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How do we process music on a computer?



Four Representative Music Representations

Symbolic music representations Audio-domain music representations
Text-based Image-based Time series-based Image-based
Program_change_80, A >
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Today's topic!




Machine-readable Music Language



Designing a Machine-readable Music Language

- How can we represent music in a way that machines understand?




ABC Notation

* A simple text-based notation

 Use letters to denote pitches 4

-

- Lower octave (A-G), higher octave (a-g)

 Use prefix to denote accidentals - T
- Sharp (M), flat (_), natural (=)
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https://abcnotation.com/examples

é£ What is this song in ABC notation?

CCGG|AAG2 | FFEE [DDC2:
| :GGFF | EED2 | GGFF | EED2 |
CCGG|AAG2 | FFEE | DDC2:

Twinkle, twinkle, little star!



An Example of ABC Notation

X:571
Metadata < T:Ah! vous dirai-je, maman
Ah! vous dirai-je, maman T:(Twinkle, twinkle, little star)
(Twinkle, twinkls, littls star) C:anon

anon, (France)

) O:France
é%ﬂ R:Nursery song
M:C Meter

- L:1/4 Unit note length (temporal resolution)
& Q:120 Tempo

. :

o CCGG||(AAG2)| FFEE |DDC2: |

o 4

| :GGFF |EED2 | GGFF | EED2 |
CCGG|AAG2 | FFEE |DDC2: |

abcnotation.com/tunePage?a=trillian.mit.edu/~jc/music/abc/mirror/musicaviva.com/france/ah-vous-c/ah-vous-c-1/0000
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ChatGPT can Compose Songs in ABC Notation!

@ You

Write a cheerful folk song using ABC notation

@® chatGeT
Certainly! Here's a cheerful folk song in ABC notation:

[ Copy code

Sunshine the Meadow

/

C

G2 G2 G2 | A4 G4 |
[¢}] G2 G2 | C4 E4 |
G2 G2 G2 | A4 G4 |
G2 | E4 D4 | C4 z4 |
G2 G2 G2 | A4 G4 |
G2 G2 G2 | C4 E4 |
G2 G2 G2 | A4 G4 |

G2 | E4 D4 | C4 z4 |

Feel free to play around with the tempo and instrumentation to give it your own unique

style!

chat.openai.com

The sheet music is rendered with abc.rectanglered.com.

Sunshine on the Meadow
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https://abc.rectanglered.com/
https://chat.openai.com/

Large Language Models (LLMSs)

« The models behind ChatGPT!

. You

What's so cool about Al for music? Give me a brief answer

© chatGPT Word-by-word generation

10



Language Mo

dels

 Predicting the next word given the past sequence of words

Transformer (machine learning model)

Article  Talk

Read Edit Vie

(_ﬁrransformer (gene)

Atticle  Talk Read Edit

View b

27 Add languages

Tools v Jessively on references to primary sources. Please improve this
ndary or tertiary sources.

From Wikipedia, the free encyclopedia

Not to be confused with Transform
Aricle  Talk

From Wikipedia, the free encyclopedia

Transformers (film series)

P - —— —— Transformers is a series of science action films based on the Tra
— - - of the 1980s.1"%# 1| Michael Bay directed the first five live action films:
Altornative splicing of the ) ners (2007), Revenge of the Fallen (2009), Dark of the Moon (2011), Age of
s served as a producer
Transformer 3, 108 languaged

Aricie Talk

From Wikipedia, the Iree encyciopedia

This arficle is about the electrical device, For ather uses, see Transformer (disa

igu

Atransformer is & passive component that transfers electrical energy from one electrical
dircuit to another circuit, ar multiple circuits. A varying current in any ooil of the transformer

produces a varying magnetic flux in the transformer's core, which induces a varying

romoive force (EMF) across any other coils wound around the same core. Electrical
anargy can be transferred between separate colls without a metallc (conductive)
connaction batween the two circui

law of induction, discovered in 1831,
deseribes the induced voltage eflect in any coil due to a changing magnetc flux encircled
by the cail,

Transformers are used la change AC voltage levels, such ransformers being termed step-
up or step-down type to increase or decrease voltage level, respeciively. Transformers can
also be used to provide g

 isalation between circuits as well as 1o couple stages of Abask wansformer consisting of

Read Edit Viewhistory Tools v

ook - scholar - JSTOR

Hp, 26 language

Read Edil View history Tools v
Part of a series on
Machine learning

and data mining
Transformers Paradigms

FRS Problems

Supervised learning
iassinication « regressian)

Lopo used for the first three films in the series

' wasreleased  Directed by

Gaple Jr. was

Michas! Bay (1-5)
Travis Knight (6)
Steven Caple Jr. (7}

35 6 languag

Josh Coaley (8) View history  Tools v
orks Pictres Basedon Transfos
as received by Hasbrol"® 1
received Distributed by Paramount i
| of 55,28 billion;  Release date  2007-present
formers
Dark of the Running time 1002 minutes (7 fims)

Country United States

2 isswes starting in 1993. Tha second
Prox 15 from 2002 1o 2004 with
ultipke story continuities, until the

ird and fourth series have been

Publication information
Publisher Marvel Comics (1884-1904)

Drea

(2002-2004)
series starting with an issus #0 in IDW Publishing [2005-2022)
in January 2006 to November 2018 LN

h issus #1 and concluded in June (R0z3-prasenl

¥p, 23 language:

Taols v

wl
fshow]
Tehow]

[show]
fshow]
[show]
fshow]

[nide]

& [being produced by IDW as well.

two colls of copper ppe
around a magnetis core

Lprocessing circults. Since the the first
1885, transformers have become essential for the

tant-potentia
distribution, and utlization
of altemating current electric power. !l A wide range of transformer designs is encountered
elecironic and electric power applications. Transformers range in size from RF transformers less than a cubic cenfimeter in
i, 1o units weighing hundreds of tons used to intercannect the power grid

ansformer in

tarting in June 2023, kicking off the Enargen Universe. In additiog
50 been several other smaller publishers with varying degrees of success,

istallation is

- — e o
open the ride.

as the first to

The dark ride consists of motion platform-mounted vehicles which foliow a 2,000-foot-

long (610 m) track. Throughout the ride, screens up to 60 feet (18 m) high project 3D

images of various Transformers characters as the Autobots attempt to protect the
park from the Dece;

A transformer is a

electrical device

deep learning model

type of food 1

fiction character

family of genes

musical instrument
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Language Models (Mathematically)

* A class of machine learning models that learn the next word probability

P( electrical | A transformeris a) I
P( character | A transformerisa)

P( X | X1, X2, ey Xi—1 ) P( gene | Atransformerisa)
J

L

/ \

Next word Previous words

P( model |Atransformerisa)
P( food |Atransformerisa)

P( musical | A transformerisa)

Y L



Music Language Models (Mathematically)

* A class of machine learning models that learn the next note probability

PCG | CCGGAA) I
PCA|CCGGAA) I

P(x; | xy,%0, .., %5-1) PCC | CCGGAA) I

L

/ N P(FlCCGGAA)I

Next note Previous notes

P(CAb | CCGGAA) 1

P( At | CCGGAA) 1
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Language Models: Generation

- How do we generate a new sentence using a trained language model?

A transformer is a

A transformer is a deep

A transformer is a deep learning

A transformer is a deep learning model

A transformer is a deep learning model introduced

A transformer is a deep learning model introduced in

Model

Model

Model

Model

Model

Model

deep
learning
model
introduced
in

2017

14



Limitations of ABC Notations

* Limited expressiveness

« Monophonic tunes only

15



MIDI-like Representation

16



MIDI (Musical Instrument Digital Interface)

« A communication protocol between devices

* MIDI Messages
- Note on
- Note off
* Delta time
* Program change
- Control change

- Pitch bend change

PEAK @USB / e - - |
4 MONO . ;
INPUT Wy ‘ N
MIX I
| = v / N
| ‘ el
4 1 2
! GAIN M GAIN HI-Z

@ steinberg

-
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MIDI Note Numbers

« Ranging from 0 to 127
- Middle Cis 60
- Wider than standard piano's pitch range

» Widely used in various software, keyboards and algorithms

48 | 50 | 52

<60> 62 | 64 | 65 | 67 | 69

71

Middle C

18



Representing Music using MIDI Messages

* Three main MIDI messages

- Note on
- Note off
- Time Shift

Sunshine on the Meadow

D>

Note on _67)|Time_shift_quarter_notej [Note_off_67
Note_on_67) Time_ _shift _quarter_note, Note off 67,

Note_on_64 Time_shift quarter_note, Note off 64,

Note on_ 64, Time_shift quarter_note, Note off 64,

19



Representing Polyphonic Music

- We can now handle music with multi-pitch at the same time

- In the literature, “polyphonic” & “multi-pitch” are often used interchangeably

Clair de Lune

from “Suite Bergamasque” L. 75 Claude Debussy

1862-1918
. ... 3" Movement ( )
Andante trés expressif /,2/'_2\
Y 17 h Fa '\ 0 0
. h 1V &f IS - b
Wb — ~ T || S — —
) T N~—F" —— — ]
N p— .
Piano pp ‘ con sordina
A‘g L}jl P &f @ | — | ! I ]
(ISR SEE ) o7 - 3

Note on 65, Note on 68] |Time shift eighth note

Note on 77, Note on 80
T1me shlft half note| [Note off 77, Note off 80! |INote _on 73 Note _on_77

Time_ _shift dotted _quarter_ note, Note off 65, Note off 68,

20



A.l. Duet (Mann et al, 2016)

y il

youtu.be/0ZE1bfPtvZo
experiments.withgoogle.com/ai/ai-duet/view

github.com/googlecreativelab/aiexperiments-ai-duet

21


https://github.com/googlecreativelab/aiexperiments-ai-duet
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https://experiments.withgoogle.com/ai/ai-duet/view/

Piano Roll Representation

22



Piano Rolls

(Source: Draconichiaro)

Draconichiaro, CC By-SA 4.0, via Wikimedia Commons
Tangerineduel, CC By-SA 4.0, via Wikimedia Commons
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https://commons.wikimedia.org/wiki/File:PlayerPianoRoll.jpg
https://commons.wikimedia.org/wiki/File:Mastertouch_Piano_Roll_Australian_Dance_Gems.jpg

Player Pianos

youtu.be/07krQ661fok

24


https://youtu.be/07krQ661fok

Piano Roll Representation

Brightness represents the
MIDI velocity (dynamic)

a

'n
| 1
[ | | |
A = C L1 |
o L — S et L b
< £ e
& o oL
<- "=
]
time (step) - -.'
A 4

A time step is the
minimum note length

25



Piano Roll Representation

With expressive timing

A.PIANO 1
pitch

time (step)

gitarren
pitch
O
w
T
I
|
|

Without expressive timing

1 2 3 45 6 7 8 910

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
time (beat)

26



££ Can't we use sheet music “scans” directly?

« Machines still have a hard time reading scanned sheet music

A task known as optical music recognition (OMR)

Amdon ggﬂgeﬂ@ N

m s e sl ;'__“’ f’pf"c i ey —— N — . -
DEs 1T e e e e e eemE R e s EC e

I I=,|Ff| (] — oAl ] - Lw— -
" : =TT —_

e
; ?@d b i
.

(Source: Pacha et al.)

ithub.com/apacha/MusicObjectDetector-TF/blob/master/MusicObjectDetector/images/annotated_gt_image.pn



https://github.com/apacha/MusicObjectDetector-TF/blob/master/MusicObjectDetector/images/annotated_gt_image.png
https://github.com/apacha/MusicObjectDetector-TF/blob/master/MusicObjectDetector/images/annotated_gt_image.png
https://github.com/apacha/MusicObjectDetector-TF/blob/master/MusicObjectDetector/images/annotated_gt_image.png

Processing Symbolic Music in Python

28



® PA1: Symbolic Music Processing

» Use MusPy to process symbolic music

- Read MIDI and MusicXML files

- Manipulate notes, instruments, and tempos c7
- Show as piano roll(s) £ o
- Write as MIDI and MusicXML files @
- Synthesize into WAV files E
* Learn to code in Jupyter Notebook
- Learn about Google Colab 1

muspy.readthedocs.io/en/stable/

6 7
time (beat)

8

9 10 11

29


https://muspy.readthedocs.io/en/stable/
https://muspy.readthedocs.io/en/stable/
https://muspy.readthedocs.io/en/stable/
https://muspy.readthedocs.io/en/stable/

muspy.Music Class (s A

schema_version: '0.0’°
title: Fir Elise
creators: [Ludwig van Beethoven]
collection: Example dataset
source_filename: example.json
 Core class of MusPy resolution: 4
tempos:

- {time: 0, gpm: 72.0}
° | f b | key_signatures:

A universal container for symbolic music YSIENStreS: o eder ninor}
time_signatures:

* Serializable to JSON/YAML donbenter 1o agy e ®

lyrics:
- {time: @, lyric: Nothing but a lyric}
annotations:

- - - - {time: @, annotation: Nothing but an annotation}
l Music l | Metadata | [ TrTck ] [Ter1|1po] [KeySlgnature] [TlmeSlgnature] T

|
(¢ N [ ) - program: O
(| metadata NI [schema—verSiO”] [ program ] is_drum: false
[m [ title ] [ is_drum ] :2?:;:"4910(1)/
[[—]] creators -mode d inat - {time: 0, duration: 2, pitch: 76, velocity: 64}
= l[ ]l [ — ] - - {time: 2j duration: 2: pitch: 75: velocity: 64}
key_signatures [ copyright ] " notes " [L ﬁc] [Annomﬁon] [Note ] [Chmﬂ] - {time: 4, duration: 2, pitch: 76, velocity: 64}
[ E— ] [[ hord H ﬂ I I l - {time: 6, duration: 2, pitch: 75, velocity: 64}
ﬁm&ﬁmnmum% 0 chores ) f N ( ) - {time: 8, duration: 2, pitch: 76, velocity: 64
lsomcqﬁbname [[ s H [ time ] [ time ] [ Ul ] [ Al ] - {time: 10, duration: 2, pitch: 71, velocity: 64}
downbeats [ — ] [annotation] [duration] [duration] - {time: 12, duration: 2, pitch: 74, velocity: 64}
(“j;;;“?l [Somﬂﬁimmat] “anmﬁﬁbnﬂl Y J - {time: 14, duration: 2, pitch: 72, velocity: 64}
\o J ) [ T ] [ mmh] “pmeQ] - {time: 16, duration: 2, pitch: 69, velocity: 64}

——

r@ List of objects () Object () Boolean | . _ lyrics:

(== Listof integers [ Integer [_J Any type [velocﬁy] [velomty] - {time: @, lyric: Nothing but a lyric}

[CJ) Listof strings [ String annotations:

S \;¥ - {time: @, annotation: Nothing but an annotation%lj

annotations ]

tracks

I




What is Sound?

31



What is Sound?

jovansystem, "Sound Wave Animation,” YouTube, Apr 12, 2012.

youtu.be/aPswnDcteS4

32


https://www.youtube.com/watch?v=aPswnDcteS4
https://youtu.be/aPswnDcteS4
https://youtu.be/aPswnDcteS4

Sound is a Pressure Wave

iR et
Ban o Th
ks 3505, e
. .“.m. .“..r..._".........qu...
. -d-l _-_- AS IM

33

(Source: Russell, 2011)

©2011. Dan Russell
Dan Russell, “Longitudinal and Transverse Wave Motion,” Acoustics and Vibration Animations, 1998 (updated on 2016).


https://www.acs.psu.edu/drussell/demos/waves/wavemotion.html

' Human Auditory System

youtu.be/eQEaiZ2j90c

National Institutes of Health (NIH), "Journey of Sound to the Brain,” YouTube, November 21, 2018.

34


https://www.youtube.com/watch?v=eQEaiZ2j9oc
https://youtu.be/eQEaiZ2j9oc
https://youtu.be/eQEaiZ2j9oc
https://youtu.be/eQEaiZ2j9oc
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https://youtu.be/eQEaiZ2j9oc

Longitudinal vs Transverse Waves

Compression Rarefaction
Wavelength P

(Source: Russell, 2011) T

@201‘1 Dan Russéll

AmplltudeI\ /\ /\ /\ /\ /\ /\ /\ /\ /\ /—>Hnghpressure

\VALVARVARVARVARVARVARVARV ARV AR
fe—

Wavelength

Dan Russell, “Longitudinal and Transverse Wave Motion,” Acoustics and Vibration Animations, 1998 (updated on 2016). 35


https://www.acs.psu.edu/drussell/demos/waves/wavemotion.html

Auditory Perception

36



Human Ears

Outer Ear Middle Ear Inner Ear

Semicircular

Transmit & ——
amplify | |matieus |

-
.,

« 22

.

le l
Temporal :

ar canal Eardrum

Detect vibration &
send electrical signals

)

Eustachian s

Shake the fluid ™ T e

in cochlea

Sound wave

(Source: NIH/NIDCD)

National Institute on Deafness and Other Communication Disorders (NIDCD), “How Do We Hear?,” National Institutes of Health (NIH), 2015.



https://www.nidcd.nih.gov/health/how-do-we-hear

Cochlea in the Inner Ear

Lower
frequency

A = 2,000 Hz

Outer Ear Middle Ear Inner Ear ',500 Hz

3,000 Hz

Semicircular

cochlear duct

& E Auditory
Temporal SR ) > nerve

o

/" Ear canal Eardrum

Cochlea

basilar

7000 Hz — membrane

©1997 Encyclopaedia Britannic ,';!:!gher 5,000 Hz
(Source: NIH/NIDCD) requency

(Source: Britannica)

National Institute on Deafness and Other Communication Disorders (NIDCD), “How Do We Hear?,” National Institutes of Health (NIH), 2015.
Joseph E. Hawkins, “Transmission of sound within the inner ear,” Britannica.

38


https://www.nidcd.nih.gov/health/how-do-we-hear
https://www.britannica.com/science/ear/Transmission-of-sound-within-the-inner-ear

Hair Cells in the Cochlea

Hair cells

Outer Ear Middle Ear Inner Ear

Semicircular

Stapes : l Vestibular

| .. Malleus J:
; -\ Temporal ' " {
§ ‘ ¥ : ? ‘1 ;

e

" Ear canal Eardrum

Eustachian
tube

Cochlea

Auditory nerve

(Source: NIH/NIDCD)

(Source: COSMOS Magazine)

National Institute on Deafness and Other Communication Disorders (NIDCD), “How Do We Hear?,” National Institutes of Health (NIH), 2015.
Matilda Handsley-Davis, “Genetic discovery may help scientists reverse hearing loss,” COSMOS Magazine, May 5, 2022.

39


https://www.nidcd.nih.gov/health/how-do-we-hear
https://education.cosmosmagazine.com/genetic-discovery-may-help-scientists-reverse-hearing-loss/

Sound Propagation & Inverse Square Law

Inverse Square Law

40



Sound Intensity & Decibels

- Sound intensity is defined as the sound power per unit area
- Usually measured in watt per square meter (W/m?)

- Sound intensity /level is defined as

I
Iqg = 101log, (E)

* Ipgr = 10712W /m? is the threshold of hearing (TOH)

- TOH: minimum sound intensity of a pure tone that a human can hear

41



Loudness Measure: Decibels

Decibels Intensity Type of sound

D6 130 10 Artillery fire at close proximity (threshold of pain)
=t 120 1 Amplified rock music; near jet engine
- 110 1071 Loud orchestral music, in audience
\’7‘ 100 102 Electric saw

920 103 Bus or truck interior
Q_- 80 1074 Automobile interior

70 10— Average street noise; loud telephone bell
5. 60 107 Normal conversation; business office
\:_’ 50 1077 Restaurant; private office

40 1078 Quiet room in home
(:_;- 30 1072 Quiet lecture hall; bedroom

20 10710 Radio, television, or recording studio
& 10 10~ Soundproof room
b 0 1072 Absolute silence (threshold of hearing)

(Unit: W/m2) (Source: Britannica)

Richard E. Berg, “The decibel scale,” Britannica.

o
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https://www.britannica.com/science/sound-physics/The-decibel-scale

<~ Common Gains in Decibels

+10 dB = 10 x intensity = 3.2 x amplitude
X

+3dB = 2

intensity = 1.4x amplitude

R

6 dB

-+
+ 20 dB

4

2x amplitude intensity

X
100x intensity

10x amplitude



Loudness Perception: Equal-loudness Contours

Sound Pressure Level [dB]
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(Source: Parker, 2024)

Noah J. Parker, “Normal Equal-Loudness-Level Contours,” Math of Sound, 2024.
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Loudness Perception: Equal-loudness Contours

Sound Pressure Level [dB]
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(Source: Parker, 2024)

Noah J. Parker, “Normal Equal-Loudness-Level Contours,” Math of Sound, 2024.
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Loudness Perception: Equal-loudness Contours

DANGEROUS

Defined at 1 kHz
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(Source: Parker, 2024)

Noah J. Parker, “Normal Equal-Loudness-Level Contours,” Math of Sound, 2024.
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Loudness Perception: Equal-loudness Contours
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Noah J. Parker, “Normal Equal-Loudness-Level Contours,” Math of Sound, 2024. 47
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Singer’'s Formants (Sundberg, 1991)

Tenor voice

(singing with an orchestra)

/

-10

MEAN RELATIVE ENERGY LEVEL (DECIBELS)

/

Orchestra
music

Ordinary speech
40 1 | 1 |
0 1,000 2,000 3,000 4,000 5,000

FREQUENCY (HERTZ)

(Source: Sundberg, 1977)

Johan Sundberg, “The Acoustics of the Singing Voice,” Scientific American, 236(3):82-91, 1977.
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https://www.jstor.org/stable/24953939

Singer’'s Formants (Sundberg, 1991)

SOPRANOS ALTOS

LEVEL (d&)

\. J - \.
L] 1000 2000 2000 4000 [} 1000 2000 000 ARO0 o 1001 A0 200K
FREQUENCY (Mz) FREQUENCY (Hz) FREQUENEY (Hz}

(Source: Sundberg, 1977)

Johan Sundberg, “The Acoustics of the Singing Voice,” Scientific American, 236(3):82-91, 1977.


https://www.jstor.org/stable/24953939

Recap
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Four Representative Music Representations

Symbolic music representations

Text-based Image-based

Program_change_80, A

Note_on_60, Time_shift_2, Note_off 60, S _ o=~ = ]
Note_on_60, Time_shift_2, Note_off_60, N e ——— e e e S
Note_on_76, Time_shift_2, Note_off_67, — —
Note_on_67, Time_shift_2, Note_off 67, Time

K MIDI Piano roll /
' L3
Today's topic!

Audio-domain music representations

Time series-based Image-based

Frequency

L

Waveform Spectrogram

Time
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An Example of ABC Notation

X:571
Metadata < T:Ah! vous dirai-je, maman
Ah! vous dirai-je, maman T:(Twinkle, twinkle, little star)
(Twinkle, twinkls, littls star) C:anon

anon, (France)

) O:France
é%ﬂ R:Nursery song
M:C Meter

- L:1/4 Unit note length (temporal resolution)
& Q:120 Tempo

. :

o CCGG||(AAG2)| FFEE |DDC2: |

o 4

| :GGFF | EED2 | GGFF | EED2 |
CCGG|AAG2 | FFEE |DDC2: |

abcnotation.com/tunePage?a=trillian.mit.edu/~jc/music/abc/mirror/musicaviva.com/france/ah-vous-c/ah-vous-c-1/0000 52
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Representing Music using MIDI Messages

* Three main MIDI messages

- Note on
- Note off
- Time Shift

Sunshine on the Meadow

D>

Note on _67)|Time_shift_quarter_notej [Note_off_67
Note_on_67) Time_ _shift _quarter_note, Note off 67,

Note_on_64 Time_shift quarter_note, Note off 64,

Note on_ 64, Time_shift quarter_note, Note off 64,
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Piano Rolls

(Source: Draconichiaro)

Draconichiaro, CC By-SA 4.0, via Wikimedia Commons
Tangerineduel, CC By-SA 4.0, via Wikimedia Commons

|'|Illl
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1% SR
| A e
lasd e Lot
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(Source: Tangerineduel)
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TRACK

A
THERE’S
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https://commons.wikimedia.org/wiki/File:PlayerPianoRoll.jpg
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Piano Roll Representation

Brightness represents the
MIDI velocity (dynamic)

a

'n
| 1
[ | | |
A = C L1 |
o L — S et L b
< £ e
& o oL
<- "=
]
time (step) - -.'
A 4

A time step is the
minimum note length
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Longitudinal vs Transverse Waves

Compression Rarefaction
Wavelength P

(Source: Russell, 2011) T

@201‘1 Dan Russéll

AmplltudeI\ /\ /\ /\ /\ /\ /\ /\ /\ /\ /—>Hnghpressure

\VALVARVARVARVARVARVARVARV ARV AR
fe—

Wavelength

Dan Russell, “Longitudinal and Transverse Wave Motion,” Acoustics and Vibration Animations, 1998 (updated on 2016). 56


https://www.acs.psu.edu/drussell/demos/waves/wavemotion.html

Human Ears

Outer Ear Middle Ear Inner Ear

Semicircular

Transmit & ——
amplify | |matieus |

-
.,

« 22

.

le l
Temporal :

ar canal Eardrum

Detect vibration &
send electrical signals

)

Eustachian s

Shake the fluid ' T e

in cochlea

Sound wave

(Source: NIH/NIDCD)

National Institute on Deafness and Other Communication Disorders (NIDCD), “How Do We Hear?,” National Institutes of Health (NIH), 2015.



https://www.nidcd.nih.gov/health/how-do-we-hear

Sound Propagation & Inverse Square Law

Inverse Square Law

58



Loudness Perception: Equal-loudness Contours

Sound Pressure Level [dB]
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(Source: Parker, 2024)

Noah J. Parker, “Normal Equal-Loudness-Level Contours,” Math of Sound, 2024.
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Next Lecture

Audio Processing Fundamentals

Audio prompt: dog barking

(Source: Chen et al., 2024)

UNIVERSITY OF MICHIGAN
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