
as is donc In the elcctronic organs first described abave Such a
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hypothetical instrument would. not mvolve the usual strings or
sounding board. Howevery{&uch an approach to the problem
would, in the final analy slsﬁ'leccsmtdtc an asscmbly that would be
as large as, if not Iargcr}‘h\atn the ordinary piano, and the cost would
probably be comparAble.

It has been sugéested that it would be possible to make use of an
electromcchap.'kc%l"sctup somewhat likc the arrangement shown in
Fig. 15-10. A¢eording to such a plan S represents a string (or group
of strings).gorresponding to some particular note on the piano. The
usual K&y' and felt-covered hammer arc indicated by X and H,
respectivcly. Placed near to the string, at an appropriate point
in its length, would be a small metal plate P. The steel string and the
plate would act as the two clements of an clectrical condenscr, and
the rest of the story would be the same as that outlined in the case of
the elcctronic carillon (Sec. 15-1). Of course an electromagnetic
pickup could be substituted for the electrostatic unit. But there 1s
one serious difficulty connected with such a suggested layout. The
vibrations of a piano string are complex, consisting of the funda-
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mental and a varying group of upper partials. Tests made by the
author show that the waveflorm “picked up” at various points along
such a string differs appreciably in character. Evidently, several
pickups would be required for each string if one werc to capture
the true tone picture of the string, and, further, the phase relations
between the output of the several pickups would present an addi-
tional problem. Obviously the problem of developing an clectronic
ptano is a complcx one, but the difficulties are not 1nsupcra’gle In
time such an instrument may be developed.
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16 Recording and RS
Reproduction of M oxy

16-1. Phonographic Recording \\\

Tn view of the fact that musical recordings are widely used, it will
be in order to examine, briefly, thé more common methods of
making recordings, and the prqgeé:ées by which such records arc
reconverted into sound. N '

The cldest type of recordidy, is that which we know as the phono-
graph record. As origin;xil'ly\devclopcd by Edison, the record con-
sisted of indentations thade in a shect of tin foil wrapped around a

|

il

10 An00ants

I

(a) ®)

\V; Fie. 16-1

cylinder. The original recording mechanism was simple. It con-
sisted of a grooved cylinder mounted on an axis the protruding ends
of which werc threaded, as sketched in Fig. 16-1a. Tt will be evident
that by mounting thc cylinder as ¢hown, it could be rotated and
moved forward simultaneously. A thin diaphragm carrying a stylus,
mounted at one end of a horn (Fig. 16-1 b)), was supported in sucha
position that its frec point touched the surface of the metal foil above

the groove on the surface of the cylinder. The varying pressure of the
' 261
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sound waves entering the horn caused the diaphragm to vibrate,
and in so doing produced radial indcntations in the foil. If, then,
the motion were rctraced, the needle, following the groove origi-
nally made, would cause the diaphragm to vibrate, thercby
reproducing the original sound. Later a wax surlace was substi-
tuted for the metal foil, with improved results.

The next improvement in sound recording consisted  im the
introduction of a flat disk made of moderatcly soft mageridl in
which a sound track was formed by m‘m‘ns of a
laterally displaced cutting stylus, theldisk being
rotated by means of a spring-drivén motor. The
o % v.ibratile member D (Fig, 10%2) usually con-
sisted of a thin disk ofsmica. Mechanically
articulating with this wasa lever, L, thc lower
772 end of which was $haped in the form of a
cutting edge. As sound waves actuated the dia-
phragm the regording end of the lever cut a
wavy groove Sxt the soft matcrial composing the
disk. Anj:'él'ectrotype copy of this original
R ¥ recording was then made, and this became the

Fia. 16-2 “master” record; from it large numbers of
replicas were stamped.

The “‘playback?®ywas accomplished by replacing the cutting
tool by 2 needlewhich, when it followed the wavy groove, actuated
the vibratile member, thus reproducing the original sound. This
arrangeme\nt was a decided improvement over previous methods,
thoughithe frequency limits were rather narrow and the mechanics
of the rcproducmg system resulted in relatively rapid wearing of
therecord. Neverthelcss, recordings of some of the great singers of
the time were made by means of this type of equipment.

‘The wholly mechanical method described above has, in recent
ycars, been succeeded by an electrical method. This improvement
consists in actuating the cutting stylus by means of a small electro-
magnct, as shown in Fig. 16-34. A microphone, M, serves 1o con-
vert the cnergy of the sound waves into a weak variable electrical
current. This current is an electrical replica of the original sound
waves. The small current thus gencrated is amplified by mcans of
electronic tubes. The amplified current thus reproduced, when

70 horn ==
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passed through the winding of the electromagnet W, results in a
magnetic field which varies in intensity in conformity with the out-
put of the amplifier, 4. The varying magnectic field causes the soft
iron disk, D), to be attracted, in varying dcgree, to the polc of the
electromagnet. This, in turn, actuates the pivoted cutting stylus, L
as indicated in the sketch.

The method of reproduction comsists in reversing the fore-
going process, as diagramed in Fig. 16-35. A playback necdfe "
follows the groove, thereby causing the iron disk, D, to ,frpve
harmonically toward and away from the pole of the electrofiiggnet.
This in turn results in the development of a small variable: f:lectrlcal

currcnt in the winding. (Such a reproducing assembly/i i wknown as a
~\

El

W

e =1 E& 1)

7

o} {0)
Fig. 16-3. Diagrammatic sketch of magnctlc recording and reproducing
assemblies, O

magnetic pickup.) The imute current developed by the pickup
device 13 strengthened b{&m’eans of the amplifier, A. The amplified
current, in turn, serves to actuate the loudspeaker, .

A so-called crystal plckup is sometimes employed. In this
unit the upper eri,d f the pivoted needle is in contact with a certain
type of crystal w 1ch when subjected to a variable pressure, de-
velops a coh:éspondmg electrical potential (piezoelectric effect).
This varrablc potcnnal establishes an alternating current which in
turn.dgt a}nphﬁcd as in the case of the magnetic unit.

Wibile the electromechanical technique isa decided improvement
over the older mechanical method of recording and reproducing,
it has rather distinct frequency and other limitations. Owing to the
mechanical structure of the cutting and rcproducing heads it is not
possible, by the process above described, to record faithfully below
100 or above approximately 6000 cps. Further, the relative in-
tensity of all harmonics is not maintained, and this means that reat

high fidclity is not possible.
A second limitation has to do with dynamic range. If the sound
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being recorded is loud the amplitude of swing of the cutting stylus
will cut into the preceding groove. This can be avoided by increas-
ing the spacing between grooves, but to do so decreases the amount
of recording that can be made on a single disk. One remedy, some-
times applied in such cases, consists in cutting down the amplifica-
tion of the louder passages when recording and then making use of 2
playback amplifier so designed that it will restore ihe louder
passages to their original relative sound level. The so-calléd ang-
playing recordings have, to some extent, remedied théyabove-
mentioned limitations, but therc is much still to be dwn\td ‘when it
comes to fidelity. ~\

7
 {

<
16-2. Wire and Tape Recording Qo
In recent years an entirely different rem\t’dmg and rcproducing
procedure has come into relatively widgwse. This technique involves
a somewhat different principle than the methods above described.
Many years ago V. Poulsen, a Daﬁlsh scientist, developed a method
by which sound waves could be.made to produce a magnctic record
on a moving steel wire. The: &Ssentials of the Poulsen assembly are
sketched in Fig. 16-4. Byrutans of a suitable driving mechanism, a
thin stcel wire or tape,\W was causcd to unwind from one spool onto
another. The recording head, H,

oY a8 o '['f’ consisted of a pointed permanent

A S N X
: AW, w magnet surrounded by a winding
s ;"\’,*f , which was connected in scries
.s'\\;y ® ) with a battery, B, and a micro-

Fia., .\'16;—4. Essentials of wire- p_h onc, M. As Sou{]d waves H}I:_
@@rding assembly. plngef:l upon ‘thc microphone ¢ e

resulting variable current modi-
ficd the strength of the magnetic ficld, therchy giving rise to arcas of
varying magnetic intensity in the moving steel wire. Thus there

was produced a p(,rmancnt magnetic record of the incident sound
waves.

In order o reconvert this magnctic recording into sound waves
the microphone and the local battery were replaced by a telephone
recéiver. If now the wirc is wound back to the heginning of the
record and again caused to move forward in the original direction at
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its original spc‘ed. the m.agnctic “spots” in the wire will produce, by
electromagnetic induction, a varying current in the winding of the
electromagnet, H; and this current, acting 'through the ageney of
the telephone receiver, will reproduce the criginal sound.
Poulsen’s apparatus was originated long before amplificrs were
known. In the modern wire recorder the original microphone cur-
rent is amplificd, as is also the reproduced current; and the head
receiver 18 replaced by a loudspeaker. The wire travels at a rate ¢i\
3 to 15 in./scc, and a spool may carry enough wire for a sixty-
minute recording. PR N,
The above-mentioned wire-recording procedure has, recently
been more or less replaced by a mcthod that makes useOf.a so-called
magnetic tape. Such a tape is made of paper or, so‘iqﬁ':’plastic ma-
terial, is about 1{ in. (6 mm) wide, and on on&ppts sides therc is
deposited a very thin layer of finely divided maagnetic material. The
gencral principles involved in the use of such ¥'magnetic tape in the
recording and reproducing processes are,the same as in the wire-
recording system. Magnetic sound wecords may be stored for a
considerable period of time. If dc;siil?éd, a record may be crased by
passing the wire or tape througha magnetic field, thus making it
possible to use the same medium repeatedly. The tape is more con-
venicnt to use rncchanic,aﬁy}than the wire, and its acoustical char-
acteristics are somewhat better. The development of the modern

tape rccorder constifutes a remarkable cngineering achievement.
N\ <
N
16-3. Mz'a'\@;}{mne_g
In ordéjx:“ }0 make a record of sound waves some means must be
availaBie’ whereby the harmonically varying pressure of sou-nd
widveg may be converted into a varying electric current. A device
that serves to bring about encrgy transformations from one form to
another s known as a transducer; a microphonc is an agent of
this nature. . :
So far as our purpose is concerned the term
misnomer. Strictly speaking, a microphone, as
telephone communication, applies 1o a device in
components congist of a small quantity of granular carbon held
between two polished carbon plates. Carbon has a property by

mjcrophone'-is a
used in ordinary
which the active
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virtue of which its resistance to the passage of the elcetric current
changes with the pressurc to which it is subjected. This is spoken of
as microphone action. While such a device is quite satisfactory for
ordinary telcphone use, and as a component in mobile radio units,
it 18 not suited to scrve as a transducer in connection with sound-
recording and sound-amplifying systems—it 1s more or less noisy
and its frequency limits are rather narrow. Because it was the first
device used as a sound transducer, the term microphone jsghow
commonly applied to any device that is capable of tranglorming
the encrgy of sound waves mtb glCCtl"l-
cal cnergy. \

There are, in general, iwo types of
modern sound traqxluc ers  (micro-
phones): One is aetdated by the pres-
sure of Sounc!Q\{alvcs, while the other
responds 1o fthe particle velocity due
to the pagsage of the sound waves
throughy, the air. The former is desig-
na.t.(;d' as a pressure microphone and
the latter as a velocity microphone.

{\T'he original carbon unit is a pressure-
actuated device. Theregare, as we shall sec, two forms of the pres-
sure-type units. N\

We have previgudly referred to the fact that certain crystalline
substances will\#when subjected to pressure, develop an electrical
potential dlﬁ'éﬁnct, between diffcrent parts of the crystailine struc-
turc—thc\ﬁlczoelectrlc effect. A widely used type of sound pickup
{(microphene) makes use of this unique property possessed by certain
crystals! Rochelle salt exhibits this property to a marked degree, and
ié\kvi:d"ely utilized as a sound responsive agent in what arc commonly
known as crystal microphones. Figure 16-5 shows the essential
components of a crystal pickup. A diaphragm is mechanically
articulated with onc surfacc of a suitably mounted rochelle salt
crystal, as shown. Electrical conncctions are made to (wo points
on the crystal, and these connections feed into an amplifier, The
pressure of sound waves as they impinge on the diaphragm causes it
to vibrate and exert a varying pressurc on the sensitive crystal.
The output from the crystal will be an electrical replica of the

Fia. 16-5. Lissentials of crys-
tal microphone,
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sound-wave pressure. Crystal microphones arc simple devices,
and hence relatively inexpensive. They are used in many low priced
public-address systems. However, this type of pickup has certain
inherent mechanical and frequency limitations that make it un-
suitable for high-grade recording and public-address work.

Another pressure-operated unit, known as an electrodynamic
microphone, is a superior type of sound transducer.

A well-known principle in elementary physics states that if and
when a closed clectrical conductor is caused to move in a magnetc
field, an electric current will be set up in the moving condugter’y—an

induced current is established in Mognei~g . &
( N1

the wirc. :

This principle is utilized in the ! R4
design of this type of transducer. I A0 | -
Referring to the sketch shown in D{bpﬁrggm-{—. W"’“/__- S
Tig. 166, we see a permanent ‘, ,...f-
magnct, a soft iron core, and a SC’ﬁfflﬂﬁ oo e ||
coil of wire [ree to move in the N coff
space bctween the poles of the W '

magnet and the iron core. Thist
voice coil, asitis called, is mechan-
ically attached to the diglgliragm.
Wires lead from thé dérminals of the voice-coil winding to an
amplifier. The vibration of the diaphragm, caused by the inci-
dent sound wayésy Tesults in a periodic motion of the voice c_oil
in the magneﬁ{i Hield, Thus the encrgy of the sound waves s trans-
formed int§ lectrical encrgy, which, when properly amplified,
will scn{e'\no“actuatc a recording head or 2 loudspcaker. When the
unit‘is\'i)i:bpcrly designed the clectrical output of sucha transducelj is
alreplica of the sound input, and it will respond to frequencies
;éwcen 40 and 12,000 cps. The frequency response is, however, not
flat (free from peaks). This is evident from an examination of the
response curve (Fig. 16-7) of one of the better units of this type.

A diagram of a velocity microphone is shown in Fig. 16-8.
In this assembly the voice coil of the previously described type of
unit is replaced by a metallic ribbon supported, under light tcns_ion‘,
betwcen the poles of a permanent magnet. This ribbon is caused to
move by the difference in sound pressure on its two flat sides. This

Fic. 16-6. Essentials of dynamic
microphone.
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member. If the natural frequency of the diaphragm should chance
to fall within the range of [requencies being uscd, resonance effects
would tend to distort the response. Various constructional measures
are employed to minimize such cffeets.
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F1e. 16-11. Response curve of condenser micrgphonc under the following
conditions: A, with grille in place, soungd\lmcidence perpendicular to
diaphragm; B, with grille, incidence para‘l]el €, without grille. Note
that the best response occurs when sound waves are moving parallel to
the face of the microphone. Com.parc these response curves with that
shown in Fig. 16-7. {Graphs rcproduccd by permission of the Kellogg
Switchboard and Supply Co{.ﬁ)’\
,\’\ s

16-4. Amplifiers <

If high-fideljtf recording and sound amplification is to be
secured there{i§*hceded, in addition to a first class microphone, an
amplifying(8y tcm whose electrical output will be identical in wave-
form tg \thé:tt which is passed into the unit. The term *“high fidelity”
megfis just that, but there arc few commercial amplifiers that
can%)e depended upon to meet such a specification. It is beyond the
scope of this volume to enter into a detailed discussion of amplifier
design. It must suffice to point out certain criteria that should guide
one in the sclection or construction of a high-grade amplifying
assembly. These criteria are:

1. The amplificr should have a rated output at least 50 per cent
greater than will probably be required. This is because most
amplifiers show serious distortions when operated at their rated
output. Never overload an amplifier.
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2. The amplifier should be absolutely free from hum or other
background noise. This is difficult, if not impossible, to attain unless
the“power pack™is constructed as a separate unit. Another factor in
securing quict operation is to employ a low-impedance microphone
{or phonograph pickup) and a low-impedance well-shiclded input
transforroer.

3. The last two stages of the assembly should be of the push-pull
type, and (ransformer coupled. Q
4. High-gradce audio transformers should be used througl:l,glkt.

5. A test should be run to determine whether distortion igsesént,
Such a test can be carried out by feeding into the ampl@fx\ér a sine
or a square wave and examining the output wavefoxtn by means
of an oscilloscope when the amplifier is connegtel fo its normal
load. A further test of fidelity consists in activating the amplifier
at various frequencics by means of an auglig}\\c)écillator and noting
the voltage at the output terminals undet\Idad conditions. Tech-
nically speaking, a good amplifier should not show a frequency
deviation of more than +0.5 db fremn'30 to 15,000 cps; not more
than 1 per cent harmonic distortith at full load; and intermodula-
tion not to exceed 1 per cent af full output. _

Any trustworthy dealepir amplifiers should be able to state
whether the unit compli€gwith the above-listed specifications, and
should be equipped carry out the tests above suggested, In

support of his claimis/
A\

N

16-5, Lou{f\&ﬁe&kem

Assu;ﬁijng that one has a reasonably good reproducing head, or
miuép\flbnc, and a correspondingly satisfactory amplifter, there
stif_femains one other possible cause of defective response. We
refer 1o the transducer commonly known as a loudspeaker—the
unit that serves to reconvert the electric current into sound \:'\ravc:s.1

A loudspcaker is essentially the same as an clectrodynamic type
of microphone, but operating in the reverse order.. In tl}c case f)f
the loudspeaker both the diaphragm and the voice coil are, in

tThe remarks that follow regarding the performance of loudspeakers apply
also to the performance of transducers that form a part of radio sets apd sound

-equipment in general,
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general, larger than those to be found in the microphone. But the
basic principle of operation is the same. In the microphone, sound
waves serve to develop an electric current. In the Joudspeaker the
alternating current from the amplifier is fed into the voice coil,
thus establishing a varying magnetic field within that coil. This
variable field reacts with the magnetic field due to the permanent
magnct and thereby gives rise to a force that moves the diaphragm
. harmonically, which in turn sets up corresponding sound waves.
Thus through the medium of such a transducer electrical Coérgy
is converted into the energy of sound waves—the convexriph cycle
being thereby completed. That the speaker-microphgné ‘combina-
tion is a reversible process is evidenced by the fact/fRat a speaker
" may be, and often is, utilized as a sound pickupd{ )

In general, it may be said that the averageMoudspeaker is the
lcast sausfactory of all the components wﬁ}%‘n go to make up a
recording-reproducing system. There aféx\three principal rcasons
for this situation: Y

1. The small size (diametcr) off Bost speakers

2. The [act that many spealiers arc built to a competitive price

3. The inherent technicaldifficultics involved in the design and
manufacture of a speakef’ shaving a wide dynamic and frequency
range

N

Speakers whose dighieters are less than 12 in. show a marked drop
in response int{hé frequency band covered by the lowest octave
and a half.ofi'tHe piano. Indeed, there is only a (eeblc base response
from the &péakers commonly incorporated in portable and small
tab]e‘n;i’odel phonographs and radio sets. Fortunately, owing to the
foﬂm}ti’on of subjective tones (Sec. 7-5), the car may supply, in
part’at least, the missing basc tones. Nevertheless, the final result
is acoustically imperfeet and far from satisfactory to the listener
who has any appreciation of musical quality. Speakers whose
diameter is of the order of 18 in., when associated with a suitable
acoustical baffle, will yield base tones which bear an approximate
resemblance to the original sound. It is, however, cxtremely diffi-
cult, if not impossible, to design a one-unit speaker which will
reproduce both the low and the high frequencies at their truc
relative values. The rcsponse of a single unit speaker is shown in
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Fig. 16-12. Note the wide variation in the response at different fre-
quencies. When it is recalled that the ear can casily detect a change
of 2 db in sound level it is abvious that, under the circumstancces
indicated, high fidelity is impossible. To avoid this difficulty it is
the practice to combine two speakers in a single reproducing unit.
In the two-unit model one speaker is designed to give a fairly flat
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Fic. Ié—lZ.@bmparativc response curves for a given single-unit speaker
measured \inder varicus conditions. (From Technical Monograph No. 1,

JenscryMte. Co.)

Te%aﬁse up to, say, 1200 cycles. The associated high-frequency unit
will respond well from slightly below 1200 up to 10,00'0 or 12,000.
- Such a dual reproducing unit gives a much more ?atlsfactory }:e-
sponse than any single spcaker. Recently a three-unit assembly 'a}i
appeared on the market. Figure 1613 shows the respense whic
may be attained when a multiple-speaker unit is employcd. Nc’)te
the marked improvement over the single unit assembly. ;n Filg
1614 may be scen. a single unit speaker and also one having ,tue
conventional low-frequency conc (“woofer”) plus a coaiialy
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mounted high-frequency unit (““tweeter”). The coaxial units have
a fairly wide angle of radiation for both the high and the low fre-
quencics. I a concentrated sound beam is desired a so-called reen-
trant horn is commonly employed, such as shown in Fig. 16-15.
This type is used in outdoor installations.
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Fie. 16-13. Response curve of a multiple-unit loudspreaket assembly.
\ S

In passing it should be noted that there At several external
factors which modify the acoustical results 1@ ¥e sccured from any
loudspcaker. One of these factors is the R’os}tion ol the spcaker in
the room. In general, it may be said fhat a corncr is the best posi-
tion. If the spcaker asscmbly is an “enclosed, it should not be

Fic. 16-14. Single cone and coa)-cial loudslgt-:;iker units. (Tensen MIg, Co.)
placed directly against a fiat wail; and the speaker opening should
be at ear level, not near the floor.

A second factor which tends to modifly the acoustical results 18
the position of the listener with respect to the sound axis. This 18

shown by the automatically traced rcsponsc curves appearing in
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Fig. 16-16. The graphs show that below about 200 cycles there is
no appreciable cffect so far as the frequency-response relation is
concerned. If, however, the listener is located off the axis the sound
level of the higher frequencies is lower than on the axis. At a

0 9,
‘me‘f’,..,-ﬁ "M@\A«_.w W

A, )
T
A O S W

Fie. 16-15. Reflex trumpet type of loud\:teakcr {University Loud-
speakers, Inc.)

%

60° position the effect is even ;ﬁc;fé proncunced, and at a point
90° off the axis the “highs” fa}l to a rclatively low value. At 2000
cycles, for instance, the responsc i1s down 18 db when compared
to the sound level on the\ax15 Df the speaker, Such a drop in the
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Fia. 16-16. Qutdoor response curves at various distances off the sound
axis. (Technical Monograph No. 1, Jensen Mfg. Co.}

value of the highs results in 2 marked diminution in the intelligi-
bility of speech and in a decided loss in the fidelity of musical tones.

Even when the reproducing assernbly and the listener are indoors
the rclative position of the auditor constitutes a factor in the over-



276  MUSICAL ACOUSTICS

all acoustical results. In Fig. 16—17 are to be secen the responsc
curves for scveral listener positions. The reflection from the walls,
ceiling, and fleor tends to reduce somewhat the directional char-
acteristics which are obscrved when listening out of doors; but
even when listening inside the position of the auditor has an
appreciable cffect on the net results,
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Fic. 16—,'1'?}ifariations in response characteristics when listener occupies
differedit® positions with respect to the speaker. {(From Technical Mono-
@); No. 1, Jensen Mfg. Co.)

From what has been said above it will be evident that, as of this
datc, it is not to be cxpceted that a small single-unit loudspeaker;
placed in almost any position in a room, will give good acoustical
results.

In. concluding our discussion of microphones, amplifiers, and
loudspeakers, it remains to point cut that a sound-recording Or
-reproducing system, or a public-address layout, should be planned
as a unit. If good over-all results arc to be attained the electrical
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and acoustical characteristics of the several components should
match. A collection of unmatched_ elements wifl not give satisfactory
results. The assembly should be engineered as a whale.

16-6. fFilm Recording and Reproduction

The imaportant place which talking motion pictures occupy in
present-day lifc warrants a brief review of the techniques employgd
in the recording and reproducing of voices and musical sounds.on
phatographic films. A2

There arc two principal methods by which sound is ¢urrently

recorded photographically. One is referred to as the$ariable-area

7

Fie. 16-18. Photographically pro@uééd sound records (“sound tracks™):
upper, variable-arca record; duwer;wariable-density recording.

method, and the other as;h}é variable-density method. Figure 16-18

shows an enlargcmcm\df “Yound tracks made by these two Processcs.

The actual sound ek on a 35-mm film is about 2 mm in width,
and on the 16-mAfilm it is scarcely half of that width.

Any sound-gnfilm recording procedure involves a microphone,

( {“and some device whereby the intensity of the light

an amplifi
on the so;xé—track area may be modulated by the output of the

microphene-amplifier train of sound equipment. In the case of
vagiable-density recording there are several procedures_ by which
this type of record may be made. One such mc'zthod involves a
so-called light valve by which the intensity of the hgh:c from a sma‘ll
incandescent lamp is caused to vary in conformity mE}’x the armpli-
fier output. Another method involves a “glow lamp, the oujtput
of which can be modulated by the output of the sound am_phﬁ(.er.
The essentials of the latter system of recording are sketched in Fig.
16-19. The ou.tput of a sound pickup, M, is amplified an.d cotn-
nected through a transformer, 7, to the glow lamp, . This glow
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lamp is similar to the small ncon lamps in common usc. Such a
lamp consists of a glass enclosure equipped with two electrodes and
containing a gas at low pressure. When the voltage of the local
battery, B, is raised to a certain value, current will pass between the
two elcctrodes in the form of a luminous discharge, the color of
the emitted light depending upon the nature of the residual gas,
For sound recording, a gas giving a white or bluish glow is o
ployed. If the voltage of the local battery is adjusted so that & div-
charge takes place, and if by any means the voltage applied 't the
tube is changed in value (increased or decreased) the itensity of
the clectrical discharge will change in a Correspondmm rn“mm,r As
the electrical discharge changes, the intensity of [h(“\ hght also will

AN

TFic. 16-19. One of scveral \»aplablc~den51t} schemes used in sound
recarding.

change, thus bringing .aE}Sut a modulation of the light bcam.
The alternating voltgée supplied by the voice-actuated amplifier
serves to bring aboutthe necessary variations in the voltage applied
to the Jamp, and hence the sound waves will act to modulate the
intensity of tb,e hght issuing from the lamp.

The mo«i&lated light beam, after passing through a narrow slit,
is brought to a focus on the moving photographic film. By this
means, 3 ‘photographic record is made of the modulated light beam.
The fundamental and the overtoncs of a given sound arc thus
faithfully recorded as photographic lines of varying density, as
seen in the lower record of Fig, 1618,

In producing a variable-arca record the recording mechanism
involves the use of a so-called light gate, actuated by the input
amplifier. ‘I'he gate serves to modify the length of the slit exposed
to the exciter lamp, thus resulting in the “hill-and-dale type of
record indicated in Fig. 16-18. Both forms of record may bc
reproduced by the same type of equipment, and they are in fact
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used interchangeably. The variable-density method is used for
certain types of recording while the variable-area scheme is em-
ployed in other cases. Recently magnetic sound-on-film recording
has been used with some success. The principles involved in this
technique are the same as those made use of in magnetic-tape
recording of sound, previously discussed. . :

When using an optically recorded sound record the transformas
tion of such a record into sound waves is accomplished through the
agency of a photoclectric cell. This is an electronic devic;(;}by
mcans of which light causes the liberation of e]eclrops;:ﬁom a

14 .\\
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Fic. 16-20. General plan offgound reproduction from photographic type
of rccording. L\

N

specially preparedmetallic surface. These 1ibe_ratec'1 electrons, as
they are cauged“to move along a wire under thc influence of a
source of eledtrical potential, constitutc an electric current. This
feehle cda®nt may be amplified and caused o operfrce a loud-
speakﬁii:-f'lﬂhc relation of the essential components requir efi oy chcI
wriihe photographic sound record into aus:liblc sound is l.nd.llcate.

i&ig. 16-20. Light from a so-called exciler lamp L (simi ar o
the bulb in a2 common flashlight) passes through a narrow glit, S,
after which it is focused on the sound track of the moving {}:l]llml',l F
A sccond lens changes the light rays into a parallel beam w 1cctrlil.g
turn enters the photoclcetric cell, P, and th‘cfretfy sets up an £ the
current in the cell circuit. The Photographlc Jines Coﬁsmu.t m-gd )

sound track cause a variation in the intensity .of the rhgh__t mmitf:nt
on the light-sensitive surface of the photoclectric cell. The r(;su 1:rg
variable current is fed into an amplifier through the transiOTIMET,
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T, or its equivalent. The clectrical output of the amplifier actuates
the loudspeaker, R. Thus the original sound is reproduced and,
everything considered, with amazing fidelity and greatly aug-
mented volume.

Recently a new type of electronic tube has been developed which
functions as a combined photoelectric cell and high-gain amplilier.
The use of this new unit will probably result in higher fidclity and
make possible a more compact reproducing assembly. It is not“too
much to expect that complcte major operatic productigns.'may
soon be rccorded and reproduced with a high degrev'\‘oﬁ tonal
fidelity. Indeed much has already been accc}mplmh{,{l‘ﬁ]ong this
line, Here we see another striking cxample of the ‘wéy in which
science is making it possible for large numbe(:s“?i\people to hear
and enjoy the world’s greatest musical compdgilions.
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17-1. Reverberation ¢ s,

Since music is rendercd, and words are spoken; to be heard it is
obviously important that the acoustical envizdument be such that
the auditor may be able to hear the mugical composition or the
spoken message in a satisfactory manmesy The acoustical charac-
teristics of public gathering places stherefore become important,
For this reason we shall considcr,jbi‘i'(tﬁy, certain aspects of archi-

™

tectural acoustics. N\

In Sec. 3-6 the subject of{the reflection of sound was discussed,
and it was there pointed, gt that any sound originating in a room
may giverise to a serie§*Q\f fnultiplc reflections. In an enclosure such
as a classroom, a céoeert hall, or an auditorium, a given sound
may indeed undexgo several hundred reflections before the wave
encrgy is entirelghdissipated. Becausc of the short distances involved
these mult'hidinous echoes may blend into what amounts to a
prolongation of the original sound that may persist, with decreasing
intensity, for several seconds aftcr the source has ceased to radiate.
This_prolongation of the original sound, due to many reflections,
is designated by the term reverberation. Within certain limits this
“building up” of the sound in a room may scrve a useful purpose;
but, on the othcr hand, if unduly prolonged it may seriously inter-
fere with the intelligibility of speech and the proper reception of
music. _

The growth and decay of sound in a reverberant room may be
graphically represented as shown in Fig. 17-1, which should be

carefully studied. If the sound emitted by the source be prolonged
281
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over a period of several seconds, a steady acoustical condition will
at length come to exist. The “growth” aspect ol the process is
indicated by the curved part of the graph between O and X: the
stcady state condition obtains when the radiated energy is heing
absorbed, or otherwisc dissipated, at the same rate at which it is
emitted by the source. The length of time required to bring about
this condition of equilibrium, represented by Ot on the time axis,
will depend upon the size of the room-and upon other a¢otstical
factors. Time is required to set the whole body of air into v}b}atlon

If at any instant, representcd by ¢ on the diagramj Hhe source
ceases to emit energy, the sound in the room will net* Ymmediately
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()" Fro. 17-1

cease but will gradally diminish in intensity as indicated by the
curve X'X"* Tle’length of time required for the sound to die out
{(become maudlble) will depend upon the size of the room and also
upon thf;yi,bsorbmg effectiveness of the intcrior surfaccs of the
room. Fhis time interval of decay, represented by #'t”, is known as
the aeverberation time, or time constant, Quantitatively this

vérberation time of a room is defined as the time required for
the sound of a given frequency to decrease to one millionth of its
original intensity. This would be represented by ¢/ on the time
axis of the chart in Fig. 17-1.

It should be added in passing that the smooth decay curve

* To those who are familiar with mathematical concepts both parts of the graph
will be recognized as being logarithmic in character. The equations corresponding
to the growth and decay curves are to be found in V. O. Knudsen, ““Archi tectural
Acoustics,” 1932 ed., p, 129, and also in W. Y. Colly, “Sound Waves and Acous-
tics,™ p. 211,
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shown in Fig. 17-1 does not tell the complete story. Actually the
phenomenon of reverberation in a room is more or less irregular,
and takes on some such a decay form as that indicated ‘in Fig.
17-2. The smooth curve shown in Fig. 17-1 would roughly represent

e, 17-2. Representative oscillographic record of the decdyof reverbera-
tion in a room. (Acoustical Materials Association.) &0

N\

the envelope of the individual Sound-wave{sdbrations recorded in
Fig. 17-2. X

The time interval of decay is of great’ importance. If this con-
stant Is too great, as is often the case, speech becomes an unintel-
ligible jumble of sounds, and musrc loses its true character. The
reason for such an unfortunateicondition becomes apparent when
one examines the condition by
means of a graphic representa-
tion, as shown in Figa17-3. Sup-
pose, for instancey :that sound is
emitted intermiiiently, and sup-
pose that theiihterval between
sounds IS\L(:SS than the time of
decay (re erberation time). In —y
e Qi (g 1) By 115 i by g

g sion from “Acoustics of Buildings™

arcas may, for example, represent by F. R. Watson, published by
the growth and decay of sounds 1, Wiley & Sons, Inc.)

involved in successive spoken .
words. In the illustration the steady state is mot reached; but,

because of room reverberation, the sound of any given word
persists while the following word is spoken. As a result of this
overlapping an auditor may not be able to undel'"stand the
speaker. Thus we see that while the persistence of acoustical energy

Intensity.of sound




284  MUSICAL ACOUSTICS

may assist a speaker to “fill”’ the room, it may, if the continuance is
too long, bring about marked confusion; loudness serves no pur-
pose unless understandability also obtains.

There are, of course, factors other than reverberation that
affect the intelligibility of speech. Among these arc the shape of
the room, the loudness of the spoken words, and the masking elfects
of extraneous sounds. What are called “percentage articulation”
tests of a given auditorium are sometimes made. In carrying.out
such a test a speaker stands in the normal position and repbats a
large number of mcaningless syllables or phrases. These avdlistened
to by several persons stationcd at various positions if_the audi-
torium. Each auditor makes a written record of whathe thinks he
hears. The average percentage of the sound that \isiheard correctly
by the listeners is the percentage articulatiofof that particular
room. A result of 85 per cent indicates reasQnably good acoustical
conditions; 75 per cent fairly satisfactory;65per cent just passable;
while less than 65 per cent is consideredMo)be cntirely unsatisfactory,
Such a test is not difficult to make and/the results will give a useful
index of the acoustics of the room’,"éc') far as speaking is concerned,
In the event that the acoustical eonditions are found to be helow
par, steps can be taken to modify onc or more of the controlling
factors. 'The control of reyérberation is discussed in the next section.

In the case of mus'ﬁ’\fhé overlapping of successive sounds is not
as objectionable aghin®the case of speech; it produces the same
effect as holding‘Qb:Wn the sustaining pedal on the pianoc. However,
if the decay osgupics too long an interval of time, the results may
be unsatisfgefory cven in the rendition of music. Figure 17 4
diagram;rri%ﬁ"cally represents the situation in the case of music.

\V@,éﬁé, then, faced with the question as to what is the optimal
dgcagtime—a period sufficiently long to take advantage of the
reihforcement of the primary sound, and yct not long enough to
cause serious acoustical conflusion.

The late Professor Sabine, of Harvard University, laid the
foundation of modern architcctural acoustics. His pioncer work
cleared away many of the traditional misconceptions concerning
behavior of sound in auditoriums.? As a result of the research
work originally done by Professor Sabine, and the subscquent

1 See W. C. Sabine, “Collected Papers in Acoustics,”
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important investigations by Watson, Knudscn_,_ and others, it has
been established that the optimal reverberation time of an enclosed
space depends upon the volume of the room and also upen the use
to which the room is to be put. Acousticians are now more or less

o
El
a }
n p ” \
= /]
a
= P N
= y = Ko
o i + /
1 P, PR
@ i -
= i f ———=A 4
E ! i EREEEEE =\
1 NEENEENS —=
= T —,
2 £ =
i 1 } ! X N =,
F t W i +"PE—“—"""‘:—‘—"—:ﬁ&\
I H I iy <
tf 1 {AmE AW A
It 1 A AT
I A Emm e
Ll Ll LT

Time ~—a- \
Fic. 17-4. (Reprinted by permission from “A{:‘;u%tics of Buildings” by
F. R. Watson, published by John Wilcy &8obs, Inc.) .

24 - \
22 —_ 2 ::..
220 ‘: NS - —
s" 3
18 £ ;gdf?fﬂ{-muy [t
i P\ sl d:
E 1.6 \.z“‘ Or&h N #___'_,_,.-—-‘
: S| | speen g BT
=14 " 2
s b1 oM T boly R
& e = gpaech 01—
ey 2\ |t
&0 *_> IS ol
0.8 i
0'610'\‘ o 20 20 60 80100 500 400 00 1000 2000
N\ Yolume of coom in thousends of cu ft :

FI(\x 17-5. Optimum reverberation time at 500 ¢ycles, as a function of
room volume.

in agreement as to the value of the time constant that should obtain

under a given sct of circumstances. The chart shown as Fig. 1?—5
cmbodics the integrated study and expericnce of several leading

workers in the field of applied acoustics.

As previously indicated, the optimal reverberation time 15 a
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function of the frequency involved, having a somewhat higher
value for frequencies below 500 cycles than for frequencies above
that value. However, in practice, computations are usually based
on a frequency of 500 cycles.

17-2. Conlrol of Reverberation

Every room has a natural reverberation time. If one knows the
dimensions of the room, it is possible to determine by simaple
computation what that time constant is. Professor Sabinc developed
an cmpirical equation giving the natural reverberation tite)of any
room. This relation takes the form ¢ = 0.05V/4, w};ére A rcpre-
sents the total absorption by the surfaces upon m{fﬂé‘h the sound
waves may impinge.! The term A is a composifc*factor made up
of a series of terms, thus \%

Ko
A = a1+ ax82 K gasa; ete.

where a1, a2, as, ¢tc., rcprcsent,.tlji'e absorption coefficienis of the
corresponding areas s, $, 53,..61;6. In the above formulac 17 s in
cubic feet and s is square feetsThe term as is expressed in absorption
units, now called sabins a?ér Professor Sabine. Knowing the nature
of the surface material(9f the walls, ceiling, floor, etc., of a room
interior, we can thus compute the reverberation constant of a
particular interigrf such a compuration shows the time congtant
to be seriousl;(iﬁ excess of the optimal value, as given by the chart
in Fig. 17-6801t is easy to determine what. additional absorption
must b.c\'%bvided. A simple example will illustrate the steps in-
volvedhint such a determination.

~Lch us first compute the reverberation constant of a room for
which no attemnpt has been made to control this factor. Suppose
we have a room that is to be used for both speech and music with
the following specifications:

L Several other formulas by which the reverberation time can be compu led
have been developed from theoretical considerations, See R. ¥, Watson, “Acoustics
of Buildings,” 3d ed., p. 33; or L, L. Beranek, “Acoustical Measurements,” p. 862.
The 8abine equaticn is, however, sufficiently accurate for the purposes of this bouk,
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Floor, hard wood, 25 X 50 ft

Walls, plaster, 15 fi

10 windows, cach, 2.5 X 6 ft

125 seats, plain, covering 909, of floor
Computed volume, 18,750 cu ft

"The total absorption may be computed as follows:

Walls and ceiling, _ \
less windows. . .. ......... 3350 sq ft X 0.04 = 134 pabins
Windows. . ......... .. .0 150sqft X 0.027 = O sabins
Floor, less scat coverage. . .. . 125 sq ft X 0.03 ¢=\" 4 gabins
Seats. .. ... 125 X 0.1.\1'~= 12.5 sabins
Total.. ... L0 (J.... 154.5 sabins
One-third audience. .. ... ... 41 X 4 N - = 164 sabins
Maximum audience. ... ... .. 125 X 40 = 500 sabins

¢ {no audience) = 0.05 X 18,750/15%5 = 6.1 sec
! (14 audience) = 0.05 X 18,750{518:5 = 3.0 sce
¢ (maximum audience) = 0.05_%318,750/654.5 = 1.4 sec

Referring to the room graph*given in Fig. 17-5, it will be seen
that the optimal reverberation time for a room of the size indicated
is about 1.15 sec. Quecomputation shows that, even with the room
(lled, the time Qo}fs}ant- is somewhat tco high and when only
one-third filled the reverberation time is far too great. What can
he done to retaedy this situation? Obviously a certain pertion of
the walls .@;}éiling will have to be covered with sound-absorbing
matcrial%"fhe next question is: How much surface must be so
treat(sd? Fortunately we can easily arrive at the answer.

mTé.ﬂ('ing 1.15 sec as the optimal reverberation time and using the
‘Sgbine formula we can compute the fofal absorption required for
the room in question. Substitution yields

4 = 0.05 x 3750 _ 15 cabing

.15

From our original computation we see that, say for one-third
audicnce, the absorption is 318.5. Now

815 — 318.5 = 497.5
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It is therefore evident that approximately 498 additional units of
absorption are rcquired to give a reverberation time of 1,15 sec.
Suppose, for example, that we select Fiberglas Acoustical Tile,
type TXW, as an absorbing agent. From the table on page 33 we
see that this material has an absorption coeflicient of 0.69. Hence
the total wall area to be covered with this material may be [ound
by dividing 498 by 0.69, which gives 714 sq ft. In this parti¢Glar
room the ceiling has an area of 1250 sq ft. It is thus ewdem that
slightly more than 58 per cent of the ceiling (or cquivalernt wall
arca) should be covered with the absorbing material\ini”order to
reduce the reverberation time to an acceptable valae: 3

It is thus obvicus that it is a comparatively~sjfhple matter to
determine what remcdial measures may be 1edéssary in order to
prevent the serious overlapping of successjye}sbunds with the con-
scquent deleterious effects on spoken werds and the rendition of
music. Nothwithstanding this fact mafip churches and other mect-
ing places are designed and constrtiéted without preliminary con-
sideration being given te the aéguétical problems involved. The
results in such cases are disappointing, expensive, and somctimes
impossible to correct. As ghese lines are being written the author
has been asked to adyisé_a certain church as to what, if anything,
can be done to corgectva serious reverberation problem in a new
church building. AFhc cdifice has a beautiful interior and cost
something like §350,000, but it is difficult for the congregation to
understand ahét the minister says. A survey indicates that no
steps werc\baken by the building committee, or the architect, to
make provision for proper acoustical treatment. It is difficalt to
unders}and why those responsible for the construction of various
pubhc buildings will disregard the acoustical aspects of the under-
taking, but such unfortunately is too often the casc.

17-3. Sound Insulation

The acoustics of a room interior involves other factors in addition
to the control of reverberation. For instance, the transmission of
disturbing sounds into or from the room may be, and often is, a
matter of concern, This is particularly true in connection with the
design and construction of music studios and practice rooms. In
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such cases the reduction of sound transmission through the walls
and other siructural elcments becomes important.

It is sometimes felt that if the interior surfaces of a room are
acoustically treated in order to control reverberation the absorbing
material used for that purpose will greatly decrease the irans-
mission of unwanted noises through such walls. Unfortunately
this is not truc; the reduction will be only a few decibcls—an
insignilicant amount.

If onc is dealing with a solid masonry wall such as brick, ‘¢ni-
crete, or tile, the transmission loss depends only on the weight of
the wall matcrial per cubic foot. The heavier the wall the gréater
will be the reduction of sound transmission. A\
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Fiei. 17-6, One of several plans whergly*the transmission of sound through.
walls may be reduced. R :

The effect of the massiveness of a wall structure ho]i:ls, in a
general way, for any tyq’;"a\of material. Hence, because of iis rela-
tively light weight, acsimple wooden partition will offer little
resistance to the paésage of sound waves. In fact, such a structure
may even aug*meﬁt'sound transmission. The wall may, for instance,
be thrown j.Q‘ﬁ{}'ifibration by the sound waves from a source and
thus act a%erlarge resonator, somewhat like the sounding boarc.i of
a pian@.';: However by proper construction of a wall it is. possible
tO..Qb’fziin a transmission loss of as much as 50 db. An cfective
afsahgement of component elements is sketched in Fig. 17-6. An
absorption factor of at least 45 db is required in the walls of band
rooms, music practice rooms, radio and sound stud'%os'.

In providing sound insulation for such rooms it is 1mp0{'tant =

" give attention to the construction of the doors and windows.
Ordinary doors offer but small resistance to the passage of sour.zd.
However, there are available specially constructed doors that will,

when properly installed, reduce the transmission by 40 db.

Joth
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~ In the case of windows, such as those betwcen a practice rgom
and hall, or for observation windows in radio and recording
studios, the construction should consist of at least three panes of
heavy glass. The picces of glass should be of different thickness:
quarter-inch, threc-eighths, or half-inch is recommended—this to
avoid resonance effects. Fach panc should be insulated completely
from the frame by gaskets of rubber or heavy felt around all four
edges. Further, the pancs of glass should make a slight angle with
cach other, and not be closer than onc inch from the next nearcst

pane. (\)

17-4. Reinforcement of Sound n

L &
It sometimes happens that there are ccrtain"‘a}eas in an audi-
torium in which the sound intensity level isM60 low to produce
satisfactory auditory results. Such places,\ ave usually on the main

Fig. 17- 7~’>§rrdngcment of loudspeakers and microphone whereby uni-
form sqund distribution in an assembly room may be attained.

ﬂ\sr und{,rneath the balcony and at the rear of the balcony.
Modern clectroacoustical facilitics make it possible to correct such
conditions, providing careful consideration is given to all factors
involved. The method of applying remedial acoustical measures
can best be outlined by considering the casc of a typical auditorium
in which it is desired to augment the original primary sound in the
rear of the room. Suppose we have a situation such as that shown
in thc diagram of Fig. 17-7. This might represent a high school
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or chapel auditorium or any assembly hall. Let us assume that it
is difficult to hear satisfactorily in the rcgions of 4 and B an average
speaker stationed at S. Our problem is to angment the sound at
A and B without doing so in the front of the auditorium, say in
the region of €. In other words, we must aim to establish uniform
sound intensity over the entire scating arca.

To accomplish this end usc is made of what is commonly referred
to as a public-address system. Such a system, consisting of . &
microphone, an amplifier, and one or more Joudspeakers, should
be so engincered that the auditors are not conscious that a.geuhd
systerm 1s In operation, so far as fidelity and “presence’ are’ con-
cerned. Unfortunately many public-address systems dé\nét mcet
such a standard. The chief reason for poor results is that'second-rate
components are used. Even for voice work, the\best obtainable
unis should be utilized. The microphone showld be a unidirec-
tiomal model of the low-impedance electrodymamic type, and the
amplificr should be a high-fidelity unst having twice the rated
power that one expecis to use. N

The type and number of speakesito be used will depend upon
the size and character of the audiénce room. For a church or other
auditorium seating not to excged 2000 people, two properly housed
12 in. coaxial speakers will'yicld satisfactory results. A plan, some-
times unwisely followed;of installing a multiplicity of small speakers
along the two side walls is entirely unsatisfactory. Because of tbe
diffcrence in pati\ength, the sound from the more remote units
will reach the liétener out of phase with the words arriving directly
from the sp\gﬁgl.l}ér, with the rcsult that auditory confusion will
obtain. The\ position of the two speakers is important. In a rOt:)m
of the siz';,é" mentioned above, one should be installed on each side
walab not less than 20 ft nearer the audience than the microph_onc
and at a height of 20 to 25 ft. The speakers must not bf’ behind,
or in the same vertical plane as, the microphonc; otherwise acous-
tical “feedback”™ with the resulting ”hnwling” will oceur. The
axis of both beams should be directed toward the front edge'of
the balcony. The position and direction of t‘he'Speé.lkCTS, as -
dicated abovc, will result in a uniform sound distribution through-
out all of the seating area. Figure 17-8 shows a representative

installation.

Q.
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The two speakers may be operated at from 5 to 10 watts cach,
depending on the size of the room. If the public-address system is
laid out in advance of building construction, the spcaker units can
usually be located so that they will be relatively inconspicucus.

Fra. 17~—8.’s5‘§“ti0n of interior of a college chapel. Note the location of the
loudspc\za,kér (upper right) with respect to the position of the microphone,
Twonguch speakers were nsed, onc on either side.

For larger auditoriums the reentrant typc of horn spcaker is to
be preferred. If possible, a group of three or morc such units should
be mounted in a fan-shaped cluster, at or near the center of the
proscenium arch,

‘When installing a sound system it is highly important that the
units be properly phased; which mcans that all of the diaphragms
shall move outward and inward simultaneously. Further, the total
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Joad impedance should match the output impedance of the
amplifier. ' ' :

It should bc noted in passing Lhat basically defective building
acoustics cannot be corrected by the installation of a sound system,
as is sometimes believed.

In out-of-door sound installations, horn transducers arc usually
employed. The amount of cnergy needed is considerably in excess
of that required for an equal inside audience, the reasons beir@
that there is little if any reflection, and cxtraneous noise @y, ‘be
prescent. However, the fundamental principles outlined above”are
applicable when planning for sound reinforcement in open spaces.

In concluding our discussion of scund reinforcenieait, it should
be pointed out that cach building constitutes agdistinct problem,
and before deciding upon the size and type Ofinstallation to be
made it is important to make a prcliminai“}}acoustical survey of
the particular auditorium involved. Such a survey consists of
cxperimentally determining the intedsity level at various points
throughout the seating arca. This involves the use of a constant
source of sound, a microphor}e',",’ahd a suitable amplifier to the
output of which is connected what amounts to an audibility meter
ot level indicator. A unifofm level of not less than 60 db has been
found to be satisfactary i/ public auditoriums.

The college chapel, Before referred to, while free from serious
reverberation, Qig;"hoxvevcr, have an uncomfortably low sound
level for audi’gog;scated underncath the balcony and in rcar balcony
ceats. This covdition was remedied by the installation of a correctly

%-"watt public-address system using a high-fidelity uni-
two speakers. The rclative position of
be seen in the illustration

designedd
dirc(fti\dﬁal microphone and
thespéaker units and the microphone can
shdtwn as Fig. 17-8.

The author is disposed to suggest 10 those readers who may
chance to be responsible for the selection and installation of such
equipment in conncction with schools, collcges, or other auditoriums
that it is advisable to consult a competent professional acoustician
before making a final decision as to the purchase of equipment of
this character. There arc many persons calling themselves “sound
engincers” who make promises of attaining satisfactory results at
low cost; when, as a matter of fact, many such self-styled ‘“sound
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cxperts” are not acquainted with the most elementary principles
of acoustical engineering. A compctent sound engincer will [irst
make an acoustical survey, as outlined above, and then draft
recommendations based on scientifically obtained data. To proceed
on any other basis will lcad 1o disappointment and needless expense,

17-5. Cooperation Needed N

From what has been said in this and preceding chaptexs.bl this
book, it is cvident that closer cooperation between arc‘\fﬁtc}cts and
acousticians is needed. By cooperative advance Rl{ti‘rﬁing better
acoustical results can be attained, and at lcss cxpeiléé.

In concluding our brief study of musical agoustics the author
also cannot refrain from appealing to musieians and the producers
of musical instraments to make greateruse of the tools which
science has provided in this importaptield. Music is, indeed, the
noblest of the arts. Its language is ugiversal. It knows no limitations
of race or creed or station. It brings Joy to childhood; it Iifts man’s
soul above the daily world pf.}to'il; it softens the sorrow of life’s
tragic hours. Because musid¥means so much, 1o so many, every
possible effort should be{thade to enhance its beauty and its use-
fulness. Through the, Qg{}lpathctic cooperation of the scientist and
the musician, musi®tan be madc a more cffective agent for the

enrichment of man’s intellectual and spiritual life.
A\
xt\‘":
O\
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Cochlear response, 54
Coeflicient, flare, 215
Combination tenes, 93

Consonant intervals, examples of, 126
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