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Music Processing: A Multifaceted Research Area

Music ...

Signal
Processing

important part of our lives ...
Machine

Learning

... Spotify, Pandora, iTunes, ...

Digital - interdisciplinary research

. Humanities . Retrieval

Musicology intuitive entry point to education
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A
Fundamentals of Music Processing (FMP)

Meinard Muller
Fundamentals of Music Processing

: Audio, Analysis, Algorithms, Applications
Meinard Miiller Springer, 2015

Fundamentals of
Music Processing

Accompanying website:

WWW.Mmusic-processing.de

Audio, Analysis,
Algorithms, Applications

@ Springer
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Fundamentals of Music Processing (FMP)

Meinard Muller

Fundamentals of Music Processing
Audio, Analysis, Algorithms, Applications
Meinard | Springer, 2015

Fu n | Meinard Miiller
Mus

Audio, Ar

Accompanying website:
Fundamentals of Www.music-processing.de

woite | Music Processing

Using Python
and Jupyter Notebooks

Second Edition 2nd edition
Meinard Muller

Fundamentals of Music Processing
Using Python and Jupyter Notebooks
Springer, 2021

@ Springer
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Fundamentals of Music Processing (FMP)

Music Processing

ST Scenario

L. Music Represenations

Fourier Analysis of
Signals

Music Synchronization

Music Structure
Analysis

Chord Recognition

Tempo and Beat
" | Tracking

“iioliiy | Content-Based Audio
Gt | Retrieval

Musically Informed
Audio Decomposition

Meinard Muller

Fundamentals of Music Processing
Audio, Analysis, Algorithms, Applications
Springer, 2015

Accompanying website:
WWwWw.music-processing.de

2nd edition

Meinard Muller

Fundamentals of Music Processing
Using Python and Jupyter Notebooks
Springer, 2021
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FMP Notebooks: Education & Research

Fundamentals of I AL ALIOX0 LABORA
Music Processing

FMP Notebooks n-

Python Notebooks for Fundamentals of Music Processing

The FMP notebooks offer a collection of educational material closely following the textbook
Fundamentals of Music Processing (FMP). This is the starting website, which is opened when calling
https://www.audiolabs-erlangen.de/FMP. Besides giving an overview, this website provides
information on the license, the main contributors, and some links.

https://www.audiolabs-erlangen.de/FMP
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FMP Notebooks: Education & Research

= ... provide educational material for teaching and learning
fundamentals of music processing.

= ... combine textbook-like explanations, technical concepts,
mathematical details, Python code examples, illustrations, and sound
examples.

... bridge the gap between theory and practice being based on
interactive Jupyter notebook framework.

... are freely accessible under a Creative Commons license.

https://www.audiolabs-erlangen.de/FMP
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F M P N Ote b 0]0) kS Part Title S et HTML IPYNB

Algorithms

Basic information on Python, Jupyter
notebooks, Anaconda package

Basics management system, Python [htmil] [ipynb
environments, visualizations, and
other topics
Overview of the notebooks

Overview (https:ffwww.audiolabs- [html] [ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,

Music waveform, pitch, loudness, timbre [html] [ipynb]

Representations

Discrete/analog signal, sinusoid,
Fourier Analysis exponential, Fourier transform,

of Signals Fourier representation, DFT, FFT,  Limil [ioynbl
STFT
Music Chroma feature, dynamic

programming, dynamic time warping [himl] [ipynb

Synchronization (DTW), alignment, user interface

Similarity matrix, repetition,

Music Structure  thumbnail, homogeneity, novelty, )
evaluation, precision, recall, F- [ntml]  [ipynbl

Analysis
measure, visualization, scape plot
Chord Harmony, music theory, chords,
Recoanition scales, templates, hidden Markov [html] [ipynb
Hecoqnfion model (HMM), evaluation

Onset, novelty, tempo, tempogram,

Tempo and Beat S ; b :
- beat, periodicity, Fourier analysis, [htmil] [ipynb
Tracking autocorrelation

Identification, fingerprint, indexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Content-Based
Audio Retrieval

Harmonic/percussive separation,
Musically signal reconstruction, instantaneous
|:|. Informed Audio  frequency, fundamental frequency  [himl] [ipynb]
Decomposition  (F0), trajectory, nonnegative matrix
factorization (NMF)
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FMP Notebooks

Structured in 10 parts

Overview

Music
Representations

Fourier Analysis
of Signals

:

Music
Synchronization

Music Structure
Analysis

Audio Retrieval

Musically
Informed Audio

Decomposition

Notions, Techniques &

Algorithms HTML IPYNB

Basic information on Python, Jupyter
notebooks, Anaconda package
management system, Python [htmil] [ipynb

environments, visualizations, and

other topics

Overview of the notebooks

(https:/fwww.audiclabs- [html] [ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,
waveform, pitch, loudness, timbre [html] [ipynb]

Discrete/analog signal, sinusoid,

exponential, Fourier transform, §
Fourier representation, DFT, FFT,  Limil [ioynbl
STFT

Chroma feature, dynamic

programming, dynamic time warping [html] [ipynb!
(DTW), alignment, user interface

Similarity matrix, repetition,
thumbnail, heomogeneity, novelty, .
evaluation, precision, recall, F- It} fiynb]

measure, visualization, scape plot

Harmony, music theory, chords,
scales, templates, hidden Markov [html] [ipynb
model (HMM), evaluation

Onset, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis, [htmil] [ipynb
autocorrelation

Identification, fingerprint, indexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Harmonic/percussive separation,

signal reconstruction, instantaneous

frequency, fundamental frequency  [html] [ipynb]
(F0), trajectory, nonnegative matrix

factorization (NMF)
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FMP Notebooks

Structured in 10 parts

= Part B: Basic introductions to
= Jupyter notebook framework
= Python programming
= QOther technical concepts
underlying these notebooks

Notions, Techniques &

Part Tile Algorithms

HTML IPYNB
Basic information on Python, Jupyter

notebooks, Anaconda package

management system, Python [htmil] [ipynb
environments, visualizations, and

other topics

Overview of the notebooks
Overview (hitps:/iwww.audiolabs- [html] [ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,

Music waveform, pitch, loudness, timbre  [html] [ipynb]

Representations

Discrete/analog signal, sinusoid,
Fourier Analysis exponential, Fourier transform,

of Signals Fourier representation, DFT, FFT,  Limil [ioynbl
STFT
Music Chroma feature, dynamic

programming, dynamic time warping [html] [ipynb!

Synchronization (DTW), alignment, user interface

Similarity matrix, repetition,
Music Structure  thumbnail, homogeneity, novelty,
Analysis evaluation, precision, recall, F-
measure, visualization, scape plot

[html] [ipynb

Harmony, music theory, chords,

Chord . .
_— scales, templates, hidden Markov [html] [ipynb
Recognition model (HMM), evaluation

Onset, novelty, tempo, tempogram,

Tempo and Beat beat S ; b :
: , periodicity, Fourier analysis, [htmil] [ipynb
Tracking autocorrelation

Identification, fingerprint, indexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Content-Based
Audio Retrieval

Harmonic/percussive separation,
Musically signal reconstruction, instantaneous
D. Informed Audio  frequency, fundamental frequency  [html] [ipynb]
- | Decomposition  (F0), trajectory, nonnegative matrix
factorization (NMF)
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FMP Notebooks

Structured in 10 parts

= Part B: Basic introductions to
= Jupyter notebook framework
= Python programming
= QOther technical concepts
underlying these notebooks

= Part 0: Starting notebook

Part

Notions, Techniques &

Title Algorithms HTML IPYNB
Basic information on Python, Jupyter
notebooks, Anaconda package

Basics management system, Python [htmil] [ipynb

environments, visualizations, and
other topics

Overview of the notebooks
(hitps:/fwww.audiclabs-
erlangen.de/FMP)

Overview

[html] [ipynb

Music notation, MIDI, audio signa

'I::S:gsantatmns waveform, pitch, loudness, timbra' [htmll [ipynb]
. . Disr::rete.n’:_a nalog 5ig nal, sinusoid,
of Sinals " Fourer rapresentaton, OFT, Fr, [l [ountl
STFT
Music Chroma feature, dynamic

programming, dynamic time warping [html] [ipynb!

Synchronization (DTW), alignment, user interface

Similarity matrix, repetition,

Music Structure  thumbnail, homogeneity, novelty,

Analysis evaluation, precision, recall, F- L] U]
measure, visualization, scape plot
Chord Harmony, music theory, chords,
Recoanition scales, templates, hidden Markov [html] [ipynb
Hecoqnfion model (HMM), evaluation
Onset, novelty, tempo, tempogram,
p PR ; N :
Tempo and Beat beat, periodicity, Fourier analysis, [htmil] [ipynb

Tracking autocorrelation

Identification, fingerprint, indexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Content-Based
Audio Retrieval

Harmonic/percussive separation,

Musically signal reconstruction, instantaneous
Informed Audio  frequency, fundamental frequency  [himl] [ipynb]
Decomposition (F0), trajectory, nonnegative matrix

factorization (NMF)
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FMP Notebooks

Structured in 10 parts

= Part B: Basic introductions to
= Jupyter notebook framework
= Python programming
= QOther technical concepts
underlying these notebooks

= Part 0: Starting notebook

= Part 1 to Part 8:

Different music processing

Title

Basics

Overview

Music
Representations

Fourier Analysis
of Signals

Music
Synchronization

Music Structure
Analysis

Chord
Recognition

Tempo and Beat
Tracking

Content-Based
Audio Retrieval

Notions, Techniques &

Algorithms HTML IPYNB
Basic information on Python, Jupyter

notebooks, Anaconda package

management system, Python [htmil] [ipynb
environments, visualizations, and

other topics

Overview of the notebooks

(https./iwww.audiolabs- [html] [ipynb]

erlangen.de/FMP)

Music notation, MIDI, audio signal,
waveform, pitch, loudness, timbre [html] [ipynb]

Discrete/analog signal, sinusoid,

exponential, Fourier transform, §
Fourier representation, DFT, FFT,  Limil [ioynbl
STFT

Chroma feature, dynamic

programming, dynamic time warping [html] [ipynb!
(DTW), alignment, user interface

Similarity matrix, repetition,
thumbnail, homogeneity, novelty,
evaluation, precision, recall, F-
measure, visualization, scape plot

[html] [ipynb

Harmony, music theory, chords,
scales, templates, hidden Markov [html] [ipynb
model (HMM), evaluation

Onset, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis, [htmil] [ipynb
autocorrelation

Identification, fingerprint, indexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Harmonic/percussive separation,

. Musically signal reconstruction, instantaneous
SCe n a rl OS Informed Audic  frequency, fundamental frequency  [html] [ipynb]
Decomposition  (F0), trajectory, nonnegative matrix
factorization (NMF)
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FMP Notebooks

Structured in 10 parts

= Part B: Basic introductions to
= Jupyter notebook framework
= Python programming
= QOther technical concepts
underlying these notebooks

= Part 0: Starting notebook

= Part 1 to Part 8:

Different music processing

Title

Basics

Overview

Music
Representations

Fourier Analysis
of Signals

Music
Synchronization

Tempo and Beat
Tracking

Content-Based
Audio Retrieval

Part 6: Tempo and
Beat Tracking

Notions, Techniques &

Algorithms HTML IPYNB
Basic information on Python, Jupyter

notebooks, Anaconda package

management system, Python [htmil] [ipynb
environments, visualizations, and

other topics

Overview of the notebooks

(https:/iwww.audiolabs- [htmi] [ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,
waveform, pitch, loudness, timbre [html] [ipynb]

Discrete/analog signal, sinusoid,

exponential, Fourier transform, §
Fourier representation, DFT, FFT,  Limil [ioynbl
STFT

Chroma feature, dynamic

programming, dynamic time warping [html] [ipynb!
(DTW), alignment, user interface

ipynb/

Onset, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis, [htmil] [ipynb
autocorrelation

dentification, fingerprint, iIndexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Harmonic/percussive separation,

H Musically signal reconstruction, instantaneous
SCe n a I’I OS Informed Audic  frequency, fundamental frequency  [html] [ipynb]
Decomposition  (F0), trajectory, nonnegative matrix
factorization (NMF)
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Part 6: Tempo and
Beat Tracking

H\N. b}

= When listening to a piece of
music, we as humans are
often able to tap along with
the musical beat

= Automated beat tracking:
Simulate this cognitive
process by a computer

Frequency (Hz)

Spectrogram
4000
3000
2000 4
1000 4
0‘ T - T | co @Iy Chipa
0.0 05 10 15 20
Time (seconds)
Movelty Function Beats
iy = o o
oo A T '\ T n Y h ?
[111] s 10 15 20

Time (seconds)
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Tempo and Beat Tracking

Basic task: “Tapping the foot when listening to music”

™

Light effects % [

Music recommendation

iy

i y g’.\
\'g 1
» -

B\ & -

= Multitrack B T

A Wellenform Ttrack ] B
B

Date . g
- - —
8 Audio editin —

Namr

++ Beethov... Bemsteir | hms 10 20 30 A40 50 60 70 0 90 100 2

@ I WU N |

e A
......

= Zeit

> 003661 o la &)
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Tempo and Beat Tracking

Basic task: “Tapping the foot when listening to music”

Example:  Queen — Another One Bites The Dust

Time (seconds)

Tutorial ISMIR 17 © AudioLabs, 2023 AUDIO
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A
Tempo and Beat Tracking

Basic task: “Tapping the foot when listening to music”

Example:  Queen — Another One Bites The Dust

- N
| >
R I I R I a

Time (seconds)
o :
L L R T T ST ST R
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking
= Tempo estimation

08 ,

06+

0.4+

02+

N2

0.4

N6

0.5 1 1.8 2
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking
= Tempo estimation

ns | | | | | I

06+

0.4+

02+

N2

0.4

N6

0.5
]
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking
= Tempo estimation

phase

0 | | | |
06
0.4

02+

N2

0.4

N6

0.5
]
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Tempo and Beat Tracking

Tasks

= Onset detection Tempo := 60 / period
= Beat tracking

= Tempo estimation Beats per minute (BPM)

0 | | | |

06+

0.4+

02+

N2

0.4

N6

0.5
]
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Onset Detection (Spectral Flux)

—
|

) nﬁ
il
_q |

|
i
[
|
i
|
i ﬁL*_I.J

|7 R
g}
—y|

i
§I+|
L)
{7
Jq_|

N

| I '
J‘L

N
L
.
‘__
| e e

Audio recording S

0.2
O |
0.2+

0 1 2 3 4 5 6
Time (seconds)
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Onset Detection (Spectral Flux)

Magnitude spectrogram| X | Steps:
8000
1. Spectrogram

60

g 6000 | | M50

§ 40
© 4000}

g 30

LL
2000} 20
= o 10
0l— S

0 1 2 3 4 5 6

Time (seconds)
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.
Onset Detection (Spectral Flux)

Compressed spectrogram Y Steps:

8000 —— 1. Spectrogram

2. Logarithmic compression

6000}

N
L
>
(@)
C -
Q4000
O
o
L
200
Time (seconds)
Tutorial ISMIR
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Onset Detection (Spectral Flux)

Spectral difference Steps:

8000 1. Spectrogram
_ L 2. Logarithmic compression
N 6000F
z 3. Differentiation &
9 half wave rectification
Q© 4000+
3
L S

2000f

ol

0O 1 2 3 4 5 6

Time (seconds)
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Onset Detection (Spectral Flux)

Spectral difference Steps:
8000
1. Spectrogram
_ L e 2. Logarithmic compression
N 6000 1 0.8 . i
z L : 3. Differentiation &
9 ol 1 0.6 half wave rectification
S 4000t 1 :
= ] 4. Accumulation
2000__..'7.' 2
oL 2iak
0 1 2 3 4 5 6
60 ' T
40 Novelty curve
20
0 | ] | | |

0o 1 2 3 4 5 6
Time (seconds)
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Onset Detection (Spectral Flux)

Steps:

1. Spectrogram
2. Logarithmic compression

3. Differentiation &
half wave rectification

4. Accumulation

Novelty function

60 T T T T T ]
40
20 =

0 | | | | | |
0 1 2 3 4 5 6
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Onset Detection (Spectral Flux)

Steps:

1. Spectrogram
2. Logarithmic compression

3. Differentiation &
half wave rectification

4. Accumulation
5. Normalization

Novelty function
Substraction of local average

60
40
20F7

O | | | | | |
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Onset Detection (Spectral Flux)

Steps:

1. Spectrogram
2. Logarithmic compression

3. Differentiation &
half wave rectification

4. Accumulation
5. Normalization

Normalized novelty function

30

LA L

0 3 4 5 6
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Onset Detection (Spectral Flux)

Steps:

1. Spectrogram
2. Logarithmic compression

3. Differentiation &
half wave rectification

4. Accumulation
5. Normalization

Normalized novelty function

Peak positions indicate beat candidates

| III I]I IIrII | ] IIIII |

30H - >

20

i N

0 1 2 3 4 I
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e ——
Onset Detection (Spectral Flux)

Deep Learning Steps:

1. Spectrogram
2. Logarithmic compression

3. Differentiation &
half wave rectification

4. Accumulation

1. Input representation
2. Sigmoid activation

3. Convolution &
rectified linear unit (ReLU)

4. Pooling fiati
5. Convolution & ReLU 5. Normalization

Normalized novelty function

Peak positions indicate beat candidates

| III I]I II[II | ] IIIII |

30H - >

20

g |l B \ N

0 1 2 3 4 I
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Local Pulse and Tempo Tracking

Normalized novelty function
1.5 I I T I

1+ i

AMAM MﬂhiMMAAﬂf\ﬂﬂn/\ﬂﬂﬁmﬂnn*ﬂmﬂhw

|
0 1 2 3 5 6 7 8 10
Time (seconds)
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

*
a
Q

600 —— 8
7
500
= 6
o
0 400 15
N
8_ 300 14
GE) {3
— =200
2
1
o

Normalized novelty function

Ozonﬁﬂﬁﬂn;/\{\mhj\ﬂ ASAAAJ‘\; /\(\J\AJ Aﬂﬂﬁﬂn/\ ﬂﬂﬂmﬂnﬂﬂﬂ{kﬂgﬂhmnl
Time (seconds)
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

*
a
Q

Tempo (BPM)

| | |
Q = N W ) th o) =~ o

Optimizing local periodicity kernel

1.5

.”””HA“_A ,J'J_iiiiil iiii H]ii
: AR 1

Time (seconds)
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

*
a
Q

Tempo (BPM)

| | |
Q = N W ) th o) =~ o

Optimizing local periodicity kernel

1.5

.0 Hii i_i ,_“Jii l’iiiiiiiii l\‘il]i‘
0 "'i L AARS: VU Ve 10

Time (seconds)
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

*
a
Q

Tempo (BPM)

| | |
Q = N W ) th o) =~ o

15 |

1_ —

0.5 I ) }
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)




Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

*
a
Q

| | |
Q = N W ) th o) =~ o

Halfwave rectification

5 I |
) ﬂ A ﬂ ﬂ {
0 | | |
0 2 4 6 8 10
Time (seconds)
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Local Pulse and Tempo Tracking

Novelty Curve

L,

Time (seconds)

v 4

Lud) ﬁaﬂ MM Mﬂ | MMM | M

|
10

Predominant Local Pulse (PLP)

g =

Time (seconds)
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FMP Notebooks

Structured in 10 parts

= Part B: Basic introductions to
= Jupyter notebook framework
= Python programming
= QOther technical concepts
underlying these notebooks

= Part 0: Starting notebook

= Part 1 to Part 8:

Different music processing

Title

Basics

Overview

Music
Representations

Fourier Analysis
of Signals

Music
Synchronization

Tempo and Beat
Tracking

Content-Based
Audio Retrieval

Part 6: Tempo and
Beat Tracking

Notions, Techniques &

Algorithms HTML IPYNB
Basic information on Python, Jupyter

notebooks, Anaconda package

management system, Python [htmil] [ipynb
environments, visualizations, and

other topics

Overview of the notebooks

(https:/iwww.audiolabs- [htmi] [ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,
waveform, pitch, loudness, timbre [html] [ipynb]

Discrete/analog signal, sinusoid,

exponential, Fourier transform, §
Fourier representation, DFT, FFT,  Limil [ioynbl
STFT

Chroma feature, dynamic

programming, dynamic time warping [html] [ipynb!
(DTW), alignment, user interface

ipynb/

Onseat, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis, [htmil] [ipynb
autocorrelation

dentification, fingerprint, iIndexing,
inverted list, matching, version, cover [himl] [ipynb]
song

Harmonic/percussive separation,

H Musically signal reconstruction, instantaneous
SCe n a I’I OS Informed Audic  frequency, fundamental frequency  [html] [ipynb]
Decomposition  (F0), trajectory, nonnegative matrix
factorization (NMF)
Tutorial ISMIR

Learning with Music Signals

41

© AudiolLabs, 2023 AUDIO
Meinard Mller LABS



Part B: Basics

Topic
Get Started

Installation

Jupyter Notebook

Python Basics
Python Style Guide

Multimedia

Python Visualization
Python Audio

Numba

Annotation Visualization

Sonification

libfmp
MIR Resources

>

Description

Explanation on how to install and use the FMP notebooks
Installation of Python using Conda

Usage of Jupyter notebook framework

Introduction of data types, control structures, and functions
Recommendations for programming style

Integration of multimedia objects into notebooks
Generation of figures and images

Reading and writing audio files

Acceleration of Python functions via JIT compilation
Visualization of annotations (single value, segments)
Sonification methods (onsets, FO trajectories, pitch, chroma)
Library of FMP-specific Python functions

Links to resources that are useful for MIR

Tutorial ISMIR

Learning with Music Signals

© AudiolLabs, 2023
Meinard Muller

42

AUDIO
LABS



Part B: Basics
Annotation Visualization

Examples for visualizing
annotations of time positions
and segments.

eighth - I | | |

quarter -

measure -

Tutorial ISMIR
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Part 1. Music Representations >
Symbolic Format: CSV

= o= 3 Alto
75 ——n L0 == Basso
e & = == Soprano |
70 @Iﬂl — = =] - B III:| Tenor
6 65 =- EIE‘:HI:”ZI _EGDD =  — IIEI
= = = oo
60 1 = -5y
L
55
50
0 <) 10 15 20 25
Time (seconds)
Visualization of a piano-roll representation ol Z >
(Fugue BWV 846 by Bach). v

R: E
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Part 1. Music Representations >
Waves and Waveforms

..::.. ..::.. > ® © 0 0000 O © & © O 0000 O o >

= o= > Videos illustrating the
s : . :::.::.: 2 il : concepts of transverse,
I I X TR B longitudinal, and combined
e Lt el e waves.

Tutorial ISMIR

45 © AudioLabs, 2023 AUDIO
Learning with Music Signals Meinard Mller LABS



Part 2: Fourier Analysis of Signals >
Discrete Fourier Transform (DFT)

Re(DFTy) Im(DFTy)

30 " 1.0 .y 1.0
|| o | |
| I-
5 u 5
‘;‘é 2 = 0.5 ?ﬁ 2 0.5
T 20 Cal R B Rl S 201
— | | p— | | o=
5 15 0.0 3 15 1 B 0.0
5 m ol e =
g | .l ] "l | g
o 10 . o 10 -
,_i"-j u -0.5 :Lf -0.5
5 " B m"s 51
.l l. | | -l
s
0 -1.0 04 . : : -1.0
0 10 20 30 0 10 20 30
Time index n Time index n

The matrix DFT, and a visualization of its real
and imaginary parts for the case N = 32
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STFT: Padding

Time-domain signal and magnitude Fourier transform.

N
1

Amplitude
b o
Magnitude
o

>

>

3

>

4

3

>

>

%

h

T T T T T T T T

0 2 4 6 8 10 0 1 2 3 4 5 6 7

Time (seconds) Frequency (Hz)
No paddin No paddin
8 b g 1.00 8 7 b J 1.00
~N ~
s 075 I 6- 0.75
o o)
c 4 0.50 c 4 0.50
() (]
3 =
g 2 0.25 g 24 0.25
w L
0 0.00 0- 0.00
0 5 10 15 20 0 2 4 6 8 10
Time (frames) Time (seconds)
Zero padding Zero padding
8 1.00 8 1.00
~N ~
Lse 075 Z 6 0.75
oy oy
c 4 0.50 c 4 0.50
() (]
3 3
g 2 0.25 g 2 0.25
w w
0 0.00 0 0.00
0 5 10 15 20 0 2 4 6 8 10
Time (frames) Time (seconds)
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Part 2: Fourier Analysis of Signals >
Digital Signals: Quantization

Uniform and nonuniform quantization (based on u-law
encoding) using 4 = 6 quantization levels.

Nonuniform quantization with u=7 and A=6

Uniform quantization with A=6
1.0 - —— Original signal 1.0 - —— Original signal
= Quantized signal = Quantized signal

© 0.5 A © 0.5 A
© e
2 2
g g

—0.5 A —0.5 A

—1.0 A —1.0 A

0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (seconds)

Time (seconds)
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Part 3: Music Synchronization
Transposition and Tuning

Tuning procedure using a comb-filter approach.

Estimated tuning: 13 cents Frequency distribution with maximizing comb template

1.00 - 1.004

075

o o
w ~
o w
1 1

0.50 A

Similarity

1
i

|

|

|

|

H { it 1

|

z P ;

i

0.25 - 0.25 - | | ‘
0.00 - ; - — 0.00 aasau i aMINNIA T} | L

-40 =20 0 20 40 0 1200 2400 3600 4800 6000 7200 8000

Tuning parameter (cents) Frequency (cents)

'ﬁ‘_ﬁ_'_ Q;"“ S=SSS =SS S SSE s "__'_,'rl~' I

P erese. sf
o B E 1 L S T RS T Tt T T T T S LA o
— - : ! : : 1 f | —H— — :

>
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Part 3: Music Synchronization
Music Synchronization

Music synchronization result obtained for two input
chromagrams (obtained from two recordings of the
beginning of Beethoven’s Fifth Symphony).

Time (frames)
20 40 60 80 100

- O

Sequence X

OO0 mOO>»®
" N

II IJI |

Sequence Y
OO0 MmO >»®@

0 25 50 75 100 125 150 175
Time (frames)

200

Tutorial ISMIR
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Part 4: Music Structure Analysis | Structure annotation >

_ _ : and different
SSM: Synthetic Generation synthetically

generated SSMs.

start end label Al A2 Bl B2 © A3 B3 B4

] 25 50 75 100 125 150 175
Time (seconds)

0 0.00 1.01

1 1.01 2211 A1l

A A B B (o A B B
2 2211 43.06 A2 0 20 40 60 80 100

Time (frames)

3 4306 6942 B1

4 6942 89.57 B2 100

f 0.5 100 0.4
5 8957 131.64 C o0 ] / . 80_;-, 5 o

6 13164 15084 A3 7 0 <
g 60 0.3 g 60 FEEy 0.2

7 150.84 17696 B3 = S s
E 40+ j f 0.2 E 404 0.1

8 17696 19690 B4 = / / o
9 196.90 199.64 1 o 18 >0
0 / e 0.0 0 =0.1

0 20 40 60 80 100
Time (frames) Time (frames)
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Part 5: Chord Recognition >
Template-Based Chord Recognition

Chord recognition task
illustrated by the first
measures of the Beatles
song “Let It Be.”

STFT-based chromagram (feature rate = 10.8 Hz)

Chroma
n G >
O¥OHMEOHD>Hm

[ IR";

Time (seconds)
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Part 5: Chord Recognition >
Experiments: Beatles Collection

STFT, Template CQT, Template
Prefiltering experiments for 0.9 7 1 e LetitB | 094 i
a template-based and an 0.8 1 ] L
naea aDi
HMM-based chord o7 + PennyL | ¢
recognizer applied to two g i

different input chroma

representations (STFT, ad 0.4
CQT) 0.3L T 0.3 : :
20 40 60 20 40 60
Smoothing length (frames) Smoothing length (frames)
The evaluation is performed STFT, HMM | CQT, HMM
on the basis of four Beatles 09 T ethe
[N ere o
songs (LetltB, HereCo, 08 ' . ObLaDi
ObLaDi, PennyL). £ o7 g
3 0.6 i
£ :
“ 05 -
0.4 - 0.4 - I
0.3 T 0.3 : -
20 40 60 20 40 60
Smoothing length (frames) Smoothing length (frames)
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Part 6: Tempo and Beat Tracking >
Novelty: Comparison of Approaches
Comparison of
novelty detectors
using a matrix-
based
visualization.
-‘ \; Bais Drum/ bas; / hihat
> Energy - I : | 10
EnergylLog - ; 0.8
Spectral - I E ‘ I 0.6
Phase | | 04
Complex - r ' I ' I! 0.2
Average _I ' | | | 00
0 0.5 1 1.5 2
Time (seconds)
Tutorial ISMIR
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Part 6: Tempo a
Cyclic Tempogram

nd Beat Tracking

Novelty function

>

Different tempogram
representations of a

1.0 -

0.5 A

0.0

click track with
increasing tempo.

0

5 10

Fourier tempogram with log-tempo axis

I

Time (seconds)

q: E

Autocorrelation tempogram with log-tempo axis

15
12.5
= 240 = 240 4
= =
10.0
% % 10
o 120 7.5 o 120-‘___#
£ £
+5.0
£ 60 ‘ # 60 - =
2.5
30 T T T T T T 30 T T T T T -I 0
5 10 15 20 25 30 0 5 10 15 20 25 30
Time (seconds) Time (seconds)
Cyclic Fourier tempogram Cyclic autocorrelation tempogram
1.74 - — 75 1 74 | e— e
(=2} (o))
% 1.51 E 5 50 % 1.51 5.0
g13 J— g 131+
114 2.5 114 2R
1.0 + T - 1.0 T T 1 0.0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (seconds) Time (seconds)
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Part 6: Tempo and Beat Tracking >
Adaptive Windowing

Example of adaptive windowing using a 4 —— i .{ =
: , — ' . .

parameter A to control the neighborhood’s J & . '

relative size to be excluded. e B SRS S

4G E

Adaptive windowing using A =0.50

0.5 A
0.0
_0‘5 H H . H H E H H 9 ] : : H H 1 M B -E H 4
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Time (seconds)
ey, — T
[ SS—— 6
_—__
- 80 —_— —
2 60 —— — — 4
> ] R
Q 40 I
S —
g 2
g
0 1 : T 1 T 1 I

Time (frames)
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Part 7: Content-Based Audio Retrieval [
Audio ldentification

Evaluation measures that indicate the agreement between
two constellation maps computed for an original version
(Reference) and a noisy version (Estimation).

Matching result (tol freq=1 and tol _time=1): TP=54, FN=44, FP=50
120{° B ¥ T OV OWe, T TH 0 VI iiches (1P)

— 100 - * e .’ ... o ° o o ‘. ° .? .'. @ :etf‘ere:.ce
5 _+.. ? ® ® .o_'5|ma|on
Sl o+ P T4t ee -;i *%e
qé‘ .+...+ . ° _¢. @
2 S A AL SN
22-0++’+.+ +++++-¢- -¢-+.
0 215 5.0 7I5 1C')0 1215 15lO 1715 2(I)0

Time (sample)
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Part 7: Content-Based Audio Retrieval [
Audio Matching

03 Transposition-invariant
Al 021 ' ! ! i ! ! | matching function
o W/\m illustrated by Zager

and Evans’ song “In
0.3

02 | - | | | the Year 2525.”
A o \"/\"M/\“/\\/\/\/\“W

0.3
0.2

3
A u_l 4

0.0

03

T “?]
AV ol

0.0

[ VaTva Ve Vel [vs|ve Vil & Vel ]

% 50 7 100 125 150 175

I V1 V2 V5 V7

o q:q: = - 5> > > >
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Part 7: Content-Based Audio Retrieval =
Evaluation Measures

Various evaluation metrics

applied to a toy example. Break-even point = 0.50
F _max =0.80
Average precision = 0.60833

Rank ID Score xo P(r) R(r) F(r)

PR curve
1 6 370 False 0.00 0.00 0.00 o
2 3 360 True 050 025 0.33
0.8
3 4 350 True 067 050 057
g /? - e
4 5 320 False 050 050 % 0.6 P e
. o @
5 8 310 True 060 075 067 £ 0.4 A
!
/
6 2 260 True 067 1.00 02 1
7 7 150 False 057 1.00 073 H
0.0 X
8 1 070 False 050 1.00 0.67 0.0 0.5 1.0
Recall
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Part 8: Audio Decomposition >
Instantaneous Frequency Estimation

Interpretation of time—frequency bins
of an STFT using (frame-dependent)
instantaneous frequency values.

&
=]
S

[~}
o
=

Frequency (Hz)
2 3
l

B8
& &

(=]
(=]

Frequency (Hz)

Fcoef

400 400 400 400

350 350 - 350 350 < 100
s >

300 300 < 300 300
2 e 0

250 250 o 250 250 o
= =

2004 200 o 200 200 o
U u -100

150 150 150 150

0 2 4
Time (seconds) Time (seconds) Time (seconds)
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Part 8: Audio Decomposition >
Fundamental Frequency Tracking

-----

Salience representation with trajectories computed by eSS IEe e
(a) aframe-wise approach, == e
(b) an approach using continuity constraints, and = legfdir_‘zim ie.j;_\ |
(c) a score-informed approach. i e PY S
=i et —tws

Figure 8.10a from [Miiller, FMP, Springer 2015]

— . 8

7 £

5 )

) z 6

) )

e ;

S o 4

O (o

() (0]

— —

IC L 2
0

Time (seconds) Time (seconds) Time (seconds)
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Part 8. Audio Decomposition NMF procedure | ¥

Nonnegative Matrix Factorization (NMF) applied to a toy
example.

Matrix V and randomly initialized matrices W and H.

"4 w
1.0
4 4 H 1.0
5.0 1
0 0 0 2 4 6
0.0 0.0 0.0 0.0
0 2 4 6 01
Matrix V and matrices W and H after training.
"4 w WH
1.0
4 | 4 H 4
5.0
1 5 o 5
2 2 0.5 2
— Ih ;Iﬂh
0 0.0 0 0.0 0 2 ¢ ° 0 0 0
0 2 4 6 01 0 2 4 6

Number of iterations until termination: 43

100 — W error
— H error
10—2 -

5 10 15 20 25 30 35 40
Iteration index

Error terms over iteration.

Error (log axis)
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Python Notebooks for Fundamentals of Music Processing

Fundamentals of
Music Processing

INTERMATIONAL AUDIO LABORATORIES ERLANGEN

https://www.audiolabs-erlangen.de/FMP
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Basics + 8 Chapters
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Music Processing
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Definition

We assume that we are given a discrete-time novelty function A : 7 — |
indicate note onset candidates. The idea of Fourier analysis is to detect \o
in novelty curve by comparing it with windowed sinusoids. A high correlat
section of A with a windowed sinusoid indicates a periodicity of the sinus:
(given a suitable phase). This correlation (along with the phase) can be cc
short-time Fourier transform. To this end, we fix a window function w : 7Z
length centered at 7 — 0O (e.g., a sampled Hann window). Then, for a frec
parameter w & Rzo and time parameter n € 7Z, the complex Fourier coe

is defined by

F(n,w) :

Z A(m)w(m — n)exp(—2wiwm).

meZ
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Music Processing

Tempo and Beat Tracking y s

Definition

elty function A 1 Z — 1
r analysis is to detect \o

in novelty curve by co EXp|anatI0nS usoids. A high correlat

section of A with a winc periodicity

(given a suitable phase). This correlation (along with the pha

sform. To this end, we fix a window fu Theory
O (e.g., a sampled Hann window).

nd time parameter n € 7Z., the complex Fourier coe

We assume that we are
indicate note onset ca

F(n,w) :

Z A(m)w(m — n)exp(—2wiwm).

meZ
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Example: Shostakovich

In the following example, we consider an excerpt of a recording of
Dimitri Shostakovich's Suite for Variety Orchestra No. 1. The score
version of the excerpt.

We start with a spectral-based novelty function resampled to FS’-\‘ -
Furthermore, we use a window size corresponding to b seconds (1

w In @ ®

. AUDIO
k. LABS

N bbb
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Tempo and Beat Tracking y s

Example: Shostakovich

aple, we consider an ex An notations

Suite for Variety Orc

We start with a spectral-based novelty functio SA :
Further indow size corresponding to 5 seconds (1

Links

Tutorial ISMIR 20 © AudioLabs, 2023 AUDIO
Learning with Music Signals Meinard Mller LABS



« = ‘m' OF* https://www.audiolabs-erlangen.de/resources/MIR/FMP/CE/CE.html E 1208 e 1:? iIn @O ®

Fl.lﬂdﬂ me ﬂ[a IS ﬂf INTERNATIONAL ALUDIO LABORATORIES [RLAMGEMN

Music Processing

_- AUDIO
- LABS

Tempo and Beat Tracking y

I [2] = def compute sinusoid optimal (c, tempo, n, Fs, N
rrrcompute windowed sinusoid with optimal

Notebook: C6/C6S2 TempogramFourier.ipynb

Args:

c: Coefficient of tempogram (c=X(k,n))

tempo: Tempo parameter corresponding tc
_coef BPM[K])

n: Frame parameter of c

Fs: Sampling rate

N: Window length

H: Hop size
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Tempo and Beat Tracking y s

I [2] = def compute sinusoid | n, ¥s, N
2 Compute windowl bptimal ¢

Python COde RS (EladelEeEE - ipvyvnb

c: Coefficient of tempogram (c=X(k,n))

tempo: Tempo parameter corresponding tc
_coef BPM[K])

n: Frame parameler of c

Fs: Sampli

N: Window 1

H: Hop sizd4g

Tutorial ISMIR 79 © AudioLabs, 2023 AUDIO
Learning with Music Signals Meinard Mller LABS



« = ‘m' OF* https://www.audiolabs-erlangen.de/resources/MIR/FMP/CE/CE.html E 1208 e 1:? iIn @O ®

Fl.lﬂda men [a IS ﬂf INTERNATIONAL ALDIO LABORATORIES ERLAMNGEN

AUDIO
LABS

Music Processing

Tempo and Beat Tracking y s

Novelty function with detected peaks

10
05
0.0
0 1 2 3 4 s 6
Time (seconds)
> o 0:00:00 o>
PLP function with detected peaks
20
10
0
0 1 2 3 = S 153
Time (seconds)
| 0:00:00 <
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FMP Notebooks

p

Teaching
Understanding

Programming

Baselines

Research

Multimedia

AV
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LABS

> C @ ‘O

@ & https:/fwww.audiolabs-erlangen.de/resources/MIR/FMP/CE/CE html 120%
g

Fundamentals of
Music Processing

Definition

discrete-time novelty function A : Z —»
The idea of Fourier analysis is to detect l
with windowed sinusoids. A high correlat

sic Example

‘Ssinusoid indicates a periodicity of the sinus “ =l
‘given a suitable phase). This correlation (along with the phase) can be ¢ ["w i ss 7 Pr L= ) bl o han
short-time Fourier transform. To this end, n w : Z (\f?, = f - e e O
- ? -

for a fre
ourier co

ength centered at nn — 0 (e.g., a sampled
rarameter w € R.g and time parameter

s defined by
F(n,w) 1= E A(m)w(m — n)exp(— 2miwm
mez . ith a spectral-based novelty function resampled s
Llnks re we nes a window cize ~arrecsnnndina ta R cacands (
n [2]:  def compute_sinusoid_optimal (c, tempo, n, Fs, 1

" Ccompute windowed sinusoid with optimal )

Python Code

- T empo
ef BPM[K])

n: Frame parameter of «
Fs: Sampling rate

samples) of kerne
Time axis (seconds) of ki

t kernel sec:

B =] Gumm| -

H‘*AL- bb}

E'
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Conference (ISMIR): 573-580, 2019.
https://zenodo.org/record/3527872#.YOhEQOgzaUk

= Meinard Muller, Brian McFee, and Katherine Kinnaird: Interactive Learning of Signal Processing
Through Music: Making Fourier Analysis Concrete for Students. IEEE Signal Processing Magazine,
38(3): 73-84, 2021.
https://ieeexplore.ieee.org/document/9418542
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A
Resources (Group Meinard Muller)

= FMP Notebooks:

https://www.audiolabs-erlangen.de/FMP

= libfmp:

https://github.com/meinardmueller/libfmp

= synctoolbox:

https://github.com/meinardmueller/synctoolbox

= libtsm:

https://github.com/meinardmueller/libtsm

= Preparation Course Python (PCP) Notebooks:
https://www.audiolabs-erlangen.de/resources/MIR/PCP/PCP.html

https://qgithub.com/meinardmueller/PCP
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Resources

= librosa: @“WOSG
https://librosa.org/

= madmom:;

https://github.com/CPJKU/madmom
= Essentia Python tutorial: E SSENTIA

https://essentia.upf.edu/essentia python tutorial.html

= mirdata:
https://github.com/mir-dataset-loaders/mirdata % H

= open-unmix: ‘ m

https://github.com/sigsep/open-unmix-pytorch

= Open Source Tools & Data for Music Source Separation: é/T
@T bt @

[T

https://source-separation.github.io/tutorial/landing.html ,,,||,||||,,|||,,||,||||,,,,
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