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Music Processing
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Music Processing: A Multifaceted Research Area

Music is a ubiquitous and vital part
of our lives

~ Signal /

) Processingdgy Digital music services:

Machine Spotify, Pandora, iTunes, ...
Learning

Education

Music yields intuitive entry point to
support and motivate education in

. technical disciplines
Information

Retrieval

Mathematics

Music bridges the gap between
engineering, computer science,
mathematics, and the humanities

{ Musicology
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Fundamentals of Music Processing (FMP)

Meinard Mdller

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

Fundamentals of
Music Processing

Accompanying website:
www.music-processing.de
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Fundamentals of Music Processing (FMP)

Meinard Mdller

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

Fun‘ inard Miille
Mus

udic

Accompanying website:
Fundamentals of www.music-processing.de
Music Processing

2nd edition

Meinard Mdller

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

Second Edition

) Springer
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Fundamentals of Music Processing (FMP)

Music Processing

Chaptey Scenario

Meinard Mdller

1 /| Music Represenations Fundamentals of Music Processing
. . Audio, Analysis, Algorithms, Applications
> Fourier Analysis of .
Signals Sprlnger, 2015

3 Music Synchronization Accompanying website:
4 Music Structure www.music-processing.de
L Analysis
5 Chord Recognition
6 I"“Fl‘(f’ andiEeat 2nd edition

=0 . Meinard Miller
7 Contont Based Audio Fundamentals of Music Processing

e [ ——— Using Python and Jupyter Notebooks

8 E Audio Decomposition Springer, 2021
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FMP Notebooks: Education & Research

Fundamentals of
Music Processing

FMP Notebooks

NAL AUDIC

Python Notebooks for Fundamentals of Music Processing

The FMP notebooks offer a collection of educational material closely following the textbook
Fur 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.

AUDIO
LABS

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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FMP Notebooks

Basics

Overview

Music

Representations.

Fourier Analysis
of Signals

Synchronization

Music Structure
Analysis.

Tempo and Boat
Tracking

Content-Based
Audio Retrieval

Musically
Informed Audio
Decomposition

Notions, Techniques &

Algorithms C1b T
Basic information on Python, Jupyter

notebooks, Anaconda package

management system, Python himll fipynb]
environments, visualizations, and

other topics

‘Overview of the notebooks.

(htts:/www.audiolabs- himl] [ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,
waveform, pitch, loudness, timbre  [nimi] [ipyn!

B

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

Fourior roprosantation, DFT, FFT, 1)
STFT

Chroma feature, dynamic
programming, dynamic time warping [htmi] - [ipynt
(DTW), alignment, user interface

Similarity maix, repefition,

=3

thumbnal, homogeneity, novelty,

evaluation, procision,recal, F. 1mll [2vbl
measure, visualization, scape plot

Harmony, music theory, chords,

scales, tomplates, hidden Markov  [ntmi] [ipynb]

model (HMM), evaluation
‘Onset, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis, [ntmi] [ipynt
autocorrelation

B

Identiication, fingerprint, indexing,
inverted list, matching, version, cover [t
sor

Harmonicipercussive separation,

signal reconstruction, instantaneous

frequency, fundamental frequency  [htmi] [ipynb
(FO), trajectory, nonnegative matrix
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factorization (NMF)
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FMP Notebooks

Structured in 10 parts

Basics

Overview

Fourier Analysis
of Signals

Synchronization

Music Structure
Analysis.

Chord
Recognition

Tempo and Boat
Tracking

Content-Based
‘Audio Retrioval

Musically
Informed Audio
Decomposition

Notions, Techniques &
Algorithms.

Basic information on Python, Jupyter
notebooks, Anaconda package

HTML IPYNB

management system, Python [htmi] - (ipynb]
environments, visualizations, and

other topics

‘Overview of the notebooks.

(https/www audiolabs- htmi] (ipynb]
erlangen de/FMP)

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

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

Fourier representation, DFT, FFT,  [imll [ovibl
STFT

Chroma feature, dynamic
programming, dynamic time warping [htmi] - [ipynb}
(DTW), alignment, user interface

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

[himil ipynb)

Harmony, music theory, chords,

scales, templates, hidden Markov  [nimi] [ipynb)
model (HMM), evaluation

‘Onset, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis,  [nimil [ipynb)
a ion

Identiication, fingerprint, indexing,
inverted list, matching, version, cover [htmi] (ipynb]
song

Harmonic/percussive separation,
signal reconstruction, instantaneous
frequency, fundamental frequency  [nimi] [ipynb)

factorization (NMF)
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(FO), trajectory, nonnegative matrix
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FMP Notebooks

Structured in 10 parts

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

Notions, Techniques &

Music

Representations.

Fourier Analysis
of Signals

Synchronization

Music Structure
Analysis

Tempo and Boat
Tracking

Content-Based
wdio Retrieval

Musically
Informed Audio
Decomposition

Part Title Algorttms HTML IPYNB

Basic information on Python, Jupyter
notebook

Basics management system, htmi] (ipynb]
‘environments, visualizations, and
Sther topics
‘Overview of the notebooks.

Overview (nttps:/iwww.audiolabs- htmi] (ipynb]
erlangen.de/FMP)

Music notation, MIDI, audio signal,

waveform, pitch, loudness, tmbre  [ntmi] [iynb
Discrete/analog signal, sinusoid,

‘exponential, Fourier transform,

Fourie representation, DFT, F,  [imll [ovibl
STFT

Chroma feature, dynamic

programming, dynamic fime warping [ntmil [ipynb]
(DTW), alignment, user interface

Similarity matix, repefition,

thumbnal, . novely,

evaluation, precision,recall, F. 1mll i2vbl
measure, visualization, scape plot

Harmony, music theory, chords,

scales, tomplates, hidden Markov  [ntmi] [ipynb]

model (HMM), evaluation
‘Onset, novelty, tempo, tempogram,

beat, periodicity, Fourier analysis, [htmi] [ipynb]
autocorrelation
Identiication, fingerprint, indexing,

ipynb]

inverted list, matching, version, cover [t
sor

Harmonicipercussive separation,

signal reconstruction, instantaneous

frequency, fundamental frequency  [htmi] [ipynb
(FO), 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
= Other technical concepts
underlying these notebooks

= Part 0: Starting notebook

Notions, Techniques &

Music

Representations.

Fourier Analysis
of Signals

Synchronization

Music Structure
Analysis.

Content-Based
wdio Retrioval

Musically
Informed Audio
Decomposition

Part Title Algornhims HTML IPYNB

Basic information on Python, Jupyter
notebooks, Anaconda package

Basics management system, Python [htmi] - (ipynb]
environments, visualizations, and
other opics
‘Overview of the notebooks.

Overview (https/www audiolabs- htmi] (ipynb]
erlangen.de/FMP)

TTesie notaton: MDT cao sonan
waveform, pitch, loudness, timbre  [ntmi]

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

Fourier representation, DFT, FFT,  [imll [ovibl
STFT

Chroma feature, dynamic
programming, dynamic time warping [htmi] - [ipynb}
(DTW), alignment, user interface
Similarity matrix, repefition,
thumbnail, ity, novelty,
evaluation, precision, recall, F-
measure, visualization, scape plot

[himil ipynb)

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

‘Onset, novelty, tempo, tempogram,
beat, periodicity, Fourier analysis,  [nimil [ipynb)
a ion

Identiication, fingerprint, indexing,
inverted list, matching, version, cover [htmi] [ipynb]
sor

Harmonic/percussive separation,
signal reconstruction, instantaneous
frequency, fundamental frequency  [nimi] [ipynb)

factorization (NMF)
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FMP Notebooks = Hotiors, Tochiqss & P

Algori

Basic information on Python, Jupyter
notebooks, Anaconda package

Basics management system, Python [htmi] [ipynb]
ereyemerts: vevaliadons;and
i opios
Structured in 10 parts F— Ouerview of the notebooks T
‘erlangen.de/FMP)
e D
o . Music  wavsiom, pich koudness, imbre  [m] [y
= Part B: Basic introductions to —
Discretenalog signal, sinusokd,
= Jupyter notebook framework s et vptosomaon Br. 7, [mi (bl

STFT
= Python programming

= Other technical concepts
underlying these notebooks

e Civoma feates, ynaric
U oy POYITMING, G me g i
(DTW), alignment, user interface

Similarity maix, repefition,

Music Structure  thumbnail, homogeneity, novelty, 1

nalysis evaluation, precision,recal, - 1211
measure, visualization, scape plot

Harmony, music theory, chords,
scales, templates, hidden Markov [t
model (HMM), evaluation

Onset, novelty, tempo, tempogram,
beat, periodicity, Fourier analysis, [t

Chord
ecoqnition

= Part 0: Starting notebook

Tempo and Boat

Tmckng . bosk pored
= Part 1 to Part 8: Comerttaend e ol e, cove i [

Audio Retrieval

song
Harmonicipercussive separation,

Musically signal reconstruction, instantaneous.

Informed Audio  frequency, fundamental requency  [nimi] [ipyn!
(FO), trajectory, nonnegative matrix
factorization (NMF)

Different music processing
scenarios

B

LABS

3, Meinard Miiller

FMP Notebooks = Ko, Teciaes & D

Basic information on Python, Jupyter
notebooks, Anaconda package

Basics management system, Python htmi] (ipynb]
environments, visualizations, and
other topics

Structured in 10 parts

‘Overview of the notebooks.
Overview (nttps:/iwww.audiolabs- it
erlangen.de/FMP)

o Music notation, MIDI, audio signal,

B entations  aveform, pitch, loudness, mbre  [htmi)
epresentations

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

Discrete/analog signal, sinusoid,

Fourier Analysis ~ exponential, Fourier iransiorm,

of Signals Fourir representation, DFT, FFT, [l
STFT

e Chroma feature, dynamic
s ey PTG, e tme warpng [im] (oyct
(DTW), alignment, user interface

% .
Part 6: Tempo and [ e
Beat Tracking

‘Onset, novelty, tempo, tempogram,
beat, periodicity, Fourier analysis,  [ntmi] [ipynb]
autocorrlati

ipynb)

= Part 0: Starting notebook

Tempo and Boat
Tracking

Jenthcation, Tngerprnt. aexn

ontent-Base 2
ContentBased jnerted st, matching, version, cover [nim] [ipynt

= Part 1 to Part 8:

N . . = Audio Retrieval song
Different music processing r———
Musicaly  signl reconsncion, msanianeous

scenarios

Informed Audio  frequency, fundamental frequency  [nimi] [ipynb)
Decomposition  (F0), trajectory, nonnegative matrix
factorization (NMF)
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Part 6: Tempo and fana
Beat Tracking ’

= When listening to a piece of
music, we as humans are 00
often able to tap along with 500
the musical beat § o0
£ om0
= Automated beat tracking: .

Simulate this cognitive
process by a computer

Novelty Function Beals

D:H‘A”AAA A

Time (seconds)

dolabs, 2023, Meinard Miler PP Notebooks 21 AUDTO

Tempo and Beat Tracking

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

Light effects  [IEENN

© AudiolLabs, 2023, Meinard Miller FMP Notebooks 22 AER;?

Tempo and Beat Tracking

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

Example:  Queen — Another One Bites The Dust

Time (seconds)
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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)
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking
= Tempo estimation
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking
= Tempo estimation
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking
= Tempo estimation

phase period
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Tempo and Beat Tracking
Tasks

= Onset detection
= Beat tracking

Tempo := 60 / period
= Tempo estimation Beats per minute (BPM)

period
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Onset Detection (Spectral Flux)

==L E=s=msreear————
TAFFrr R o | Frr iRt
— SN S S O
e e S A S I P i
‘ \ ‘ f f
Audio recording q: E

Time (seconds)
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Onset Detection (Spectral Flux)

Magnitude spectrogram| X | Steps:
8000
1. Spectrogram
60
g 6000 50
& 40
S 4000
4 30
I
2000 2
10
= =t

0 1 2 3 4 5 [}

Time (seconds)
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Onset Detection (Spectral Flux)

Compressed spectrogram Y/ Steps:
1. Spectrogram

= 15 2. Logarithmic compression
I

g

3 1

g

w

05

Time (seconds)
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Onset Detection (Spectral Flux)

Spectral difference Steps:
8000 4 1. Spectrogram
_ . Logarithmic compression
T 6000 08 . -
< 3. Differentiation &
g —_— 06 half wave rectification
§4000 ¢
[ 0.4
2000
02
0

o 1 2 3 4 5 6

Time (seconds)
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Onset Detection (Spectral Flux)

Spectral difference Steps:
8000
4 1. Spectrogram
= 6000 2. Logarithmic compression
N 0.8 . o
z 3. Differentiation &
g 06 half wave rectification
4000 .
g 4. Accumulation
I 0.4
2000
02
0
o 1 2 3 4 5 &6
60 T
4
OMMMMMAMM Novelty curve
20
0

Time (seconds)
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Onset Detection (Spectral Flux)

Steps:

1. Spectrogram
Logarithmic compression
Differentiation &
half wave rectification

4. Accumulation

Novelty function
60[ T T y y d a
40t
20 4
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
20

0 L L L L L L
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Onset Detection (Spectral Flux)

Steps:

1. Spectrogram
. Logarithmic compression
3. Differentiation &
half wave rectification
Accumulation
5. Normalization

Normalized novelty function

30t >
201 4
10 z
“‘\
0
(] 1 2 3 4 5 6
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Onset Detection (Spectral Flux)

Steps:

Spectrogram
2. Logarithmic compression
3. Differentiation &
half wave rectification
4. Accumulation
5. Normalization

Normalized novelty function
Peak positions indicate beat candidates

} H
3o | < ]
e ¢ %) ¢ 9f ¢ Q >
20 944 8
S
104 ¢ IS
0‘ L 9 ML 1 9 1 IJ LI " h
0 1 2 3 4 5 8
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Onset Detection (Spectral Flux)

Deep Learning Steps:
1. Input representation 1. Spectrogram
2. Sigmoid activation 2. Logarithmic compression
3. Convolution & 3. Differentiation &
rectified linear unit (ReLU) half wave rectification
4. Pooling 4. Accumulation

5. Convolution & RelLU 5. Normalization

Normalized novelty function
Peak positions indicate beat candidates

T T T T T

30H s i
o ¢ L L r r Q ¢ ’
20H s [ |
10 7 .[. ) LIS
o oy KLl n i ALA il 3
0 1 2 3 4 5 6
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Local Pulse and Tempo Tracking

Normalized novelty function
15 T T T

n |

!
MM M MAM }MMMJ\ MM“ ﬂﬂﬂ.,f\ﬂmﬂm

A
4 5 6 7 8 9 10
053 N . 0 AUDIO
abs, 2023, Meinard Miiller MP Notebooks 39
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1
Time (seconds)

Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

600 g ’5'0

S T T —

15 T T T T

~J MA»}/\Mﬁ.\AMQM«M M ﬂ J\MJ\M‘

9 10

o
o &
T
| S—

Time (seconds)
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

600 g ’5'0

4 5
Time (seconds)
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Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

Optimizing local periodicity kernel
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|
Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

600 g ’5'0

Tempo (BPM)
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|
Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

Accumulation of kernels

2: w(\”//\”“' MOATARAARA AT M
}/\}\ J\‘/]“M‘/\( IM“"\“/M\{\‘Mw‘[”\f\\“wH(“\{/\\J\l;\ |
”’W“WM\ I \‘U‘f “W Hr‘ r“’\/‘\\r\‘\r\}f

~o 2 : 10
Time (seconds)
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N
o

Local Pulse and Tempo Tracking

Fourier temogram (STFT of novelty function)

600 g ’5'0

Tempo (BPM)

Halfwave rectification

5

i /M \\“ '
w\/w,r

0 I
0

N

\”uj‘\ WWW/MW

T|me (seconds)
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Local Pulse and Tempo Tracking

Novelty Curve

15 T T T T
1
)

’q\ﬂnM h‘/’A Mﬂr.ﬂ\/\nw“.\n“n/‘m I M W.nfl/n‘b

2 3 4 5 6 7 8 9
Time (seconds)

Predominant Local Pulse (PLP)

5 \H\/HHW \ w‘}\/ ‘r\f“"‘w (“ f 5
ol /U\ \H(Wl“}”m{\ /M\/ JW M/M /\JHJ\I\J{J\}

Tlme (seconds)
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N
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FMP Notebooks e oo, Techriaues & P
Basio mcrmaion on Pytho, Jupyer
nobooks, Anaconds pacage
management system, Python [htmi] [ipynb]
ereeyemerts vevaliadoria;mrd
Gthor toies
Structured in 10 parts Quniow (it nim v
‘erlangen.de/FMP)
e Musicnotation, MIDI, audo igna,
. Part B: Basic introductions to B entations  aveform, pitch, loudness, imbre  [htmi] [ipynb]
i FouterAnahsis oxponenta, Faunorvarstorn.
= Jupyter notebook framework 2 of Signals Fourer roprosentaton, DFT, FFT, 11l [ovnbl
St
= Python programming e Choma eature, dynamic
. ‘Synchronization  Programming, dynamic time warping [htmil - [ipynb}
= Other technical concepts {OIW), Sunmect user eifece
underlying these notebooks 4- pr— —
44 I Part 6: Tempo and
A |l Beat Trackin !
. /AN [ipynb]
= Part 0: Starting notebook =) g
Ll | TR et oo Fomor mosp ] (i
Treckng R
)
= Part 1 to Part 8: ComantBased e s, mtcning.version.cove ] iynbl
) . . -
Different music processing )
" W e
scenarios e N e il keaser M Lo o
Decomposition  (FO), trajectory, nonnegative matrix
factorization (NMF)
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Part B: Basics >
Topic Description

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

Jupyter Notebook Usage of Jupyter notebook framework

Python Basics Introduction of data types, control structures, and functions
Python Style Guide Recommendations for programming style

Multimedia Integration of multimedia objects into notebooks

Python Visualization Generation of figures and images

Python Audio Reading and writing audio files

Numba Acceleration of Python functions via JIT compilation

Annotation Visualization  Visualization of annotations (single value, segments)

Sonification Sonification methods (onsets, FO trajectories, pitch, chroma)
libfmp Library of FMP-specific Python functions
MIR Resources Links to resources that are useful for MIR
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Part B: Basics
Annotation Visualization

eighth | TTTTITTTT]T
quarter 1 1T 1
measure | | |
-1 1 2

Examples for visualizing
annotations of time positions
and segments.
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Part 1: Music Representations >
Symbolic Format: CSV

B e B Alto
75 T eme ag a =1 Basso
[= =] % P = % @ Soprano
L = |\ = = a C] 81— Tenor
L = ‘=n| s
5651 = % R o YRR = g
& = = oo = = e — ]
601 = aq, =t Q= = o P
= o = & @5 @
55 = =X
= s
50
=
o 5 10 15 20 25
Time (seconds)
Visualization of a piano-roll representation »
(Fugue BWV 846 by Bach). S
LIS >
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Part 1: Music Representations

Waves and Waveforms

DY
DY
K

Videos illustrating the
concepts of transverse,
longitudinal, and combined
waves.
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Part 2: Fourier Analysis of Signals >
Discrete Fourier Transform (DFT)

Re(DFTy) IM(DFTy)
10 10
x
x 05 % 05
3 3
] 3
£ £
g 0.0 z 0.0
g g
H H
] ]
Z F
o -0.5 2 0.5
& I
-1.0 -1.0
10 20 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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Part 2: Fourier Analysis of Signals

STFT: Padding

lTime—domain signal and magnitude Fourier transform. ‘

Amplitude

1
DJ VVVVV ‘
-1

o 2 a 1 8 10

Time (seconds)

Magnitude

°

-

1 5 4 56 7
Frequency (Hz)

Magnitude STFT.

No padding

o s Pt 15 20

o
Time (frames)

Frequency (Hz)
on & o w

Zero padding

Time (frames)

g
Frequency (Hz)
onN s o

s 0 _s
N o L6
g oso £a
32 02 32
* ol 0.00 “ ol

No padding

4 6
Time (seconds)

Zero padding

4 6
Time (seconds)
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Part 2: Fourier Analysis of Signals >
Digital Signals: Quantization

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

Uniform ization with A=6 iform ization with u=7 and A=6
10 —— oOriginal signal 10 —— Original signal
—— Quantized signal —— Quantized signal
o 05 o 95
3 3
2 El
£ o0 £ o0
E H
-0.5 -0.5
-1.0 -1.0
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 25 3.0
Time (seconds) Time (seconds)
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Part 3: Music Synchronization > Part 3: Music Synchronization >
Transposition and Tuning Music Synchronization

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

‘ Tuning procedure using a comb-filter approach. ‘

Estimated tuning: 13 cents Frequency distribution with maximizing comb template
100 100 | ‘ \ ‘ | ‘ 0 20 40 Time (sflfmes’ 80 100 120
2075 075 | L0 Lk . - "
£ | m
Z 050 050 | g ‘E - '-F*‘J- -h. r. o q:E
£ g $
" o2s 0.25 | go -H_'H | A o [ 3 — #'--‘# 3
c - »
0.00 0.00 S
40 -20 0 20 40 0 1200 2400 3600 4800 6000 7200 8000
Tuning parameter (cents) Frequency (cents) \\
B 1 e N T [ i) Ll B
> A HRU AR 1 U
‘e whlll ' i 1 jn |
i i b s >
goltly JH I -.HH *.H o ) 1\‘
c ol i
[S 0 25 50 75 100 125 150 175 200
Time (frames)
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Part 4: Music Structure Analysis | Structure annotation > Part 5: Chord Recognition >

and different
synthetically
generated SSMs.

SSM: Synthetic Generation Template-Based Chord Recognition

Chord recognition task STFT-based chromagram (eature rae = 108 Ha) o
y ) o : =
start  end label [MmJaz] e [ez] ¢ [as] es [ea] illustrated by the first 3 p——— o
0 @ ool o 2 s 75 10 15 10 w5 measures of the Beatles g"g T — e
Time (seconds) song “Let It Be.” ‘;g apm| 02
1101 2211 At % : ¢ . o 0 o0
R e e I = e | A 5 S
2 2211 4306 A2 13 2 % 100 o8 *
Time (frames) o ——EL i ©
3 4306 6942 B1 o os
= =
4 6942 8957 B2 05 ngg L] = 05
2 §
5 8957 13164 C 0 N > S 0t
R _ ] — fr—
6 13164 15084 A3 3 g c ¢ Aam F c & F c £ : — 02
£ o § P 4
7 15084 17696 B3 5 5 < s — o0
F w B H : : S © =
£ £
8 17696 19690 B4 CEEOE | ECEEOE | K
9 19690 19964 o i £ Y ettt B
00
o %
Time (frames)
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Part 5: Chord Recognition > Part 6: Tempo and Beat Tracking >

Experiments: Beatles Collection Novelty: Comparison of Approaches
STFT, Template CQT, Template
Prefiltering experiments for 09 Comparison of
a template-based and an o8 novelty detectors 05
HMM-based chord go7 using a matrix-
recognizer applied to two Sos based 0
different input chroma “os visualization. 05
representations (STFT, 0 o
CQT). 03 ;
20 40 20 40 60 = “
‘Smoothing length (frames) ‘Smoothing length (frames) ‘1 N Bass Drum / bass / hihat
The evaluation is performed STFT, HMM CQT, HMM
on the basis of four Beatles 05 s | - > Energy 10
songs (LetltB, HereCo, w"-: .‘3"“;’1 EnergyLog 08
) 2o
ObLaDi, PennyL). i1 M Spoctral ‘ 06
“os Phase I 04
o2 20 a0 w 20 40 60 Average
Smoothing length (frames) Smoothing length (frames) I3 5 0.0

1 15
Time (seconds)
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Part 6: Tempo and Beat Tracking >
Cyclic Tempogram

Different tempogram
representations of a
click track with

e

Time (seconds) ‘ < >

N

Novelty function

°

3

Fourier tempogram with log-tempo axis Autocorrelation tempogram with log-tempo axis

Part 6: Tempo and Beat Tracking >
Adaptive Windowing

Example of adaptive windowing using a
parameter A to control the neighborhood’s
relative size to be excluded.

C4 D4 E4 F4 G4 A4 B4 C5

QU E

\

; = Adaptive windowing using A = 0.50
- m o e '
£ 10.0 g 10 -0.5 i . i i i 1
§ s : Z § a0 0.0 0.5 1.0 15 2. £ 3.0 35 4.0
2 60 e 2 60 £ Time (seconds)
R = S O ES
N — 1, — — e 2
o 5 1 15 20 2 30 o 5 10 15 2 25 30 0 —
Time (seconds) Time (seconds) Z — — — —
S0 om0 —_— 4
Cyclic Fourier tempogram Cyclic autocorrelation tempogram z — g —,
54 s et s a0 ==__=_— R
21 21 2
L — [, L= 5 £y
114 25 e 114 25 0
4 e = R R  ———S—S—SSShheeee..,
o 3 10 15 2 25 30 o 5 10 15 2 25 30 0o o 2 4 6 8 10
Time (seconds) Time (seconds) Time (frames)
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Part 7: Content-Based Audio Retrieval > Part 7: Content-Based Audio Retrieval >

Audio Identification

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

Audio Matching

Transposition-invariant
matching function
illustrated by Zager
and Evans’ song “In
the Year 2525.”

Al o

A o

1 s e '. ol P .:i'-.M;tcr;SH'P; 3 02
- 100 e " L .'. oo ® ® .‘*‘ ... ® Reference A e
z . « @ s «® e *° «  Estimation °
2 80 L H g w 03
s ]I p a0 Tty 4% o o0 T4ty o
g (P g + . ° & & ¢ ) o
ER] .06 60 e 4 * c ey
20 < . e ® LIS [ (vi[va|Vva[va] [Vs[V6 [Vi| B |V8]
. P L & < < - < - < pes 5 50 Bt 150 s
0 25 50 75 100 125 150 175 200 ¢ ¢ Y I Vi v2 v§ v7
Time (sample) z = 3 = §:
ime (sample! ‘\\ *\\ <\\ ‘\\ i\\ >> > > >
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Part 7: Content-Based Audio Retrieval > Part 8: Audio Decomposition >
Evaluation Measures Instantaneous Frequency Estimation
Various evaluation metrics - - - ::E q:
applied to a toy example. Break-even point = 050 Interpretation of time—frequency bins ! : . . . o

F_max =0.80
Average precision = 0.60833

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

PR curve
1 6 370 False 0.00 0.00 0.00 10
2 3 3.60 True 0.50 0.25 0.33
0.8
3 4 3.50 True 0.67 0.50 0.57 -
S -
4 5 320 False 050 0.50 g(’ﬁ‘ /’(:),' ?
(4
5 8 310 True 060 0.75 T 04 o
/
? &
6 2 260 True 067 1.00 024/
77 1.50 False 0.57 1.00 0.73 I’
0.0 T
8 1 0.70 False 0.50 1.00 0.67 0.0 0.5 1.0
Recall
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of an STFT using (frame-dependent)

; w0 >
instantaneous frequency values. T = .
500 p—
% 0 | “SSS—— _— 4
g = 2
8 = [
&
o
Feoef
400 400 400
= 350 350 5 350 100
z = e
. 300 300 3 300 3
z 3 I
G 250 250 § 250 § 0
z E =
9 200 200 9 200 @
w w w -100
150 150 150
J < 4
Time (seconds) Time (seconds)
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Part 8: Audio Decomposition >
Fundamental Frequency Tracking

Salience representation with trajectories computed by
(a) aframe-wise approach,

(b) an approach using continuity constraints, and

(c) a score-informed approach.

)/ \
6000 1760

8

& 4800 .

ZET 880 )

8 2
£ 3600 440 = 6

5 = g
S 2400 20 32 4

§ - g
1200 55 1o & 2
0 55 0

1 * o 1 2 0 1
Time (seconds) Time (seconds) Time (seconds)
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Part 8: Audio Decomposition NMF procedure >
Nonnegative Matrix Factorization (NMF) :gg:f’;’lem atoy

‘ Matrix V and randomly initialized matrices W and H. ‘

v w
@ 5o 4 H 10
2 ) 2 05 1 0.5
25 0 o5
o 2 4 o
° 0.0 ° 0.0 0.0 0.0
IR 51

Matrix V and matrices W and H after training. ‘

WH

v wo
4 4 H 4
50 N
2 2 05 2
25 o
o 2 4 &
° 0.0 ° 0.0 o ° o
° 2 4 6 01

‘ Number of iterations until termination: 43

100 — Werror
— Herror
102

5 10 15 20 25 30 35 40
Iteration index
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Error terms over iteration.

Error (Iog axis)
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Tempo and Beat Tracking

Definition
indicate note onset candidates. The idea of Fourier analysis is to detect lo
in novelty curve by comparing it with windowed sinusoids. A high correlati
section of A with a windowed sinusoid indicates a periodicity of the sinus:

We assume that we are given a discrete-time novelty function A : Z — 1
(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 : Z
length centered at 7 — 0 (e.g., a sampled Hann window). Then, for a frec

function A : Z — 1
r analysis is to detect \o
nusoids. A high correlati

Theory

Explanations

indicate note onset cani
in novelty curve by com
section of A with a win [
(given a suitable phase). This correlation (along with the ph:
'm. To this end, we fix a window ful
0 (e.g., a sampled Hann window).
nd time parameter . € Z, the complex Fourier coe

Mathematics
F(n,w) := Z A(m)w(m — n)exp(—2wiwm).
meZ

parameter w € IR~¢ and time parameter n € Z, the complex Fourier coe
is defined by
F(n,w) := E A(m)w(m — n)exp(—2wiwm).
meZ
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we consider an o Annotations
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Tempo and Beat Tracking

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.

Suite for Variety Orcl

e
-

—_—

We start with a spectral-based novelty functi
indow size corresponding to 5 seconds (1

Music Examples

Audio

s

Further

Links
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Fundamentals of ubIio Fundamentals of
» Music Processing LABS Music Processing
n def compute sinusoid optimal(c, tempo, N n, N
" rCompute windowed sinusoid with optima E . ptimal g
; Algorithms
Notebook: TempogramFourier.ipynb g . ipynb
Args: 3
c: Coefficient of tempogram (c=X(k,n)) of Coefficient of tempogram (c=X(k,n))
tempo: Tempo parameter corresponding tc tempo: Tempo parameter corresponding tc
coef BPM[k]) coef BPM[k])
n: Frame parameter of c n: Frame parameteor of c
F Sampling rate mp1i Y
N: Window length : Window Functions
H: Hop size H: Hop siz
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Novelty function with detected peaks.

Time (seconds)

»> 0:00:00

PLP function with detected peaks

3
Time (seconds)
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Results
.- : e e ]| Visualization
> e 0:00:00 o<

PLP function with detected peaks

Evaluation J

o 1 2 3 S, 8,

Sonification
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Resources (Group Meinard Mdller)

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://github.com/meinardmueller/PCP
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Resources

librosa: |ibf056

https://librosa.org/
madmom:
https://github.com/CPJKU/madmom

ZSSENTIA

Essentia Python tutorial:

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

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

open-unmix: ‘ gu.:.;(

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

Open Source Tools & Data for Music Source Separation: S
BeliilC

https://source-separation.github.io/tutorial/landing.html "‘||“||“‘|“"“|‘“‘ "
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