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The Physics of Sound
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Motion of air molecules Propagation of
sound

associated with sound.

Figure by Dale Pond




The Physics of Sound

* Sound corresponds to vibration in a medium
* Air, water, solids
* No sound in vacuum

e Pressure variation
 Compression extreme to a decompressed, rarefaction extreme

* Sound waves are typically produced by vibrating solid materials
* Striking a large bell
 Air flow: flute
 Humans: lungs to force air through the vocal cords




The Physics of Sound

* Sound pressure level is reported in decibels (dB)

Nay = 20 * 1Ogm pe/p'r'

N

Pressure level of the Reference pressure level
peak compression 2 x 10~ 7 newtons / square meter

Breathing: 10 dB
Conversion in restaurants: 60 dB

Motorcycle at ft: 90 dB
Jet take-off at 25 meters: 150 dB




The Physics of Sound -
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* Sound ray W

'
* Perpendicular to the sound propagation wavefront

Distance traveled

. >

e Attenuation

* Sound intensity decreases by a constant factor (fixed percentage) for every
unit distance from the source (exponential decay)

* Propagation speed
* 343.2 meters per second through air at 20° C (68 ° F)
* Light is about 874,000 times faster




The Physics of Sound

* Frequency v
 The number of compressions per second (called pitch) f b
* 20 Hz to 20,000 Hz for human hearing A

e Ultrasound: above 20,000 Hz

* Infrasound: below 20 Hz

* Wavelen gth | ~—— Wavelength . | Velocity ?f
propagation
* At20Hz: )\ =343.2/20 = 17.1m  ampicte . —_

e« At20,000Hz: A\ = 17.1lmm

"~ f=frequency
T = Period




Doppler Effect

343.2 m/s 343.2 m/s 43.2 m/s
O - A O - A
Source Receiver Source Receiver
TV 343.2m/s 1V  300m/s




Doppler Effect

* The received frequency shifts due to the relative motion between the
source and the receiver

s = 343.2
S 1 Ufr
ffr' — fs rUrr — _4:32
S T Us vy = 0
* sisthe propagation speed in the medium Siren seems to change pitch
* vris the velocity of the receiver as a policy car passed by

* vs is the velocity of the source




Reflection and Transmission

Airborne sound transmission
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Diffraction

s

Figure 11.2: Waves can even bend around corners, due to diffraction. A top-down
view of a room is shown. At each of the three interior corners, the propagating

wavefront expands around it.
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More diffraction occurs for longer wavelengths




Spectral Decomposition

A pure tone (sinusoid) Three pure tones
Fourier analysis: any

periodic function can be

\ decomposed into sinusoids
os -+ °
frequency spectrum
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Directly adding the three pure tones




The Human Ear

Inne:ear
Ic ” T, * Pinna, amplifying sounds in 1500 Hz
il o and 7500 Hz range

‘festibular nerve
Facial nerve

,'i}; ‘? ,:/Audltownewe
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e Ear drum, 55mm?, one pixel camera

 Middle ear (3 bones), converting
vibrating air molecules in the outer ear

) into vibrating liquid in the inner ear
Stapes .
Incus s * Inner ear, the vestibular organs and the
Malleus
Ear canal et COChIea
I ' I Ear drum
Outer ear
C@Lte
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The Cochlea

Anvil  Stirrup

| (Stapes)
&?H&esr) e Oval Eardrum vibration
Eardrum l
(Tympanum) Oval window
l Perilymph
Ailr —
Round window
Tectorial

Ear canal Round window membrane

Eustachian tube
Middle ear : Inner ear




The Cochlea

1,500 Hz

cochlear duct

20,000 Hz

A000 Hz

21997 Encyclopaedia Britannica, Ine.

2,000 Hz

2000 Hz

600 HZ\

basilar

membrane

B basilar membrane

L

basze apes

high-frequency waves
{1,500-20,000 Hz)

C basilar membrane

basze apex

medium-frequency waves
{600-1,500 Hz)

D basilar membrane

base apex

low-frequency waves
{200-600Hz)

2,000 Hz

Basilar membrane

Thin and stiff near the base
Soft and floppy near the apex

Spectral decomposition




Mechanoreceptors

scala vestibuli

Reissner

's membrane

scala media

tunnel tunnel outer hair Deiters basilar
fibres nerve cells cells membrane

cochlear
nerve fibres

organ of corti

scala tympani

A cross section of the organ of Corti. The basilar and tectorial
membranes move relative to each other, causing the hairs in
the mechanoreceptors to bend.

Mechanoreceptors convert
display of hairs into neural
impulses

Hairs are between the tectorial
membrane and the basilar
membrane

Each ear contains around 20,000
mechanoreceptors (vs. 100
million photoreceptors in the
eyes)




Auditory Pathways

Primary auditory cortex

https://teachmeanatomy.info/neuroan
atomy/pathways/auditory-pathway/

Medial geniculate

. Inferior colliculus

_ Superior olive

Cochlear nucleus




Auditory Perception

* Precedence effect

* only one sound is perceived if two nearby identical sounds arrive at slightly
different times
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Loudness Perception
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https://en.wikipedia.org/wiki/Physical_unit
https://en.wikipedia.org/wiki/Loudness

Pitch (Frequency) Perception

* Critical band masking

* Block out waves that have frequencies outside of a particular
range of interest

* Perception of differences in pitch

 Just noticeable differences (JNDs)
* <1000Hz, IND 1Hz
* 10,000Hz, JND 100Hz

* People perceive the tone of the fundamental

frequency even when it is removed, and only higher-
order harmonics remain

* Fundamental frequency: largest amplitude wave




Localization

* Estimating the location of a sound source by hearing it (crucial for VR)

* Minimum Audible Angle (MAA): minimum amount of angular
variation that can be detected by a human listener
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Monaural Cues for Localization

* The pinna is shaped asymmetrically so that incoming sound is distorted in
a way that depends on the direction from which it arrives, especially the
elevation.

 The amplitude of a sound decreases quadratically with distance.

* For distant sounds, a distortion of the frequency spectrum occurs
because higher-frequency components attenuate more quickly than low-
frequency components.

* The reverberations entering the ear as the sounds bounce around; this is
especially strong in a room
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Binaural Cues for Localization

For every point on the cone
there is a symmetrical point
which has the same ITD

* Interaural Level Difference (ILD), the
difference in sound magnitude as
heard by each ear

and ILD

Auditory
_ Event

* Interaural Time Difference (ITD), the
distance between the two ears is
approximately 21.5cm, which results
in different arrival times of the sound

Interaural Axis

Cone of

from a SOU rCE Confusion

The cone of confusion is the set of
locations where a point source might
lie after using the ITD binaural cue.




Head Motion for Localization

* Auditory parallax, nearby audio sources change their azimuth and
elevation faster than distant ones

* Integrating different cone of confusion for every head pose

* Doppler effect caused by the motion of a source relative to the
receiver




Further Reading

e Section 11.1, 11.2 and 11.3, Virtual Reality, Steven LaValle




