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What is sound?
A sound is the compression and expansion of a medium such as a gas, a
liquid, or a solid, that propagates (that is, travels) through that medium.

The medium is the substance or material that carries the sound wave.

1. Use the free audio editor and recorder program “Audacity”  (downloaded
from  http://audacity.sourceforge.net)  to experiment with sound.

2. Understand basic concepts and terminology of acoustics.

3. Learn or review a little math and use it to describe sound.

Goals of this lesson

Download this PowerPoint presentation & notes from Web
http://explorersposts.grc.nasa.gov/post631/2007-2008/
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     741 mph  ≈   1,087 feet /s  ≈     331 m/s   in dry air at sea level at 32°F;
     770 mph  ≈   1,130 feet /s  ≈     344 m/s   in dry air at sea level at 70°F;
  3,349 mph  ≈   4,911 feet /s  ≈  1,497 m/s   in pure water at 77°F;
11,400 mph  ≈ 16,700 feet /s  ≈  5,100 m/s   in steel.

Other things being equal, the speed of sound (called “Mach 1”) increases
as the density of the medium decreases and as the stiffness of the

chemical bonds between particles in the medium increases.
Pressure in the medium hardly influences the speed of sound.

Would an astronaut on a space walk hear a bell
if she or he hit it with a hammer?

No!  Although the bell would vibrate, there is no medium like air in the
vacuum of space to propagate a sound wave to the astronaut’s ears.

Why do you see lightning before you hear its thunder?
The speed of light is   c  =  299,792,458 m/s  ≈  186,282 miles / second,

so you see a lightning bolt from one mile away after only
(1 mile) / c  ≈  5.7 µs  but you hear it after  (5280 ft) / (1130 ft / s)  ≈  4.7 s .

Light travels almost one million times as fast as sound in air.

How fast does sound travel?
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A traveling wave (like sound in an
open area) is a repeating disturbance
that moves through a medium from

one location to another.

A standing wave (like a vibrating
string fixed at both ends) is a

disturbance that repeats without
propagating through the medium.

<http://www.glenbrook.k12.il.us/gbssci/phys/
mmedia/waves/harm4.html>

<http://www.glenbrook.k12.il.us/gbssci/phys/
Class/sound/u11l1a.html>

<http://www.ncat.edu/~gpii/>

Try the following Java applet for a standing wave
in a wind instrument like a pipe organ:

http://www.walter-fendt.de/ph11e/stlwaves.htm

There are 2 categories of waves based on motion of the waves:
traveling and standing

<http://www.ncat.edu/~gpii/>
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Particles of a medium do not travel long distances along with a sound wave, but
energy does.  Particles move forward (parallel to the direction of propagation) a
tiny distance, pushing on neighboring particles of the medium and transferring
energy to them, and then return close to their original position, so sound waves
are called “longitudinal”.  Push the end of a slinky to make a longitudinal wave.

Traveling longitudinal wave on a slinky
<http://www.glenbrook.k12.il.us/gbssci/phys/mmedia/waves/lw.html>

In physics, a force is an action that can cause an object to accelerate (speed up),
work is a force acting over a distance,
energy is the ability to do work, and

power is the rate at which energy is delivered per unit time.

What actually moves through the medium as sound travels?

What is energy?

Traveling longitudinal sound pressure wave
<http://www.ncat.edu/~gpii/>
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For a “traveling transverse wave”, particles of the medium move (back and
forth) in a direction perpendicular to the direction in which the wave travels,
like people in a stadium “doing the wave”, where the crowd is the medium.

Traveling
transverse

 wave

Traveling surface wave
(also called a circular wave)

A wave on the ocean surface is called a “traveling surface wave” in which particles
of the medium move in vertical circles, but the wave propagates horizontally.

<http://www.kettering.edu/~drussell/Demos/waves/wavemotion.html>

<http://en.wikipedia.org/wiki/Transverse_wave>

<http://www.kettering.edu/~drussell/Demos/waves/wavemotion.html>

Try the interactive demo of a traveling transverse wave at
http://www2.biglobe.ne.jp/~norimari/science/JavaApp/nami1/e-nami.html .

Other categories of traveling waves based on particle motion
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Traveling
transverse

 wave

<http://www.kettering.edu/~drussell/Demos/waves-intro/waves-intro.html>

Traveling
transverse

 wave

Traveling
longitudinal

wave
(like sound)

Identify each wave as longitudinal, transverse, or surface
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Analog to
Digital

Converter
(ADC)

Microphone
Sound source (e.g.,
music or speech)

How do computers record and play back sound?
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  0,  0, -1, -2, -4,  8, 11, -3,    -5, -2,  0,  1,  0,  1,  4,  3,

 -1,  0,  0, -4, -2,  1,  3,  3,     3,  1, -2, -3, -1,  1,  1,  0

Quantization errors introduced by digitizing an analog signal
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Analog to
Digital

Converter
(ADC)

Digital to
Analog

Converter
(DAC)

Store digitized
numbers on a
computer disk

Microphone

Speaker or
earphone

Sound source (e.g.,
music or speech)

How do computers record and play back sound?
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Animation  movie of a sine wave (sinusoidal wave) y = s.mov

The radian measure of an angle is
the length of the circular arc
subtended (included) by that angle
divided by the radius of the circle.

The y-coordinate of the point on the
unit circle determined by a central
angle (in standard position) of  θ
radians is the sine,  denoted  sin(θ) .

The x-coordinate of that point is the
cosine,  denoted by  cos(θ) .

To the left of the y-axis, you see a
unit circle being swept out, with the
radian measure of the angle (arc
length) shown in blue, and the sine
of that angle (the y-coordinate)
shown in red.  To the right of the y-
axis, you see the points of the graph
of
y = sin(θ)  drawn in black.  The angle
θ is shown in blue and the value of
sin(θ)  is shown in red.

<http://www.wku.edu/~tom.richmond/Sine.html>

<http://www.rkm.com.au/ANIMATIONS/
animation-sine-wave.html>

θ

y

Define sine & cosine functions of angles measured in radians
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<http://en.wikipedia.org/wiki/Sine_wave>

The oscillating height of an undamped spring-mass
system around the equilibrium is a sine wave.

Parameters of the temporal sine wave (or sinusoidal function of time)

y    =   a  sin (ω t + β )  =  a  sin (2 π f t + β )  = a  sin (2 π t / T + β )    are

a   =   amplitude   =   peak deviation from the center at zero,
ω  =   angular frequency typically measured in  radians/second,
f    =  ω / (2 π)  =  angular frequency typically in  cycles/second,
T   =   1 / f    =   period typically measured in  seconds,     and
β   =   initial  (at time  t = 0)  phase angle  in radians,    with the variable
t    =   time typically measured in seconds.

2 a
a

β T / (2π) = β /ω
t = 0

T = 1/f = 2π /ω

T = 1/f = 2π /ω

t

y

See a helpful interactive demo of frequency, wavelength, and phase of a sinusoidal wave at
http://id.mind.net/~zona/mstm/physics/waves/introduction/introductionWaves.html .

crest

trough

Parameters of a temporal sine wave
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a  =  log10 x     means     10 
a  =  x

where     0  <  x  <  ∞     and     − ∞  <  a  <  ∞ .

The notation  “ log10 x ”  is read as  “ log base 10 of  x ”  or  “ common log of  x ” .

Therefore,    a  =  log10 (10 
a

 )    and    10
(

 
log10 x)

  =  x ;

that is, 10 must be raised to the exponent   log10 x   to calculate  x .

To remember this, memorize the mnemonic:    “A logarithm is an exponent .”

The common logarithm is the inverse of the power function raising 10 to an exponent :

10 
aa = 3 10 

3 = 1000 log10 x
log10 1000

=  3 x = 1000

What is a  “common logarithm”  (which is also called
a  “base 10 log”  and is denoted by  “log10”) ?
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Example numeric evaluations of the common logarithm

10 
a  =  x a  =  log10 x

1 0

2 0.30103

5 0.69897

10 1

20 1.30103

50 1.69897

100 2

200 2.30103

500 2.69897

1000 3

10 
a  =  x a  =  log10 x

   1 0

      1/2  =  0.500 − 0.30103

      1/5  =  0.200 − 0.69897

    1/10  =  0.100 −1

    1/20  =  0.050 − 1.30103

    1/50  =  0.020 − 1.69897

  1/100  =  0.010 −2

  1/200  =  0.050 − 2.30103

  1/500  =  0.020 − 2.69897

1/1000  =  0.001 − 3

Use column headings  “ 10 
a

 ”  and  “ a ”  for a table of exponentials, or
use column headings  “ x ”  and  “ log10 x ”  for a table of logarithms.
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Plots of   log10 x   versus   x   with linear axes
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log2(1/4) = –2 octaves, so slope thru P1=(3, 4) and P2=(6, 1) is
log2(y2 / y1) / (x2 – x1)  =  (–2 octaves) / (6 – 3) = – 2 / 3 octave.

The slope through points P1=(1, 2) and  P2=(2, 0.5)  is
log2(y2 / y1) / log2(x2 / x1) =  (–2 oct.) / (1 oct.) = – 2 octave/octave.

Plots of the same data with linear, semilog, and log-log axes
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Basic properties of powers of 10 from algebra include
10a 10b  =  10a +b    and    10a / 10b  =  10a −b    and    (10a )b  =  10(a b)

for any real values    − ∞  <  a  <  ∞    and    − ∞  <  b  <  ∞ .

The 3 corresponding properties of common logarithms follow, using the definitions
x  =  10a    and    y  =  10b ,          so          log10 x  =  a    and    log10 y  =  b

where     0  <  x  <  ∞ ,     0  <  y  <  ∞ ,     − ∞  <  a  <  ∞ ,     and     − ∞  <  b  <  ∞ .

Theorem:    log10 (x y)   =   log10 x  +  log10 y .
Proof:          log10 (x y)   =   log10 (10a 10b)   =   log10 (10a +b)   =   a + b   =   log10 x   +   log10 y .

Theorem:    log10 (x / y)   =   log10 x  −  log10 y .
Proof:          log10 (x / y)   =   log10 (10a / 10b)   =   log10 (10a −b)   =   a − b   =   log10 x   −   log10 y .

Theorem:    log10 (x 
b)   =   b   log10 x .

Proof:          log10 (x 
b)   =   log10 ((10a)b)   =   log10 (10 

(a  b))   =   a b   =   b a   =   b   log10 x .

Examples with  a = 5  and b = 2:
105 102   =   (10 · 10 · 10 · 10 · 10)  (10 · 10)   =   107   =   105+2 ;

105 / 102   =   (10 · 10 · 10 · 10 · 10)  /  (10 · 10)   =   103   =   105−2 ;
(105)2   =   (10 · 10 · 10 · 10 · 10)  (10 · 10 · 10 · 10 · 10)   =   1010   =   10(5 · 2) .

Basic properties of powers of 10 and of common logarithms
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Measure sound pressure amplitude or intensity in decibels
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Source Intensity  ( I )
Decibel

intensity
level

Multiple
of TOH

intensity
Threshold of Hearing (TOH) I TOH = 10−12 W/m2 0 dB 100

Rustling leaves 10−11 W/m2 10 dB 101

Whisper 10−10 W/m2 20 dB 102

Normal conversation 10−6 W/m2 60 dB 106

Busy street traffic 10−5 W/m2 70 dB 107

Vacuum cleaner 10−4 W/m2 80 dB 108

Large orchestra 6.3*10−3 W/m2 98 dB 109.8

iPod at maximum volume level 10−2 W/m2 100 dB 1010

Front rows of a rock concert 10−1 W/m2 110 dB 1011

Threshold of pain 101 W/m2 130 dB 1013

Military jet takeoff 102 W/m2 140 dB 1014

Instant perforation of eardrum 104 W/m2 160 dB 1016

Common sounds with estimates of intensity and decibel level

22
TOH

10
m

W

meter

watts
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areaunit 

power
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<http://www.glenbrook.k12.il.us/gbssci/Phys/Class/sound/u11l2b.html>
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Power, intensity, and distance from a sound source
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The frequency of any note (e.g., High C = C5) is twice the frequency of the
note one octave below it (e.g., Middle C = C4),  so  fC5 = 2  fC4 .

The ratio of the frequency of any note divided by the frequency of the note
one semitone below it (corresponding to the next lower piano key) is always

the same for the equal-tempered scale.  Denote that ratio by  r ,  where

Frequency ratio of semitones for the equal-tempered scale

So,

Therefore,   r 
12  =  2 ,   so   r  =  21/12  ≈  1.059463094 ,   and hence

raising a note by one semitone increases its frequency by 5.9463094 % .

Names of musical notes on a piano keyboard
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1. The frequency values in the equal-tempered scale commonly assume that the frequency of the note  A4  is
exactly  fA4 = 440 Hz  (in units of  Hz  =  Hertz  =  cycles / second).

2. The note  A  in any octave corresponds to note index  n = 9  because it is 9 semitones above the note  C  at
the bottom of the octave.  The note  A4  has the octave index  u = 4 .

3. The speed  v  of a wave that has wavelength  λ  and frequency  f  is

v  = λ  f  ,   typically measured in units of

4. Wavelength values in the table on the next slide assume the speed of sound is
v  =  344 meters/second  =  34,400 cm/s,    which is approximate for dry air at 70 degrees Fahrenheit.

5. The note  C0  (which corresponds to note index  n = 0  and octave index  u = 0)  is
(12 semitones/octave) (4 octaves)  +  (9 semitones)  =  57  semitones below the reference note  A4.

6. In general, the number of semitones from the note  A4  to the note with any note index  n  and any octave
index  u  is    12 (u – 4) + (n – 9)  =  n – 57 + 12 u ,    so the number of octaves (with 12 semitone intervals
per octave) from note  A4  of frequency  fA4 = 440 Hz  to the note with those indexes is    (n – 57) /12  +  u .

7. For any note index  n  and any octave index  u ,  the frequency  f  and the wavelength  λ  of the
corresponding note are related by
(344 m/s) / λ    ≈    v / λ    =    f    =    fA4  2

(n – 57)/12 + u    ≈   (16.35159783 Hz)  2(n/12 + u) ,     so that
λ   =   v / f   ≈  (34,400 cm/s) / ((440 / s)  2(n – 57)/12 + u)   ≈   (2103.769941 cm)  2–

 
(n/12 + u) .

8. The lowest (leftmost) note on a piano keyboard is  A0 ,  which corresponds to
note index  nA0 = 9 ,    octave  uA0 = 0 ,    frequency  fA0 = 27.50 Hz ,       and   wavelength  λA0 ≈ 1250 cm .

9. The highest (rightmost) note on a piano keyboard is  C8 ,  which corresponds to
note index  nC8 = 0 ,    octave  uC8 = 8 ,    frequency  fC8 ≈ 4186.01 Hz ,   and   wavelength  λC8 ≈  8.22 cm .

10. Based on the previous two sentences, the number of keys on a piano is
12 (uC8 – uA0) + nC8 – nA0 + 1   =   12 (8 – 0) + 0 – 9 + 1   =   88  keys,    covering more than 7 octaves .

.
second

cycles

cycle

meters

second

meters
!
"
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$
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$$
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Compute frequencies & wavelengths of equal-tempered notes
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n Note Octave u=0 Octave u=1 Octave u=2 Octave u=3 Octave u=4 Octave u=5 Octave u=6 Octave u=7

0 C 16.35 Hz
2100 cm

32.70 Hz
1050 cm

65.41 Hz
526 cm

130.81 Hz
263 cm

261.63 Hz
131 cm

523.25 Hz
65.7 cm

1046.50 Hz
32.9 cm

2093.00 Hz
16.4 cm

1 C#

= Db
17.32 Hz
1990 cm

34.65 Hz
993 cm

69.30 Hz
496 cm

138.59 Hz
248 cm

277.18 Hz
124 cm

554.37 Hz
62.1 cm

1108.73 Hz
31.0 cm

2217.46 Hz
15.5 cm

2 D 18.35 Hz
1870 cm

36.71 Hz
937 cm

73.42 Hz
469 cm

146.83 Hz
234 cm

293.66 Hz
117 cm

587.33Hz
58.6 cm

1174.66 Hz
29.3 cm

2349.32 Hz
14.6 cm

3 D#

= Eb
19.45 Hz
1770 cm

38.89 Hz
885 cm

77.78 Hz
442 cm

155.56 Hz
221 cm

311.13 Hz
111 cm

622.25 Hz
55.3 cm

1244.51 Hz
27.6 cm

2489.02 Hz
13.8 cm

4 E 20.60 Hz
1670 cm

41.20 Hz
835 cm

82.41 Hz
417 cm

164.81 Hz
209 cm

329.63 Hz
104 cm

659.26 Hz
52.2 cm

1318.51 Hz
26.1 cm

2637.02 Hz
13.0 cm

5 F 21.83 Hz
1580 cm

43.65 Hz
788 cm

87.31 Hz
394 cm

174.61 Hz
197 cm

349.23 Hz
98.5 cm

698.46 Hz
49.3 cm

1396.91 Hz
24.6 cm

2793.83 Hz
12.3 cm

6 F#

= Gb
23.12 Hz
1490 cm

46.25 Hz
744 cm

92.50 Hz
372 cm

185.00 Hz
186 cm

369.99 Hz
93.0 cm

739.99 Hz
46.5 cm

1479.98 Hz
23.2 cm

2959.96 Hz
11.6 cm

7 G 24.50 Hz
1400 cm

49.00 Hz
702 cm

98.00 Hz
351 cm

196.00 Hz
176 cm

392.00 Hz
87.8 cm

783.99 Hz
43.9 cm

1567.98 Hz
21.9 cm

3135.96 Hz
11.0 cm

8 G#

= Ab
25.96 Hz
1330 cm

51.91 Hz
663 cm

103.83 Hz
331 cm

207.65 Hz
166 cm

415.30 Hz
82.8 cm

830.61 Hz
41.4 cm

1661.22 Hz
20.7 cm

3322.44 Hz
10.4 cm

9 A 27.50 Hz
1250 cm

55.00 Hz
625 cm

110.00 Hz
313 cm

220.00 Hz
156 cm

440.00 Hz
78.2 cm

880.00 Hz
39.1 cm

1760.00 Hz
19.5 cm

3520.00 Hz
9.77 cm

10 A#

= Bb
29.14 Hz
1180 cm

58.27 Hz
590 cm

116.54 Hz
295 cm

233.08 Hz
148 cm

466.16 Hz
73.8 cm

932.33Hz
36.9 cm

1864.66 Hz
18.4 cm

3729.31 Hz
9.22 cm

11 B 30.87 Hz
1110 cm

61.74 Hz
557 cm

123.47 Hz
279 cm

246.94 Hz
139 cm

493.88 Hz
69.7 cm

987.77 Hz
34.8 cm

1975.53 Hz
17.4 cm

3951.07 Hz
8.71 cm

Frequencies and wavelengths for the equal-tempered scale
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Superposition (that is, adding) of waves can form beats

Beats are the periodic fluctuations heard in the intensity of a sound when two sound waves of very similar
frequencies interfere with one another.  In the figure, the red sine wave at the top is added to the slightly
lower frequency blue sine wave in the middle, forming the green beating waveform at the bottom.

C.I. = Constructive Interference:  When two compressions come together, they combine to make a region
of very compressed air (very high pressure).  When two rarefactions come together, they combine to make
a region of very spread-out air (very low pressure).  Both of these are examples of constructive
interference.  A location of continually constructive interference is called an antinode.

D.I. = Destructive Interference:  When a compression from one wave meets a rarefaction from another
wave with equal amplitude, they cancel out, so that there’s no disturbance in air pressure at that point.  A
location of continually destructive interference is called a node.

The  beat frequency  (that is, the rate in  repetitions/second  at which the loud beats repeat)  is equal
to the difference in frequency of the two notes that interfere to produce the beats.
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Two sources of sound with the same frequency interfere

Animated interference pattern formed by two sound wave sources having the same wavelengths and frequencies

<http://www.glenbrook.k12.il.us/gbssci/phys/mmedia/waves/ipl.html>

The number of antinodal lines in front of the two sources is about twice the number
of wavelengths between the sources.

Java applets for interference:

http://webphysics.davidson.edu/Applets/Ripple/Ripple_JS.html

http://id.mind.net/~zona/mstm/physics/waves/interference/twoSource/TwoSourceInterference1.html
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1. Any real function of continuous time equals the sum of a possibly infinite number of sine waves of
various frequencies.  The (continuous) Fourier transform computes the amplitude and initial phase
angle for those sine waves at each frequency, where the frequencies may need to be infinitesimally
closely spaced for some functions.  It was named after Jean Baptist Joseph Fourier, 1768 – 1830.

2. In particular, if the function of continuous time  g(t)  is periodic with a repetition rate of  fP
(typically in units of cycles/second = Hertz = Hz)  so its period is  1/fP  (seconds/cycle),  which
means   g(t)  =  g(t + u / fP)   for all times  t  and for all integers   u  =  0, ±1, ±2, ±3, …,   then that
function equals the sum of sine waves (called a Fourier series) whose frequencies are only integer
multiples of the fundamental frequency  fP ,  where  m fP  is called the  mth  harmonic frequency for
any positive integer   m = 1, 2, 3, … .

3. If an analog to digital converter (ADC) digitizes an even number  N  of samples of the function of
time  g(t)  at a uniform sampling frequency of  Fs  (samples/second)  spanning a duration of  N / Fs
(seconds),  then each of those samples  (at times  tk = k / Fs  for each sample index   k = 0, 1, 2, …,
N–1)  equals a sum of  N / 2 + 1 sine waves at uniformly spaced frequencies  fn = n Fs / N  for
frequency indexes  n  =  0, 1, 2, …, N / 2 .   That is,
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where the nonnegative amplitudes  an ≥ 0  and the phase angles  θn  of those  N / 2 + 1  sine waves can
be computed from the  N  given samples by the fast Fourier transform (FFT) algorithm.

Mathematical basis of spectrum analysis and the FFT
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Graphical example and demos of spectrum analysis

Sum of 3 harmonics  (based on  http://zone.ni.com/cms/images/devzone/tut/a/8c34be30580.gif)

Fourier series and waves animated applet:              http://www.kettering.edu/~drussell/Demos/Fourier/Fourier.html

Applet to adjust amplitudes of first 8 harmonics:    http://www.earlevel.com/Digital%20Audio/harmonigraf.html

Nice demo to listen to Fourier series harmonics:     http://www.jhu.edu/~signals/listen-new/listen-newindex.htm
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<http://www.glenbrook.k12.il.us/gbssci/phys/Class/sound/u11l2d.html>

The hammer (malleaus), anvil
(incus), and stirrup (stapes)

bones and coiled cochlea are
unique to mammals.

<http://biology.clc.uc.edu/fankha
user/Labs/Anatomy_&_Physiolog
y/A&P202/Special_Senses/Histol
ogy_Ear.htm>

A traveling wave in the liquid-
filled cochlea causes thousands
of tiny, frequency-sensitive hair

cells (cilia) to vibrate, which
sends electrical impulses along

the auditory nerve corresponding
to the hairs that are moving.

Higher amplitude sounds at any
particular pitch produce more

rapidly repeating nerve impulses
from the corresponding hair.

(pi nna)

The tiniest hair cells are near the entrance of the cochlea and are sensitive to the
highest frequencies of sound (up to about 20 KHz).  Somewhat larger hair cells are

near the apex of the cochlea and respond to low frequencies (down to about 20 Hz).

Anatomy of the human ear
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<http://cobweb.ecn.purdue.edu/~ee649/notes/figures/vocal_apparatus.gif>

Anatomy of the human vocal tract
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English phonemes (elemental sounds)

ExampleNotationExampleNotationExampleNotation

birder

toiloiton∧theuh

shoutaucooloohadae

mightaiputUheade

takeeicallawhitI

toneoufatherahheatee

Diphthong vowels
(changing sound)

Pure vowels
(unchanging sound)

b mw(p)Labial  (lips)

(h)Glottal  (glottis in back)

ngg(k)Velar (soft back roof)

zh(sh)Palatal  (hard front roof)

nrlyz(s)d(t)Alveolar  (gums)

th(θ)Dental  (teeth)

v(f)Labio-dental  (lips-teeth)

Nasal
Liquids

(“l” = lateral)
Semi-vowelFricativePlosive

Manner of articulating the consonant;  (unvoiced) or voiced
Place of articulating the

consonant
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Phonetic speech mouth, formants, wave, and spectrum
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Phonetic speech recognition and synthesis


