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Topics we’ll cover this semester
• Preliminaries: Basic math, music, and physics terminology


• Physics of oscillations and waves


• Production of sound (instruments and voice)


• Perception of sound (hearing, loudness, pitch & timbre)


• Auditorium and room acoustics; electrical reproduction of sound


• Musical scales and tuning systems (standardization of musical notes)
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Why are you in this class? 
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What questions about sound & music would you like 
to know the answer to?



What is sound?  What differentiates speech, music, & noise?
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What is sound?  What differentiates speech, music, & noise?

• Sound is a pressure wave in air (or some other medium, which could be a liquid or solid).  


• The pressure wave consists of alternating regions of compression and expansion of the air 
molecules.


• Energy is transferred from the source of sound to our ears, while the individual air 
molecules just oscillate back-and-forth in place.


• noise: chaotic, unorganized sound


• speech & music: organized sound


• musical notes have a definite pitch (low or high), while noise does not
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Demos: sound measuring devices & musical instruments
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Demos: sound measuring devices & musical instruments
• Measuring devices


• oscilloscope: shows how the sound pressure wave changes in time 


• FFT analyzer: shows how much sound energy is associated with different pitch components


•  spectrogram: shows how the pitch content of a sound changes in time
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Demos: sound measuring devices & musical instruments
• Measuring devices


• oscilloscope: shows how the sound pressure wave changes in time 


• FFT analyzer: shows how much sound energy is associated with different pitch components


•  spectrogram: shows how the pitch content of a sound changes in time

• Musical instruments and sound-making devices:


• whistle, singing, speaking


• penny whistle, recorder, funny plastic recorder, train whistle, other wind instruments


• plucked guitar string, bowed violin string


• bell, drum, shakers, marimba bar, other percussion instruments


• ratchet, crumpled paper, applause
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Range of human hearing
• Normal range:  20 Hz - 20,000 Hz


• What is frequency?  Number of repetitions (oscillations, cycles, …) in a given time interval


• Example: Heart rate: 70 beats/1 minute = 1.14 beats/sec


• Hertz (Hz): 1 Hz = 1 cycle/sec

6

T = period; f = frequency; f = 1/T

https://www.szynalski.com/tone-generator/

           1-6 
 
Comparison of Simple Harmonic Motion with General Periodic Motion  
 
Simple Harmonic Motion        General Periodic Motion 
 
Periodic with period T    Periodic with period T 
 
Single frequency (fundamental)   Fundamental plus overtones 
        
Pure sine wave     Complex wave 
Angel singing      Tone from a bassoon, violin  
  
A sine wave show of  period  T: A square and triangular wave of 

period T: 
      

 
 
Lecture Demonstration    Lecture Demonstration 
Listen to a sine wave     Listen to a square wave and   
(pure tone)      triangular wave (composite tone  
       with overtones) 
       
Mechanical Example:    Mechanical Example: 
Simple pendulum     Windshield wiper  
Spring pendulum     Heartbeat 
       Skateboarding a “half-pipe” 
      
 
 

http://www.apple.com
https://www.szynalski.com/tone-generator/


1. Preliminaries
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Basic math review
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Basic math review
• Entering numbers on a calculator: What’s the value of 1/2π?  Ans:  not 1 ÷ (2 × π) = 0.16 1 ÷ 2 × π = 1.57
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• Demonstration: Produce pure tones having di↵erent frequencies. Determine the range of frequencies
that the class can hear. (The nominal range of human hearing is between 20 Hz and 20,000 Hz.)

• Ultrasound: sound waves whose frequencies lie above the upper end of the audible range for humans.

Example: Dog whistle, echo-localization by bats, non-ionizing medical imaging, sonograms, · · ·

• Infrasound: sound waves whose frequencies lie below the lower end of the audible range for humans.

Example: Seismic waves, earthquakes, · · ·

1.4 Basic math review

• Basic operations: Addition, subtraction, multiplication, division

• Entering numbers on a calculator: To evaluate 1
2⇡ , enter 1/(2 · ⇡) and not 1/2 · ⇡. The correct answer

is 0.1592, not 1.5708.

• Dividing fractions: Multiply by reciprocal—e.g.,

2

3/2
= 2 · 2

3
=

4

3
(1.1)

• Powers (exponential notation):

24 = 2 · 2 · 2 · 2 = 16 (1.2)

103 = 10 · 10 · 10 = 1000 (1.3)

10�2 =
1

102
= .01 (1.4)

• Prefixes:

nano micro milli centi kilo mega giga tera
10�9 10�6 10�3 10�2 103 106 109 1012

For example, nanometer, centimeter, kilometer, millisecond, microsecond, etc.

• Comparing two numbers: First need same units, then subtract, take ratio, or percent di↵erence.

• Example: I’m 5.5 ft tall while Prof. Borst is 72 in tall.

Convert units:

5.5 ft · 12 in

1 ft
= 66 in (1.5)

Subtract:
72 in � 66 in = 6 in (1.6)

Ratio:
72 in

66 in
= 1.09 (1.7)

Percent di↵erence:
72 in � 66 in

66in
· 100 = 9% (1.8)

Thus, one can say that Prof. Borst is 6 inches taller than I am, 1.09 times taller than I am, or 9% taller
than I am.
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Linear vs logarithmic scales
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101 100 10000.10.010.001

0 1 2 3-3 -2 -1

linear

log

+1

x10

Figure 1: Di↵erence between linear and logarithmic scales. The tick marks on a linear scale
are separated by a constant additive term (here +1); the tick marks on a logarithmic scale are
separated by a constant multiplicative factor (here ⇥10).

• Equal divisions on the piano keyboard correspond to musical notes whose frequencies are related by
the same constant multiplicative factor—e.g., neighboring keys are 1 semitone apart, corresponding
to a frequency ratio of 21/12 = 1.05946. Thirteen keys on a piano keyboard are an octave apart,
corresponding to a frequency ratio of 2.

• Useful logarithms to remember:

log 2 ⇡ 0.3 , log 3 ⇡ 0.5 , log 4 ⇡ 0.6 , log 5 ⇡ 0.7 , log 10 = 1 (1.17)

Note that log 4 = log(2 · 2) = 2 log 2 and log 5 = log(10/2) = log 10 � log 2.

1.6 Music terminology

• Pitch: the fundamental frequency (i.e., the number of repetitions per second) of a musical note—e.g.,
concert A4 has a fundamental frequency of 440 Hz.

• Timbre: the distinctive quality or color of a musical sound, which is due to the presence of overtones or
harmonics of the fundamental frequency. (It’s what distinguishes A4 played on a piano and A4 played
on a guitar.)

• Interval: the separation or jump between two musical notes, usually expressed as a ratio of the funda-
mental frequencies of the two notes.

• Octave: a frequency interval corresponding to a factor of 2 di↵erence in frequency.

• Chromatic scale: a division of the octave into 12 half-steps (or semitones). Figure 64 shows the
corresponding notes in a chromatic scale on a piano keyboard:

C � C] � D � E[ � E � F � F] � G � A[ � A � B[ � B � C0

• Equal temperament: a tuning system for which all semitones in the octave have the same frequency
ratio

21/12 = 1.05946 (1.18)

In equal-temperament, the sharps and flats are equal to one another—e.g., C] and D[ are tuned to the
same frequency. These are called enharmonic notes.

• Diatonic scale: divides the octave into 7 intervals consisting of both tones and semitones. The order
of tones and semitones defines the major and minor interval orders.

• The diatonic major interval order is T-T-S-T-T-T-S (2-2-1-2-2-2-1). This is the standard

do � re � mi � fa � sol � la � ti � do

interval order.
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Chromatic and diatonic scales

10
Figure 2: Notes in a chromatic scale on a piano keyboard.

• Fifth: a frequency interval corresponding to 7 half-steps between two notes (e.g., C to G or A to E or
B to F]). The approximate frequency ratio of a fifth is 3/2 = 1.5.

• Fourth: a frequency interval corresponding to 5 half-steps between two notes (e.g., C to F or G to C).
The approximate frequency ratio of a fourth is 4/3 = 1.33.

• Major third: a frequency interval corresponding to 4 half-steps between two notes (e.g., C to E or A
to C]). The approximate frequency ratio of a major third is 5/4 = 1.25.

• Minor third: a frequency interval corresponding to 3 half-steps between two notes (e.g., E to G or A
to C). The approximate frequency ratio of a minor third is 6/5 = 1.2.

• Chord: three notes played simultaneously. An example of a major chord is C-E-G (i.e., the tonic C
and the major third and fifth above C). An example of a minor chord is C-E[-G (i.e., the tonic C and
the minor third and fifth above C).

1.7 Physics terminology

• Position: the location of a point in space, specified by the distance of that point away from a reference
point, and a direction.
Notation: x or y

Unit: meter, cm, inch, foot, ...

• Displacement: the di↵erence between two positions in space.
Notation: �x or �y (which means change in x or change in y)
Unit: meter, cm, inch, foot, ...

• Time: the reading on a clock.
Notation: t

Unit: second, minute, hour, ...

• Duration (or time interval): the di↵erence between two clock readings.
Notation: �t (which means change in t).
Unit: second, minute, hour, ...

• Velocity: the rate of change of position with respect to time, which has both a magnitude and direction.
Notation:

v =
�x

�t
(1.19)

Unit: m/s, mile/hr (or mph), ...

In the absence of any outside influences, an object will either remain at rest or keep moving with the
same velocity.
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Music terminology
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Music terminology
• Pitch: fundamental frequency
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https://www.youtube.com/watch?v=jaMA8LWW3C0


Music terminology
• Pitch: fundamental frequency
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• Calculate the pressure exerted by a 120 lb woman standing on the floor, wearing stilettos 

having approximately circular heels with radius 0.25 in.  Compare to the pressure exerted by 
a 10,000 lb elephant whose four feet are approximately circles with radius 10 in.

• Ans: Recall that the area of a circle is , where  is the radius.  πr2 r

Woman: P = F/A = 120 lb/(2 × π(0.25 in)2) ≈ 300 lb/in2

Elephant: P = F/A = 10000 lb/(4 × π(10 in)2) ≈ 8 lb/in2
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spring; yearly orbital motion of Earth around the Sun; beating heart; …

• Period ( ), frequency ( ): period is the time for one complete oscillation; frequency is the number of 
oscillations in a given interval of time;  or   .  Pitch corresponds to the fundamental 
frequency of a musical note.

T f
f = 1/T T = 1/f

• Ques: What are the periods of sound waves corresponding to the range of human hearing?

• Ans:  f = 20 Hz has T = 50 msec; f = 20,000 Hz has T = 50 microsec

• Amplitude:  1/2 the peak-to-peak displacement of an oscillation (related to the loudness of a sound)

• Waveform: the shape of a wave.  Different waveforms having the same period (or frequency) sound 
differently.  So the waveform of a sound corresponds to its timbre.
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Different waveforms
• Demo: Compare sounds


• Although the pitch is the same, the 
timbre (i.e., sound quality) is different
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               1-8 
Various Wave Forms         
 
A sine wave corresponds to simple harmonic motion (SHM). It is the most elementary 
wave as it contains only a single frequency, the so-called fundamental frequency. Many 
other waveforms exist. Some of these are shown here: 

 
 
Figure. Sine wave (SHM), triangular wave, square wave, saw tooth wave or ramp, and 
pulse train. All waves have the same period, fundamental frequency, and amplitude. 
The waveforms shown are the most basic ones. They are for instance used for testing 
audio equipment. 
 
Question Concerning Harmonics and Overtones 
Guess what causes the differences in the shape of these waveforms, even though they all 
have the same fundamental frequency.  
Answer:             
 
Demonstration 
1. Listen to a sine wave and observe it on a monitor. 
2. Listen to the different quality or timbre of the sound of various waveforms from a 
signal generator. Alternatively, listen to some synthesized waveforms from a keyboard. 

T



Simple harmonic motion (SHM)
• Produced whenever you have a linear restoring force acting on a system that has a stable equilibrium.  

(Linear means the restoring force is twice is great if the displacement from equilibrium is twice as large.) 
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2.2 Simple harmonic motion

• Simple harmonic motion (SHM) is periodic motion with a sinusoidal dependence

x(t) = A sin(2⇡f [t � t0]) = A sin(2⇡ft � ✓0) (2.4)

Note that the term proportional to t0 (or ✓0) just shifts the sine curve to the right by t0.

• Recall from trigonometry that the sine and cosine functions can be defined with respect to a point P

on the unit circle:
y = sin ✓ , x = cos ✓ (2.5)

and repeat whenever ✓ changes by 360� or 2⇡ radians (Figure 3).

Figure 3: Left panel: Point P on a unit circle (radius equal to one) making an angle ✓ with
respect to the x-axis. Right panel: Plots of sin ✓ and cos ✓.

• Simple harmonic motion is produced whenever there is a linear restoring force about a position of
stable equilibrium.

Linear means that the force is directly proportional to the displacement of an object away from its
equilibrium position; in other words, if you double the displacement you double the force.

Restoring means that the force is always directed in such a way as to try to bring the object back to
its equilibrium position.

• One example of a linear restoring force is the force exerted by a stretched or compressed spring on a
mass:

Fspring = �kx (2.6)

where k is the spring constant (which tells how sti↵ the spring is) and x is the diplacement of the mass
m away from the equilibrium position. The minus indicates that the force is directed back toward the
equilibrium position.

• The period and frequency of the associated SHM are given by

T = 2⇡

r
m

k
, f =

1

2⇡

r
k

m
(2.7)

• Note that the period is independent of the amplitude of the oscillation. Also, larger masses have longer
periods of oscillation, while sti↵er springs have shorter periods.
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Examples of SHM
• Mass on a spring 


T = 2π
m
k

, f =
1

2π
k
m
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• Swinging pendulum bob


T = 2π
L
g

, f =
1

2π
g
L

THEORY AND EXPERIMENT

A basic property of simple harmonic motion and any periodic motion is the period T and directly
related to it the frequency f . The period is the time for one complete cycle of motion. The frequency
is the number of cycles during that time. These two quantities are inversely related. For example,
if it takes a mass on the spring two seconds to complete a cycle, then T = period = 2 s, and the
frequency is one cycle per two seconds. As a formula we can write

f =
1

T
=

1

2 s
= 0.5 Hz . (1)

The unit of frequency is Hertz, abbreviated Hz, and is the number of cycles per second. A cycle can
be one revolution, a completion of a periodic process, or one oscillation.

I Pendulum

For the first part of this lab, we make a pendulum using a string and either a lead (Pb) or aluminum
(Al) ball as the mass (see Figure 2). The length of the string is initially L = 20.0 cm from the
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Figure 2. Pendulum and spring 

The length of the string should be L = 20.0 cm from the support to the center of the mass ball. 
Obtain the time it takes for one period of oscillation using a small displacement. For accuracy, 
find the time for ten oscillations, then divide the total by 10 to get the average time for one 
period. Repeat this process three times and record the average time. Repeat the whole process for 
the other mass using the same length of L = 20.0 cm, then repeat for the lead and aluminum balls 
using L=80.0 cm. 

5. Put your results in Table 1: 

Pendulum Periods T (second) 
 L=20.0 cm L=80.0 cm 
Trial Pb Al Pb Al 
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#2         
#3         

 
6. Compare your results for the different masses and lengths. Which variable had an effect on 

the period? Which had no effect? (This might puzzle you and is different from the spring 
below.) 

 
7. Note that the long pendulum was four times longer than the shorter one. Compare the periods 

of the longer and shorter pendulums.  

We know from basic mechanics that the period T is proportional to the square root of the length 
of the pendulum according to the formula 

     

€ 

T = 2π L /g ∝ L      (2)  

So, if the long pendulum is four times as long as the short one, the period T is only twice as long. 
(The quantity g is the acceleration in Earth’s gravitational field, given by g = 980 cm/s2.) 

8. If the length of the long pendulum were 9x longer (i.e. L=180 cm) than the short pendulum, 
what would be the period?   

 

Figure 2: Pendulum (left) and spring (right).

support to the center of the ball. To obtain the time it takes for one period of oscillation using
a small displacement, we measure the time it takes for ten oscillations, and then divide the total
time by 10 to get the average time for one period. We repeat this process three times and record
the average of the three trials. We repeat the whole process for the other mass using the same
length of L = 20.0 cm, and then repeat for both the lead and aluminum balls for a string of length
L = 80.0 cm. The results are given in the following table:

Pendulum Period T (seconds)
L = 20.0 cm L = 80.0 cm

Trial Pb Al Pb Al
# 1 0.91 0.89 1.77 1.76
# 2 0.89 0.91 1.76 1.76
# 3 0.88 0.87 1.78 1.77
avg 0.89 0.89 1.77 1.76
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• Friction, air resistance, … cause oscillations to die out.  Need to apply a driving force to keep them going.

• Natural frequency of a swinging pendulum:  f0 =
1

2π
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• Compare to driving frequency :f

• :  the pendulum bob follows the motion of the driving forcef ≪ f0

• :  the pendulum bob oscillates back and forth, with a very small amplitude, 180 degrees out of 
phase with the driving motion
f ≫ f0

• :  the amplitude of the swinging motion of the pendulum bob increases as the driving force is 
applied, even for small driving amplitudes.  This is called resonance.
f = f0
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3. Waves & sound
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Wave motion, wave velocity
• wave: any ”disturbance” that transports energy from one location to another without the transport of matter


• Examples: sound waves in air; light (example of an electromagnetic wave, which can travel through empty space); 
water waves on the surface of a pond; “wave” at a football game


• transverse waves: the disturbance is perpendicular to the direction of wave propagation


• longitudinal waves: the disturbance is parallel to the direction of wave propagation


• wave pulse vs periodic waves traveling waves


• wave velocity: 


•  (speed of sound in air at room temp, 25 Celsius or 77 Farenheit)


•   (speed of sound in air increases with increasing temperature)


•    (relating Celsius and Farenheit temperature scales)

v = Δx/Δt

v = 346 m/s

v = 331
m
s

1 +
TC

273.15

TC = (5/9)(TF − 32∘)
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Periodic waves, wavelength
• Produced by periodic sources;  is the wavelengthλ

22

               1-9 
 

Representation of a Sine Wave as a Function of Frequency and Distance   

        
Draw a sine wave in the spatial domain. Draw a sine wave in the time domain. 
Show the wavelength l:   Show the period T: 
 

 
 

 

Speed of Sound 

 
Speed or velocity is given by distance x traveled, divided by time t, or v = x/t. 
 
Rewrite this as v = x/t = l/T, where l is the wavelength, and T the period of oscillation.  
We know that “period = inverse of frequency”, T = 1/f, and so we have the result 
 
    v = lf  (Speed = wavelength times frequency) 
   
We shall use this formula on the following pages. 
The speed of sound depends on the temperature. 
 
Example: At typical class room temperatures of 250C (770F) we have v = 346.1 m/s 
Example: At the freezing point 00C (320F) of water we have = 325.2 m/s 
 
We shall take the value of v = 346 m/s at 250C (770F) if not otherwise specified. 
 
 

 

 

 

 

 

 

 

 

 

“snap shot” at a fixed time, showing how 

the displacement varies with position

fixed location, showing how the 

displacement varies with time

v = λ/T = fλ



Exercise
• Calculate the wavelengths of sound corresponding to the range of human hearing.  Use 

 for the speed of sound in air at room temperature.


• Ans:


•  has 


•  has 


• Most musical sounds (e.g., concert A, 440 Hz) have wavelengths of roughly ??

v = 346 m/s

f = 20 Hz λ = ??

f = 20,000 Hz λ = ??
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Exercise
• Calculate the wavelengths of sound corresponding to the range of human hearing.  Use 

 for the speed of sound in air at room temperature.


• Ans:


•  has 


•  has 


• Most musical sounds (e.g., concert A, 440 Hz) have wavelengths of order 1 meter

v = 346 m/s

f = 20 Hz λ ≈ 17 m

f = 20,000 Hz λ ≈ 1.7 cm
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Superposition / interference
• the combination of two waves is another wave


• constructive & destructive interference depends on the phase difference (matlab demo: “sumsines”)

25

than through the warm air closer to the ground. The sound therefore is refracted upwards and
may not reach you. In contrast, a temperature inversion, where the air is cooler closer to the ground,
produces the opposite effect. A cool lake at night and in the morning hours can cause such a
temperature inversion: Sound is refracted downwards towards the listener, effectively amplifying
the direct sound across the lake. This makes the sound, for instance from people on the opposite
shore, sound louder and closer than it actually is.

Questions

1. Draw a diagram illustrating how the direction of sound propagation changes for the case of
a temperature inversion.

IV Interference of Waves
When two or more wave trains move through the same region of space, the waves interfere with
each other at any given spot. Constructive interference occurs when two waves with the same phase,
such as two wave crests, align at the same location. The two amplitudes add together to create a
“hotspot” of twice the amplitude and thus a maximum in intensity—see Figure 5.

2-6 

 

 

Figure 5. Interference and superposition of two waves. The diagram on the left shows 
constructive interference and on the right destructive interference. 

 

Interference of Water Waves 

Study the interference maxima and minima with water waves in the “ripple tank”. Use the wave 
generator with two small point-like dippers, each producing circular waves. Space the plungers a 
few wavelengths apart.  Choose a frequency between 15 and 20 Hz. Observe the interference 
pattern.  

11.  Change the frequency of the dippers. Describe how the interference pattern changes. 

Set up the long barriers side by side so that they make a barrier parallel to the plane waves. In the 
gap between the two long barriers place a small barrier so that two small gaps or “slits” are 
created. Use the wave generator and produce plane waves with a frequency of about 10 Hz 
moving towards the “slits”.  

The two slits can be considered new “point sources” by themselves for the emission of waves.  
(Our experiment is a direct analog to the interference in the famous double slit experiment in 
optics, where light was shown for the first time to be a wave.) After passing through the slits, the 
emerging waves interact and create an interference pattern according to the principle of 
superposition. You should be able to see bright spots where the waves add constructively and 
dark spots where they add destructively. Record the frequency shown on the wave generator. 
Trace the barriers and the double slits on a sheet of paper. Mark the lines of constructive and 
destructive interference.  

12.  Increase the frequency of the wave generator. What happens to the interference pattern? 

 

 

Figure 5: Interference and superposition of two waves. The diagram on the left shows constructive

interference and on the right destructive interference.

On the other hand, if the wave crest of one wave meets with a wave trough of another wave, the
two waves are completely out-of-phase and suffer destructive interference. The resultant amplitude
is nearly zero, and so is the wave intensity—again see Figure 5.

Questions

1. Draw a diagram similar to Figure 5 showing the interference of two sine waves that are
90 degrees out of phase with one another (i.e., so that the crest of one wave occurs at the zero
of the other wave, etc.)

4

constructive destructive



A Interference of Water Waves

We can study the interference maxima and minima with water waves in the “ripple tank” using
the wave generator with two small point-like dippers, each producing circular waves. If we space
the plungers a few wavelengths apart, and choose a frequency between 15 and 20 Hz, we observe
the interference pattern similar to that shown in Figure 6. The radial lines correspond to regions of
destructive interference where the two circular waves cancel each other out (e.g., at the top black
dot in Figure 6). Between those radial lines are regions of constructive interference (e.g., at the
bottom black dot in Figure 6).

Figure 6: Interference of circular water waves. [Image from chegg.com.]

Questions

1. Suppose we change the frequency of the dippers. Describe how the interference pattern
changes. (For example, does increasing the frequency of the dippers increase or decrease the
number of radial lines in the interference pattern.)

B Interference of Sound Waves

Sound waves from two speakers behave exactly like the interfering water waves in the ripple tank
shown in Figure 6. For interference from the speakers to be clearly audible, the wavelength should
be somewhat smaller than the distance between the speakers. By walking in front of the speakers,
you can hear the interference maxima (constructive interference) and minima (destructive interfer-
ence) as you walk.

5

Interference in space
• Water waves in a ripple tank or 

sound waves produced by two 
speakers


• PhET demo: wave interference
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Interference in time - “beats”
• Interference in time of 

two periodic waves 
having different 
frequencies (matlab 
demo: “beats”, and using 
signal generators)


• Beat frequency:   



• “Beatless” tuning of 
instruments

fbeat = | f1 − f2 |
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• Change in direction of a wave when it encounters an interface between two media


• Demos with plane, concave, and convex mirrors 2-2 

 

 

Figure 1. Displacement of the medium (e.g. water) of a wave from equilibrium as a 
function of time, for a fixed point of observation. 

 

Figure 2. A transverse wave traveling with velocity v and wavelength λ. We see a 
snapshot at a fixed time with vertical direction showing the displacement of the medium 
and  horizontal direction the position of the wave. 

 
Use the PASCO ripple tank and produce plane waves in the “strobe light” setting. 

1. Trace three or four plane waves on a sheet of paper located on the screen of the ripple tank. 
Draw a line showing the direction of the traveling waves. 

2. Measure the length of 5 consecutive crests and determine the wavelength λ by dividing that 
distance by 5. For instance, a frequency setting to give you a wavelength around 6 cm may 
be suitable. The frequency f is displayed on the PASCO wave generator itself. What is the 
velocity v of the waves according to equation (1)?  Answer:  v = _________m/s 

 

Figure 2: A transverse wave traveling with velocity v and wavelength �. We see a snapshot at a
fixed time with vertical direction showing the displacement of the medium and horizontal direc-
tion the position of the wave.

I Wave Velocity
We can use a PASCO ripple tank to produce plane waves in the “strobe light” setting. The direction
of the traveling waves is perpendicular to the crests and troughs of the waves. For a frequency
setting of f = 20 Hz, we measure the length of 5 consecutive crests and determine the wavelength
� by dividing that distance by 5.

Questions

1. If the distance between 5 consecutive crests is 11 cm, what is the velocity v of the waves
according to equation (1)? Write your answer in units of m/s.

II Reflection

2-3 

 

The wave speed can also be obtained from the measured time t the wave takes to travel a 

distance d, according to the formula 

€ 

v =
d
t

. With a stopwatch, measure the time t it takes the 

wave to travel a given distance d, without the strobe light turned on.  

3. Take three time measurements. Record the average time:     t =________s. 

4. Now calculate the wave speed from v = d/t:    v  =________m/s. 

5. Compare your values for the velocity from questions 2 and 4 and discuss possible reasons for 
any discrepancy. 

6.  For the velocity for shallow water waves we have v = (gd)1/2,	where	g	=	9.8	m/s2	and	d	is	
the	depth	of	the	water.		Obtain	the	value	for	the	velocity:		v  =________m/s.	

 

Reflection 

When sound waves hit a barrier such as a wall, some of the sound is reflected (with the rest 
absorbed by the wall). Waves obey law of reflection. A line drawn perpendicular to a point on 
the wall is called the “surface normal” - see Figure 3. The angle that the incoming wave makes 
with the normal is called the angle of incidence. The law of reflection states that for a wave 
approaching a barrier, the wave will be reflected from the surface at an angle equal to the angle 
of incidence. For the law of reflection to hold, the surface roughness must be small compared to 
the size of the wavelength. In other words, we need a smooth, or optically speaking, a “mirror-
like” surface. This is the case in our experiments with the ripple tank. 

 

Figure 3. Incoming wave reflected off a smooth surface 

  

Figure 3: Incoming wave reflected off a smooth surface.

When sound waves hit a barrier such as a wall, some of the sound is reflected (with the rest ab-
sorbed by the wall). Waves obey the law of reflection. A line drawn perpendicular to a point on the

2

Reflection 
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Reflections - whispering chamber

29
Figure 56: Illustration of the so-called “whispering chamber e↵ect” for a room shaped like an
ellipse (top view). The whisperer sits at the focal point indicated by the red dot, and listener
sit at the other focal point. (Figure taken from http://hyperphysics.phy-astr.gsu.edu/.)

where v is the speed of sound in air. (This is just a generalization of standing waves in a 1-dimensional
tube closed a both ends to 3 dimensions.)

• Exercise: Calculate the first few resonant frequencies for a rectangular-shaped shower stall having
dimensions 1 m ⇥ 1 m ⇥ 2m.

• Answer:

f001 = 85 Hz , f010 = 170 Hz , f100 = 170 Hz , (13.16)

f002 = 170 Hz , f110 = 240 Hz , f111 = 255 Hz , · · · (13.17)

• Although resonances might be good for singing in the shower, they are not good for concert halls in
general!

• Background noise: External noise due to heating, ventillation or air conditioning systems should be
kept to a minimum.

• For example, one should try to isolate the air conditioning unit from the ceiling joists, which would
strongly couple the vibrations of the air conditioning unit into the building.

13.8 Terminology used for concert halls

• Intimacy or presence: The impression of being in a small concert hall.

• Spaciousness: The sound appears to come from all directions and from a source wider than the visual
width of the source.

• Reverberance or liveness: (As before.) The feeling that the listener is bathed in sound.

• Clarity: (As before.) Being able to distinguish between discrete sounds in a musical performance.

• Warmth: Liveness of the bass notes (75 Hz–350 Hz) relative to the treble notes.

• Brilliance: Liveness of the treble notes (> 350 Hz) relative to the bass notes.
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Refraction 

30

wall is called the “surface normal”—see Figure 3. The angle that the incoming wave makes with
the normal is called the angle of incidence. The law of reflection states that for a wave approaching
a barrier, the wave will be reflected from the surface at an angle equal to the angle of incidence.
For the law of reflection to hold, the surface roughness must be small compared to the size of the
wavelength. In other words, we need a smooth, or optically speaking, a “mirror- like” surface.
This is the case in our experiments with the ripple tank.

Questions

1. Suppose a traveling plane water wave is incident on a concave piece of plastic which acts
as a “mirror” for the water waves. Draw a diagram showing the direction of the incident
and reflected waves for different incident locations on the concave surface. You should see
focusing of the waves in analogy to an optical mirror.

III Refraction
Refraction means a change in the direction in which a wave travels (see Figure 4). This happens
for instance in water where the depth changes, and the wave speed changes as a consequence.
(For the velocity for shallow water waves, we have v =

p
gd, where g = 9.8 m/s2 and d is the

depth of the water.) Although refraction has only limited applications to sound propagation in
enclosed rooms such as our laboratory, it accounts for some interesting atmospheric phenomena
(see below). Refraction also occurs with light waves, where it accounts for the action of optical
lenses. In all cases where refraction occurs, the wave speed and direction of propagation change.

2-4 

 

Produce a plane wave with the PASCO ripple tank by placing one of the longer straight barriers 
in the center of the tank. Observe how the waves are reflected. The light and the wave generator 
are synchronized in STROBE mode so that when the generator is producing waves with f =20Hz, 
the light will strobe at the same frequency. This gives the appearance of non-moving “frozen” 
waves and thus facilitates observation. By changing the strobe frequency of the light slightly, the 
waves can be made to look as if they were traveling slowly. This is for clearly seeing the 
direction of the traveling waves. 

7. Trace the wave barrier on a sheet of paper. Trace the incoming and reflected waves and 
draw  two lines representing the direction of travel for each of them. 

8. Use a protractor to measure the angles of both the incoming and reflected waves. Are the 
two angles the same in accordance with the law of reflection? 

Note that an interference pattern also is created in this experiment  (see interference below). 

Place the concave plastic piece in the water to act as a “mirror” for the water waves. Observe 
focusing of the waves in analogy to an optical mirror. 

 

Refraction 

Refraction means a change in the direction in which a wave travels (see Figure 4). This happens 
for instance in water where the depth changes, and the wave speed changes as a consequence. 
Although refraction has only limited applications to sound propagation in enclosed rooms such 
as our laboratory, it accounts for some interesting atmospheric phenomena (see below). 
Refraction also occurs with light waves, where it accounts for the action of optical lenses. In all 
cases where refraction occurs, the wave speed and direction of propagation change.  

 

Figure 4. Refraction of wave on a barrier such as in water. Figure 4: Refraction of a wave at the interface between two media, where the wave speed is differ-
ent in the two media.

A Refraction of Sound Waves in the Atmosphere

The speed of sound depends on the temperature of the air. Cooler, denser air will transmit sound
more slowly than warmer air. Under normal conditions, the air near the ground is warmer than
the air above it. This is the reason why you may not always hear the thunder from a lightning
strike several miles away: The sound traveling through the cold air higher up travels more slowly

3

medium 1

medium (v2 < v1)

• Change in direction of a wave 
due to a change in its velocity


• Demos with light (stick, prism, 
and laser)


• PhET demo: bending light



Examples of refraction of sound
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                 2-4 
2. Maximum Distance for Hearing Thunder 
A normal temperature gradient without inversion usually exists at the beginning of a 
thunderstorm. The air is warmer near the surface and the speed of sound is higher there. 
Sound waves will then bend upward. When thunderheads typically are at an elevation of 
about 4 km, the maximum range for hearing thunder is about 22 km. Beyond that the 
sound is refracted back up and cannot be heard at larger distances.  

 
Figure. Upward bending of sound waves from a thunderhead in the normal atmosphere. 
The air near the ground is warmer and the wave speed larger than farther above.   
 
3. Ocean Waves Near a Beach 
Waves approaching a beach under an angle to the shore generally become more parallel 
to the shore. The reason is that the waves closer to the shore slow down due to the 
shallower water. The faster waves in the deeper water catch up and align their wave 
fronts parallel to the shore. The bending is gradual if the water depth decreases gradually. 

                     
 
Figure. Water waves approaching a beach line up parallel to the shore. The wave in the 
shallower water is slower than in the deeper water farther. Refraction bends the wave. 
 
4. A Mirage shows the “blue sky” on the “watery” surface of a dry highway. 

                  2-3 
Refraction of Waves          
 
Refraction occurs when a wave that travels in a medium enters another medium. The 
direction of propagation changes at the interface between the two media. This effect is 
called refraction. It happens for instance when a light wave enters glass. Eyeglasses and 
lenses work on the principle of refraction. The amount of bending of the wave at the 
interface between the two media is described by Snell’s law (mathematical form not 
needed here). The wave bends towards the surface normal when it enters a medium 
where the wave velocity is lower than in the medium from what it came. 
 

 
Figure. Refraction of a sound wave traveling from high to low temperature regions 
through a boundary layer (interface). 
 
Refraction of sound waves occurs mostly outdoors.  It is not very important for room 
acoustics. The following interesting natural phenomena are based on refraction. 
 
1. Temperature Inversion in the Atmosphere       
A temperature inversion may exist above a placid lake at night when the air is cooler near 
the water and warmer higher above. Sound waves are bent down as they travel from the 
source to the listener. This increases the sound intensity heard by the observer. This way 
you may hear campers from the far side of a lake at night. You may not hear them during 
the day when there is no temperature inversion and the air is warmer near the water and 
cooler higher up.  
 

    
 
Figure. A temperature inversion occurring above a placid lake at night. Sound waves 
originally traveling upward are refracted back down and reach the observer. 

Temperature inversionUsual temperature distribution



Understanding refraction
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Diffraction
• “spreading” of a wave as it passes through openings or around barriers …


• amount of spreading depends on relative size of wavelength and opening, barrier, …


• a lot of spreading into shadow regions if the wavelength is greater than or comparable to the size of opening,  … 


• reason why you can hear somebody speaking in the hallway, but you can’t see him / her 


• PhET demo: wave interference

33

Questions
1. At the midpoint in front of the speakers (i.e., at the same distance from each speaker) would

you hear constructive or destructive interference? Why?

2. Would the number of audible maxima and minima increase or decrease if the frequency is
increased?

3. Do you think the interference of sound waves is desirable or undesirable in rooms and con-
cert halls? Why? How would you address such problems?

V Diffraction of Waves
Diffraction is a wave phenomenon with direct applications to sound propagation when there is a
barrier, opening, or corner. The effect is pronounced when the wavelength is comparable to the
size of the obstacle. In such cases diffraction enables one to hear sound “around corners”—see
Figure 7. We all have heard sound from a door opening when we were outside a room but not in
the line-of-sight of the sound source inside.

2-7 

 

Diffraction 

Diffraction is a wave phenomenon with direct applications to sound propagation when there is a 
barrier, opening, or corner. The effect is pronounced when the wavelength is comparable to the 
size of the obstacle. In such cases diffraction enables one to hear sound “around corners” - see 
Figure 6. We all have heard sound from a door opening when we were outside a room but not in 
the line-of-sight of the sound source inside.  

 

 

Figure 6. Diffraction of sound waves after passing through an opening, around a barrier, 
and around an edge.  

Create a small opening (“double slit”) of about 2 cm between two long barriers in the ripple tank, 
the barriers being in line with each other and parallel to the approaching plane waves. Produce 
plane waves of frequency 20 Hz with the wave generator. 

13. Trace the opening in the barrier on a sheet of paper. Trace the incoming and diffracted 
waves. 

14. If the incoming waves were circular instead of planar, what would the diffracted waves look 
like? Confirm your guess by removing the plane wave generator and adding a single dipper in its 
place, which now produces circular waves. 

Set up a barrier for the waves in the ripple tank instead of the opening. Let a wave approach a 
barrier with width large compared to the wavelength. You should see a “shadow” region without 
waves behind the barrier, as expected. If, however, you make the wavelength comparable to the 
barrier width, the “shadow” region behind the barrier becomes small and waves travel into the 
region. Verify this by using a small barrier or by decreasing the frequency of the wave generator 
(this increases the wavelength). 

Finally, use one of the long barriers for an “edge” or “corner” in the tank and block about half of 
the incoming wave. Note again that the wave passing the edge is diffracted into the “shadow” 
region behind the barrier (Figure 6). 

P.S.: Water waves are an example of transverse waves, whereas sound waves are longitudinal 
waves. In the first case the medium oscillates transversely to the direction of wave propagation, 
in the second case (air) the oscillations are longitudinal along and against the propagation 
direction. These differences do not affect the basic study of wave behavior in this laboratory. 

Figure 7: Diffraction of sound waves after passing through an opening, around a barrier, and
around an edge.

The amount of diffraction depends on the relative size of the wavelength of the waves and the
size of the opening or barrier obstructing the passage of the waves. For example, suppose a wave
approaches a barrier with a width large compared to the wavelength. Then there is a “shadow”
region without waves behind the barrier, as expected. If, however, the wavelength is comparable
to the barrier width, the “shadow” region behind the barrier becomes small and waves travel into
that region.

P.S. Water waves are an example of transverse waves, whereas sound waves are longitudinal waves.
In the first case the medium (water) oscillates transversely to the direction of wave propagation; in
the second case (air) the oscillations are longitudinal along and against the propagation direction.
These differences do not affect the basic study of wave behavior in this laboratory.

Questions
1. For the case of plane waves incident on an opening, sketch the diffracted waves for the case

where the wavelength of the waves is small compared to the size of the opening.

2. Same as the previous question but for the case where the wavelength of the waves is compa-
rable to the size of the opening.

6



Doppler effect
• Change in frequency due to the motion of the observer or source (e.g., for sound, light, …)


• Examples: siren on an approaching / receding police car or ambulance; a train whistle; …


• Demo with nerf ball
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4. Standing waves, harmonics, 
Fourier’s theorem
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Standing waves on a string / harmonic frequencies
• Demo: superposition of right-moving and left-moving waves on a string


• occurs only for certain freqs (resonance phenomenon; matlab demo: “standingwaves”)
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               1-21 

Vibrating Strings - Some Basics  

 
“There is geometry in the humming of the strings. There is music in the spacing of the 
spheres.”  (Pythagoras, 570–495 B.C.) 
 

A string under tension accelerates and radiates sound when bowed or plucked. 

The pitch (fundamental frequency) of the sound depends on the tension T in the string, its 

length L, and linear mass density µ (mass/length, µ = m/L - see later). 

 

        String Length L 

 

 
 

Figure. The lowest three vibrational modes of a stretched string fastened at its ends and 

the relationship between string length L and wavelength l.   

N = 1  first harmonic or fundamental mode,  L = (1/2)×l1 or  l1 = (2/1) ×L   

N = 2  second harmonic or first overtone,  L = (2/2)×l2 or l2 = (2/2) ×L  

N = 3  third harmonic or second overtone,  L = (3/2)×l3 or l3 = (2/3) ×L 

etc…. Generally we have: 

          lN = 2L/N, where N = 1, 2, 3, 4, … is the so-called harmonics number. 

For the harmonic frequencies of the vibrating string, we then have fN = v/lN = N(v/2L),  
or fN = Nf1, with fN = f1, 2f1, 3f1, 4f1, 5f1, …., where f1 = v/lN =(v/2L) is the fundamental 

frequency (or “pitch”). 

 

Demonstrations  
1. Drive a stretched cord with a vibrator and show the different vibrational modes.  

2. Use a sonometer or monochord with a stretched string fastened at its two ends. 

Vary the length or tension of the string and listen to the change in frequency.  

Divide the string into two equal parts with a wedge and listen to the resulting octave. 

Divide the string into two appropriate parts and listen to the musical intervals of a fifth, 

fourth, and third. 

3. Show the strings on a violin. Bow and pluck them. 

4. Show a “slinky” and simulate the transverse vibrations of a string. 

5. With the slinky, also simulate the longitudinal vibrations in air.  

N = 1

N = 2

N = 3

L

v =
string tension
mass density

=
F
μ

λN =
2L
N

, N = 1,2,⋯

fN = Nf1

f1 =
v

2L
(fundamental )

(Nth harmonic)



Timbre — same note but different contributions of harmonics

37

flute

clarinet

guitar



Where you pluck a guitar string changes the timbre

38

1/3 of the way from bridge1/2 way from bridge

(matlab demo: “pluckedstring”)
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Figure 6: Fourier coe�cients corresponding to strings plucked in di↵erent locations. Note that
a string plucked in the center (top-left plot) corresponds to the purest tone, with small con-
tributions from just the odd harmonics. A string plucked near the end (bottom-right plot)
corresponds to a fuller sound, with relatively large contributions from many harmonics.
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Standing waves in a tube
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open at both ends closed at one end

N=1

N=2

N=3

N=4

N=5 N=5

N=3

N=1

L L

λN =
2L
N

fN = Nf1

f1 =
v

2L
N = 1,2,⋯

λN =
4L
N

f1 =
v

4L

fN = Nf1

N = 1,3,5,⋯

(only odd harmonics!!)



Air molecule displacement vs pressure deviation
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pressure deviation

air molecule displacement



Effective length, and “slap tube” determination of the speed of sound

•   and    (where r is the radius of the tube)


• “slap tube” is closed at one end 


• Determine fundamental frequency, then solve for wave velocity

Leff, closed = L + 0.61r Leff, open = L + 1.22r

(L = 38.5 cm, diameter = 2.5 cm)
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Fourier’s theorem
• standing wave vibrations are the “building blocks” for any complex vibration 


• any complex periodic wave can be written as a sum of harmonics:








• Ohm’s law of hearing: Phases have little effect on the timbre of the sound


• Fourier analysis: decomposing a complex periodic wave into its contributing harmonics


• Fourier synthesis: constructing a complex periodic wave by combining harmonics


• PhET demo: Fourier - making waves

y(t) = A1 sin(2πf1t + ϕ1) + A2 sin(2πf2t + ϕ2) + ⋯

fN = Nf1, N = 1,2,⋯
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