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Music Processing / Music Information Retrieval (MIR)

Music Synchronization Struture nallysis Harmony Analysis
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Outline

1. Measure Annotations in Wagner’s Ring

2. Cross-Version Analysis of Harmonic
Structures: Local Keys and Chords

Diatonik
TR ++ 4+ + +
QDA RUN2O=NLAOD

3. Machine Learning and Corpus Analyses
in Classical Music and Jazz




Outline

1. Measure Annotations in Wagner’s Ring

— Software example: Sonic Visualizer

2. Cross-Version Analysis of Harmonic
Structures: Local Keys and Chords

Diatonik

— Programming example:
Python and Jupyter Notebooks

3. Machine Learning and Corpus Analyses
in Classical Music and Jazz

— Discussion: Chances and Challenges
of Interdisciplinary Research




|
Material

= Workshop website with resources:

www.audiolabs-erlangen.de/resources/MIR/2019 WorkshopMIR _UniBamberg

= Book: M. Muller, Fundamentals of Music Processing

www.audiolabs-erlangen.de/fau/professor/mueller/bookFMP |

Meinard Muliar

Fundamentals of

= Jupyter Notebooks in Python: Musc PO

www.audiolabs-erlangen.de/FMP
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1. A Typical Scenario —
Measure Annotations in Wagner's Ring
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DFG-funded Project: Computational Analysis gJJ=E5
of Harmonic Structures

= With Prof. Rainer Kleinertz, Musicology, Uni Saarland UNIVERSITAT

DES
SAARLANDES

= Richard Wagner, Der Ring des Nibelungen
= Four operas, up to 15 hours of music
= How is harmony organized at the large scale?
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]
Music Scenario

= Richard Wagner, Die Walkiire (opera)
= Long work (1t act: 67 minutes)
= No interruptions of acts

= Different data types
= Libretto (text)
= Score / piano reduction (sheet music)
= Recorded performance (audio)
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]
Music Scenario

Time (measures)

Score;

Performance (Karajan 1966):

[} 0:2

© -
= Annotation 1 = N

g 01
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o 1 2 3 4 5
Time (seconds)
T ]

= Annotation 2
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"—3_ 0
g 041
< 02
) 1 ?I'ime (secondsa) ' )
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= Deviations 5 o1t |
T 0 —
0.0 1R
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1 2 3 4

Time (measures)
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Manual Measure Annotations

= 5 students with musical background
= Procedure: Listening while reading the vocal score

= Tool: Sonic Visualiser

1
-

03[
0.2
0.1
0
0.1
02
03+

I | I |
0 1 2 3 4 5

— Software example: Measure Annotations in Sonic Visualizer
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Computed

Synchronization (score-to-audio alignment)
Based on chroma features

Time (measures)

Time (seconds)
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Excursus: Chroma Features

= Example: C-major scale (piano)
= Score /)

&
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= Audio — Waveform 0.05

= Audio - Spectrogram
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Time (seconds)
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Excursus: Chroma Features

= Example: C-major scale (piano)
= Score /)

&

S o

-
L 108
AN
| 188
, M
| 1R
T

= Audio — Waveform 0.05

= Audio - Chromagram

Pitch class
oRmm

C#I :
C — . N | I

4 5 6 7 8 ¢} 10
Time (seconds)

AUDIO
. LABS
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Chroma Features

= Example: C-major scale (piano)

= Audio — Chromagram

AE#_ I | | I - 1 | -
B Ar o - 15
o G#- _ - 9 -~
S GF B . »
g Fi- - 10

Fr . -
S Ef - : >
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C :. ] | ] | 1 _ - 0

1 2 3 4 5 6 7 8 9 10
Time (seconds)
= Audio — Chromagram (normalized)
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Computed Measure Annotations

warping path
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Analysis of Manual Annotations

= Compare 5 different annotators

= Questions:
= Accuracy?
= Typical errors?
= Systematic offsets?

= Example passage (Karajan 1966)
Instrum.:

Chord change: I

Al

A2

A3

Annotator

Ad

A5

| I | I I | | I
3870 3875 3880 3885 3890 3895 3900 3905 3910 3915

Time (seconds)

21



e ——
Analysis of Manual Annotations

= Compare 5 different annotators

= Questions:
= Accuracy?

= Typical errors? o \:
= Systematic offsets? >
= Example passage (Karajan 1966)
Instrum.:
Chord change: | I | | | | |

Annotator
p=3

Time (seconds)
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Analysis of Manual Annotations
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Instrum.: Trumpet Melody
lﬁgﬁfﬁfha—z_ Trumpet Melody

Chord change: I

Al 1435 1440 1445 1450

A2

A3

Annotator
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| I | I I | | I
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A
Analysis of Computed Annotations
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Analysis of Computed Annotations
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Analysis of Manual Annotations

Dataset: Full act (67 minutes, 1523 measures)

200 f—t—orf——— —
100 - | A1
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Analysis of Computed Annotations

Dataset: Full act (67 minutes, 1523 measures)

Counts
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|
Confidences for Computed Annotations

= Use information from similarity matrix
= Shift checkerboard kernel along the warping path

Time (measures)

J. Foote (2000):

Shift checkerboard kernel
along the main diagonal
of a self-similarity matrix

YT

.
Y o ppp—
A O o D
» .

Confidence

Time (seconds)
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Confidences for Computed Annotations
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|
Confidences for Computed Annotations
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Towards Confidence-based Measure Annotations

High confidence implies high reliability (quantitative evaluation, full act)

Future work:

= Reliable measures — anchor points
= — improve computed annotations

= Other types of features

C. Weil3, V. Arifi-Muller, T. Pratzlich, R. Kleinertz, M. Muller
“Analyzing Measure Annotations for Western Classical Music Recordings”

In: Proceedings of the 17th International Society for Music Information Retrieval Conference
(ISMIR), New York, USA 2016.
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2. Cross-Version Analysis of Harmonic Structures:
Local Keys and Chords

#
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Global key detection
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Motivation

= Harmony analysis of music:
= Different concepts

= Concepts relate to different temporal granularity

Movemen! level

Segment level ' Local key | C major | Local key detection
Chord level Am Chord recognition
, A A
L e T e i
ﬁm‘m T4 Mg ”;’;;bf : S E ; ?‘”’”;i .
CaEEL i
[ ]
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Musicological Foundations

= Method: estimate diatonic scales — 7 fifth-related pitches

= Relationship of diatonic scales:
= Fifth-neighbouring scales share 6 of 7 notes
= QOrdering of scales according to the circle of fifths:

o O

| ] J
| | |

-1 Diatonic | L +2 Diatonic

35



Visualization of Diatonic Scales

= Example: J.S. Bach, Choral "Durch Dein Gefangnis" (Johannespassion)
= Score — Piano reduction

> S
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yru.'rln ] /] . ﬁ I | | | I I | - | AI
{ Co— —— r - W—##H
& TR i
Durch [dein Ge- fing- nis, Got - tes Sohn,mufl |uns die Frei - heit kom - men;
Dein Ker- ker ist der Gna - den - thron, die Frei- statt al - ler From - men;
gJiiﬁigww irPEIEPDI
m%#ﬂ . r —] T i —1 e
- - I 1 ’ IF {
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Example: J.S. Bach, Choral "Durch Dein Gefangnis" (Johannespassion)
Audio — Waveform (Scholars Barogue Ensemble, Naxos 1994)

o o
N B

Amplitude
o

o o
PO\

I | |
5 10 15 20 25 30 35 40
Time (seconds)

37

45

50
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Excursus: Waveform

33))) [ “

Slides:
Meinard Muller

38



Excursus: Waveform

))>>> [ “

Amplitude Period

\n\/\/\/\z

Time (seconds)

Air pressure
deviation

Frequency: 1/Period
Unit: Hertz (Oscillations per second)
LABS
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Excursus: Waveform Allegro con brio(d— 108
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= 0
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Excursus: Waveform Allegro con brio(d— 108

QII}. ) | I —— A
l\bl“llll‘l{ .I‘I]Ii :
o= ﬁ;‘“‘;; ;;lga\_,a
0 ~
B
dee i
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9 0.1F) ® ° . 37 Periods
% 0 in 500 ms
< o _
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41



]
Excursus: Fourier Transform

ldea: Decompose a given signal into a superposition
of sinusoids (elementary signals).

‘f=sl+sz+33|

Sinusoids
2, T T T 3
A |
SAVAVAVAV
At |
Signal f 2l 1‘ , , ;1
2F . . ‘ 3 . .
1 1 W\
of ] > S9 of
At 1
2L . . . 4 N
0 1 2 3 4 '26 1 2 3 4
Time (seconds) . | | | _
1r J
Sz o WA
At 1
2L ) . .
0 1 2 3 4

Time (secdnd33 ‘ \
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Excursus: Fourier Transform

Each sinusoid has a physical meaning
and can be described by three parameters:

| 54,0,0(8) = 4" sin(2m(wt — @)

Sinusoids
w = frequency

A = amplitue A, =1 1) |

¢ = phase w=1 S
¢ =0 —

Interpretation: A, = 0.6 i |

The amplitude A reflects the w; =3 52 9

intensity at which the sinusoidal | ®z= —02 ] |

of frequency w appears in f. s

The phase ¢ reflects how the A; = 04 1| ~

sinusoidal has to be shifted to wg =7 Sz oWV

best correlate with f. s = 04 ) S —

Time (seconds)
43
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Excursus: Fourier Transform

Example: Superposition of two sinusoids

-2¢ L L L L L L L L L ]
0 1 2 3 4 5 6 7 8 9 10

Time (seconds)

] | e, | TV Y
2 3 4 5 6 7

Frequency (Hz) E
44 A




Excursus: Fourier Transform

Example: Piano tone (C4, 261.6 Hz) > -
\
| | | 0.45
0.5 I 0.4}
0 0.35
05} | | ] g 03
0 1 2 3 4 2 025}
Time ds) c
D 02f
]
| | _ | = 015}
05} 1
0 ] 0.05}
osl | e A A
- ' - : 0 200 400 600 800 1000
1 1002 1004 1006  1.008 1.01
Frequency (Hz)

Time (seconds)

AUDIO
45 LABS




Excursus: Fourier Transform

Example: Piano tone (C4, 261.6 Hz) > ]_:

0.45

o o
[(@)] (@] (é)]
T T

1
o
o » ©
w (8] I

D .

: ©

0 1 2 3 4 _3 025
Time (seconds) c

D 02t
O

= 015

0.1

0.05}

N NV, S U |

0 200 400 600 800 1000

1 1.002 1.004 1.006 1.008 1.01
Frequency (Hz)

Time (seconds)

Analysis using sinusoid with 262 Hz
— high correlation
— large Fourier coefficient
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Excursus: Fourier Transform

Example: Piano tone (C4, 261.6 Hz) > ]_:

0.45

o o
[(@)] (@] (é)]
T T

1
o
o » ©
w (8] I

D .

: ©

0 1 2 3 4 _3 025
Time (seconds) c

D 02t
O

= 015

0.1

0.05}

N NV, S U |

0 200 400 600 800 1000

1 1.002 1.004 1.006 1.008 1.01
Frequency (Hz)

Time (seconds)

Analysis using sinusoid with 400 Hz
— |low correlation

— small Fourier coefficient
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Excursus: Fourier Transform

Example: Piano tone (C4, 261.6 Hz) > ]_:

0.45

o o
[(@)] (@] (é)]
T T

1
o
o » ©
w (8] I

D .

: ©

0 1 2 3 4 _3 025
Time (seconds) c

D 02t
O

= 015

0.1

0.05}

N NV, S U |

0 200 400 600 800 1000

1 1.002 1.004 1.006 1.008 1.01
Frequency (Hz)

Time (seconds)

Analysis using sinusoid with 523 Hz
— high correlation
— large Fourier coefficient
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Example: C4 played by trumpet >

0 0.5 1 1.5 2 25 3 3.5 4
Time (seconds)

N T S

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)

49 LABS/




Example: C4 played by violine >

-0.6

1.5

0.5

0.5 1.5 2 25 3 3.5
Time (seconds)
] ] UL\ ] ] | ALJ\A | ] ku\\t ]
100 200 300 400 500 600 700 800 900

Frequency (Hz)

50

1000



Example: C4 played by flute >

06 .

0.4

f‘ 0.2

0 0.5 1 1.5 2 25 3 3.5 4
Time (seconds)

0.8 .

0.4 .

S Jt o

0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz)
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Excursus: Fourier Transform

Signal i R—R

Fourier representation f(t) = / Rca)exp@ﬂiwr)d(o
wc

Fourier transform  ¢o = f(®) = f(t)exp(—2mimt)dt
teR

52



Excursus: Fourier Transform

> ﬁ \\
2
1
0
-1
. -2
10 0 1 2 3 4 5

0 2 4 6
Time (seconds)

Time (seconds)

| \AM\/\/\/\\/V\/VV\ |
O I L . 1 .

0 : 2 3 4
Frequency (Hz)

5

6

7 0 1 2 3 4 5 6 7
Frequency (Hz)

AUDIO
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Excursus: Short Time Fourier Transform

ldea (Dennis Gabor, 19406):

= Consider only a small section of the signal
for the spectral analysis

— recovery of time information
= Short Time Fourier Transform (STFT)

= Section is determined by pointwise multiplication
of the signal with a localizing window function

AUDIO
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Excursus: Short Time Fourier Transform

0.5

-0.5¢

0 2 4 6 8 10
Time (seconds)

0 1 2 3 4 5 6 7
Frequency (Hz)
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Excursus: Short Time Fourier Transform

0 2 4 6 8 10

Time (seconds)
3
2 L
1 -
0 1 4 el
0 1 2 3 4 5 6 7

Frequency (Hz)
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Excursus: Short Time Fourier Transform

v
y

0.5

-0.5¢

0 2 4 6 8 10
Time (seconds)

0 1 2 3 4 5 6 7
Frequency (Hz)
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Excursus: Short Time Fourier Transform

0.5

-0.5¢

0 2 4 6 8 10
Time (seconds)

| w’\/\/\,\/\’h’;
0 1 — — 1

0 1 2 3 4 5 6 7
Frequency (Hz)
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Excursus: Short Time Fourier Transform

N

0 0.5 1 1.5
Time (seconds)

0.1r

0.05}

0 10 20 30 40

50
Frequency (Hz)

59




|
Excursus: Spectrogram

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

500

400

300

200

Frequency (Hz)

100

0 et il cabbitl ! I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time (seconds) Intensity (dB)

AUDIO
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Visualization of Diatonic Scales

= Example: J.S. Bach, Choral "Durch Dein Gefangnis" (Johannespassion)
= Audio — Spectrogram (Scholars Baroque Ensemble, Naxos 1994)

5000

4000

3000

Frequency (Hz)

2000 -

1000 %

5 10 15 20 25 30 35 40 45 50
Time (seconds)
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Excursus: Spectrogram

Example: Chromatic scale

Q3
C1 Cc2 C3 C4 C5 C6 c7 C8
24 36 48 60 72 84 96 108
Spectrogram
4500 T —T ‘ T — T ¥ 30
' R ' ' } » b [ |
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N : ' - ol F 3 r’ ‘ ;r 1
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S B O L e LA LI IR S R S TR L R 22
§ Ltr P'-'F* S A LVHHM l" n 0o =
2000 [ EEE iR R DI LT T T TR LT L LT LT AT H ®
 |Eaha ;EEE;&:EE“EHEtr:;Mt'r'Ertr;[r:r* T | | =
N I I IR G S NS AR A RN S i D PP
I EEEEEEEEEEEE*EL*ECt[fE.-w*F,J:WHr A7 e, 1l 10 E
FEEEEEEELITIRILL Il T A
1000 i EEEE Eﬂt**ftft"ﬂw L T T
506 Rt e | IR B A
R AR
0 331 bbb ‘ ‘ b 1t LHl b bbb b bbbl b kbbb 30
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Excursus: Spectrogram

Example: Chromatic scale

C1 C2 C3 C4 C5 Cé6 C7 C8
24 36 48 60 72 84 96 108

Spectrogram
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Excursus: Spectrogram

Example: Chromatic scale

C1 C2 C3 C4 C5 Cé6 C7 C8
24 36 48 60 72 84 96 108
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Excursus: Log-Frequency Spectrogram

Example: Chromatic scale
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Excursus: Chroma Features

Chromatic circle Shepard’s helix of pitch

Tone height

A3 D#4

A2

D#3




Excursus: Chroma Features

Example: Chromatic scale

C1 C2 C3 C4 C5 Cé6 C7 C8
24 36 48 60 72 84 96 108
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Excursus: Chroma Features

Example: Chromatic scale

C1 C2 C3 C4 C5 Cé6 C7 C8
24 36 48 60 72 84 96 108
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Excursus: Chroma Features

Example: Chromatic scale

C1 C2 C3 C4 C5 Cé6 C7 C8
24 36 48 60 72 84 96 108
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Excursus: Chroma Features

Example: Chromatic scale

. ‘ ~
\
C5 C6 Cc7 C8
72 84 96 108
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Visualization of Diatonic Scales

= Example: J.S. Bach, Choral "Durch Dein Gefangnis" (Johannespassion)
= Audio — Chroma features (Scholars Baroque Ensemble, Naxos 1994) [
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Visualization of Diatonic Scales

=  Summarize pitch classes over a certain time

= Chroma smoothing
= Parameters: blocksize b and hopsize h
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Visualization of Diatonic Scales

= Choral (Bach)
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Visualization of Diatonic Scales

= Choral (Bach) — smoothed with b=42 and h=15
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Visualization of Diatonic Scales

= Choral (Bach) — Re-ordering to perfect fifth series
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N
Visualization of Diatonic Scales

= Choral (Bach) — Re-ordering to perfect fifth series
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N
Visualization of Diatonic Scales

= Choral (Bach) — Diatonic Scale Estimation (7 fifths)
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N
Visualization of Diatonic Scales

= Choral (Bach) — Diatonic Scale Estimation (7 fifths)
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N
Visualization of Diatonic Scales

= Choral (Bach) — Diatonic Scale Estimation: Multiply chroma values
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Visualization of Diatonic Scales

Choral (Bach) — Diatonic Scale Estimation: Multiply chroma values

Absolute Diatonic Level
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N
Visualization of Diatonic Scales

= Choral (Bach) — Diatonic Scale Estimation
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N
Visualization of Diatonic Scales

= Choral (Bach) — Diatonic Scale Estimation

@
H+

&)
*

4 #
(E major)

n
H

w
+*
I

N
+*
L

H*
|

0.4

solute|Diatonic Level

[Rbsore]

N —

O o o
| 1 |

w
[on
1

102

N
o

(&)
(e
I

T T T T T
0:00 0:10 0:20 0:30 0:40 0:50
Time (seconds)



Visualization of Diatonic Scales

= Choral (Bach) — Diatonic Scale Estimation: Shift to global key
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N
Visualization of Diatonic Scales

[ _— A C. Weil}, J. Habryka, “Chroma-Based Scale Matching for
Choral (BaCh) O o 4# Audio Tonality Analysis” In: Proceedings of the 9th

Conference on Interdisciplinary Musicology, Berlin 2014.
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N
Visualization of Diatonic Scales

= L. v. Beethoven — Sonata No. 10 op. 14 Nr. 2, 1. Allegro — 0 2 1

(Barenboim, EMI 1998) >
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N
Visualization of Diatonic Scales

= R. Wagner, Die Meistersinger von Niirnberg, Vorspiel — 0 2 0
(Polish National Radio Symphony Orchestra, J. Wildner, Naxos 1993) >
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Cross-Version Analysis

= Up to 18 versions
= 3 versions manually annotated

No. Conductor Recording hh:mm:ss
— 1 Barenboim 1991-92 14:54:55
2 Boulez 1980-81 13:44:38

3 Bohm 1967-71 13:39:28

4 Furtwangler 1953 15:04:22

» 5 Haitink 1988-91 14:27:10

6 Janowski 1980-83 14:08:34
— 7 Karajan 1967-70 14:58:08
8 Keilberth/Furtwangler 1952-54 14:19:56

9 Krauss 1953 14:12:27

10 Levine 1987-89 15:21:52

11 Neuhold 1993-95 14:04:35

12 Sawallisch 1989 14:06:50

13 Solti 1958-65 14:36:58

14 Swarowsky 1968 14:56:34

15 Thielemann 2011 14:31:13

16 Weigle 2010-12 14:48:46

87



Cross-Version Analysis

= |dea: Use analysis results based on different interpretations (versions)
= Tonal characteristics should not depend on interpretation
— Test reliability of the method

= Visualize consistency with gray scheme
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Die Walkire WWYV 86 B
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Die Walkire WWYV 86 B

Act 1
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Die Walkture WWYV 86 B

= Act 1, measures 955-1012
= Sieglinde’s narration
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Die Walkire WWYV 86 B

= Act 1, measures 955-1012
= Sieglinde’s narration

Diatonic scale
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Die Walkire WWYV 86 B
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Die Walkire WWYV 86 B

= Act 3, measures 724-789
= Wotan’s punishment
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Die Walkiare WWYV 86 B

= Act 3, measures 724-789
= Wotan's punishment

Diatonic scale
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Exploring Tonal-Dramatic Relationships

= Histograms of Analysis over time

Das Rheingold Die Walkure Siegfried Gotterdammerung
WWYV 86 A WWYV 86 B WWYV 86 C WWYV 86 D
3897 measures 5322 measures 6682 measures 6040 measures
+6

Diatonic Scales
+

1 50 100 150 200 250 300
Time (measures)
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Exploring Tonal-Dramatic Relationships

Sword motif — Die Walkliire

5 4 3 2 1 0 +1 42 43 +4 45 +6
Diatonic Scales
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Exploring Tonal-Dramatic Relationships

Sword motif — Siegfried

A B C D
5 Vo ; I
R :
0.5
0.4 |
0.3 |

S5 4 3 2 -1 0 +1 +2 +3 +4 +5 +6
Diatonic Scales
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Exploring Tonal-Dramatic Relationships

Valhalla motif — Das Rheingold

Bim Fm Cm Gm Dm Am Em Bm Fim Cim Gim Dim
Db Ab Eb Bb F C G D A E B F¢

Chords
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Exploring Tonal-Dramatic Relationships

Valhalla motif — Die Walkliire

A B C D

s ik I

0.5

Bbm Fm Cm Gm Dm Am Em Bm Fim Cim Gém Dim
Db A Eb Bb F C G D A E B Ft

Chords
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3. Machine Learning and Corpus Analyses
iIn Classical Music and Jazz

0.81

0.67

0.4}

0.2f
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A
Tonal Complexity

M Global chroma statistics (audio)
W 1783 —W. A. Mozart, ,Linz" symphony KV 425, 1. Adagio / Allegro (C major)

0.8

Salience

Eb Bb F C G D A E B F# C# G#
Pitch class

Circle of fifths —
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A
Tonal Complexity

M Global chroma statistics (audio)
M 1883 — J. Brahms, Symphony No. 3, 1. Allegro con brio (F major)

0.8

0.6

Salience

Ab Eb Bb F C G D A E B F# C#
Pitch class

Circle of fifths —

104



Tonal Complexity

M Global chroma statistics (audio)
M 1940 — A. Webern, Variations for Orchestra op. 30

0.8

0.6

047

Salience

0.2

Ab Eb Bb F C G D A E B F# C#
Pitch class

Circle of fifths —
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Tonal Complexity

B Realization of complexity measure I'

Entropy / Flatness measures

Distribution over Circle of Fifths

=20

B Relating to different time scales!
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A
Tonal Complexity — Chords

0.8
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g —+—— Fifth Width
O 0.2+ _
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[8] Weiss / Mlller, Quantifying and Visualizing Tonal Complexity, CIM 2014
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Tonal Complexity — Beethoven's Sonatas

200 300 400 500 600 700

100

1

700

600

0.95

500

0.9

400

300

10.8

200

100

10.75

epog

0.85

0.8

0.75

0.7

BpOD

200 300 400 500 600

100

600

500

400

300

200

100

BpoD

690

507

358

184

326

168

518

385

302

151

Development
Recapitulation
"~ Full Movement

Exposition

*
X
+

| |
N N N N N
S %’Q o 2D
(o] (o) O (o]
NN
PP HF N
<Q oQ oQ OQ OQ

|
o
N4
o)

|
N N
/Q\ %/Q /Q\ /Q\ q’/Q
Q\ \\o\ é& QQI
QW Q\b‘ R R
oR oR

09
.85 |-
0.8

senje) ainjea

0.75 -



A
Analyzing Composer Styles

Stamitz, Johann
Bach, Carl Philipp Emanuel
Mozart, Leopold

Haydn, Johann Michael

,
: , Ignace Joseph

= 2000 pieces

= Piano and Orchestra

. Brahms, Johannes
music e
eg,

Edvard
Rimsky-Korsakov, Nicolai
Saint-Saens, Camille

Antheil, George
Milhaud, Darius
Shostakovich, Dmitr

|

1650

1700

1750

1800

1850

1900

2000

1950
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Analyzing Composer Styles

Haydn, Joseph
1732 — 1809
100 works in dataset

Brahms, Johannes
Tchaikovsky, Peter lljitsch
Dvorak, Antonin
Grieg, Edvard
Rimsky-Korsakov, Nicolai
Saint-Saens, Camille

Faure, Gabriel
Mahler, Gustav

A

1650 1700 1750 1800 1850

I 1

1950

2000

1900
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A
Analyzing Composer Styles

Rameau, J Phillipe
Telemann, Georg Philipp
'Platti, Giovanni Benedetto
Stamitz, Johann
Bach, Carl Philipp Emanuel
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Clustering Composers

[IMendsISSORTEBEH o\dy. Felix

Berg, Alban

Schoenberg, Arnold

Bartok, Bela op. 22, Il. Andantino

Webern, Anton B. G|emsel", PlanO
Varese, Edgar

Stravinsky, Igor

Britten, Benjamin
Messiaen, Olivier
Boulez, Pierre

~ Cluster 1
~ Cluster2
I Cluster 3
e Cluster 4

Cluster 5

=
E =

R. Schumann, Sonata No. 2

' Mussorgsky, Modest

‘Brahms, Johannes
[Tehalkousky, Peter lljitsch
‘Rimsky-Korsakov, Nisolal |

|Saint-Saens, Camille |
Faure Gabriel

Berg, Alban
W
Bartok, Bela
W
Vmss’Edgar_

Weill ket
X Stravinsky, Igor

\

Britten, Benjamin
Messiaen, Olivier

Boulez Pieme

C. P. E. Bach, Sonata Wq. 49
No. 3 in E minor, Il. Adagio
C. Colombo, Piano

== 50
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1900 1950
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Rimsky—-Korsakov, Nicolai

Borodin, Alexander

Ravel, Maurice

—

Debussy, Claude

Sibelius, Jean

Bach, Carl Philipp Emanuel

Scarlatti, Domenico
Weber, Carl Maria von

|_|_|—Beethoven, Ludwig van
Schubert, Franz

Rossini, Gioacchino

Strauss, Richard

Grieg, Edvard

Chopin, Frederic
Giustini, Lodovico

Mussorgsky, Modest

Mahler, Gustav

Bruckner, Anton

metana, Bedrich
vorak, Antonin
Wagner, Richard

Tchaikovsky, Peter lljitsch

Ives, Charles Edward

Verdi, Giuseppe

Saint-Saens, Camille

chumann, Robert
_|_|:I\Snendelssohn—Bartholdy, Felix
Berlioz, Hector
iszt, Franz
rahms, Johannes
chumann, Clara
Dussek, Jan Ladislav

Clementi, Muzio

—

Cimarosa, Domenico
Couperin, Francois

Platti, Giovanni Benedetto

Bach, Johann Sebastian

Stamitz, Johann

Corelli, Arcangelo

Salieri, Antonio

Bach, Johann Christian

aydn, Johann Michael

oaccherini, Luigi Rodolofo
Pleyel, Ignace Joseph
Vivaldi, Antonio

— ozart, Wolfgang Amadeus
aydn, Joseph
Rameau, Jean-Phillipe

Mozart, Leopold
.Telemann, Georg Philipp

Handel, George Frederic

-Albinoni, Tomaso

Purcell, Henry

F

Lully, Jean—-Baptiste

—]

Prokofiew, Sergej
Faure, Gabriel

Stravinsky, Igor

Bartok, Bela

—

Britten, Benjamin

hostakovich, Dmitri

ntheil, George

indemith, Paul
Weill, Kurt

Milhaud, Darius

Schoenberg, Arnold

Berg, Alban

—

Messiaen, Olivier

Varese, Edgar
;:Bo“ez, Pierre
Webern, Anton

LABS



Tonal Complexity: Jazz Solos

Symbolic transcription
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Tonal Complexity: Jazz Solos

Symbolic transcription
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Tonal Complexity: Jazz Solos

= Audio recording (harmonic part)
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Music Genre Classification

world music JAZZ
HipHop P°P Rock

"classical”
TN TN TN\ N
J. S. Bach, L. van Beethoven, R. Schumann, A. Webern,
Brandenburg Concerto Fidelio, Overture, Sonata No. 2 op. 22, Variations for Orchestra op. 30
No. 2 in F major, I. Allegro,  Slovak Philharm. II. Andantino Ulster Orchestra
Cologne Chamber Orch. B. Glemser, Piano
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Music Genre Classification

world music JAZZ
HipHop P°P Rock

@assic@
Subgenre
Categories: / / \ \

Period /EFra- Baroque Classical Romantic Modern

| [\

Sub-era Pre-Classical Early Rom. Late Rom.

[\

Composer Schubert Mendelssohn
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N
Music Genre Classification: Dataset

Beethoven, Ludwig van
Weber, Carl Maria von
Schubert, Franz

. Idy, Felix
~ Chopin, Frederic

Berg, Alban
Sibelius, Jean
‘Schoenberg, Amold
‘Barlok,Bela
Ives, Charles Edward
Webern, Anton
(Prokofiew, Sergej

Varese, Edgar
Weill, Kurt

Antheil, Georg
‘Milhaud, |
Shos
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N
Music Genre Classification: Dataset

1650 1700 1750 1800 1850 1900 1950 2000
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Music Genre Classification: Dataset

S Barock

Giustini, Lodovico
Bach, Johann Sebastian

Rameau, Jean—Phillipe

ay ph .
Haydn, Johann Michael
[ SERIRES] Amadeus a S S I Ca

Salieri, Antonio

Clementi, Muzio

Pleyel, Ignace Joseph
. oldy, Felix

Chopin, Frederic

Berlioz, Hector
Wagner, Richard
Liszt, Franz

- Romantic

Schumann, Clara
Borodin, Alexander
Bruckner, Anton

| 1 6 0 O p i e Ce S Mussorgsky, Modest

Tchaikovsky, Peter lljitsch
Dvorak, Antonin
(Grieg. Edvard
Rimsky—Korsakov, Nicolai
Saint-Saens, Camille
Faure, Gabriel

= Pijano and Orchestra .

music | Modern

Varese, Edgar
Weill, Kurt
Stravinsky,lgor
‘Hindemith, Paul
Antheil, George
Milhaud, Darius

Shostakovich, Dmitri

Britten, Benjamin

: : : : : : Boulez, Pierre .
1 L L L | | 1 L | L L | 1 1 L L L 1 I
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Music Genre Classification: Dataset

= Dataset: CrossEraDB (Historical Periods)
= Balanced Piano (p) — Orchestra (0)
= Each 200 pieces — 1600 in total

o

Modern Baroque

Romantic Classical
0 P
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Music Genre Classification: Dataset

= Experimental design: Evaluation with Cross Validation (CV)

= Separate data into different parts (folds)

Fold 1

Fold 2 Fold 3

Round 1| Training fold

Training fold Test fold

Round 2| Training fold Test fold Training fold

Round 3 Test fold Training fold Training fold

= Distribution of classes balanced for all folds

Baroque
Classical

- Modem |
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Classification Pipeline

= Typical approach: Supervised machine learning

s Feature Dimensionality Classifier
A8 LY 5 - é - % L] L]
. extraction reduction training
- S B Feature Dimensionalit e
—> Y |—| classification |—

extraction reduction
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Feature Dimensionality Classifier
extraction reduction training

Feature Dimensionality s
) ) Classification
extraction reduction

Standard Tonal
features features
(timbre) (harmony)
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Classification Features

Standard E_E_

MFCC
OSC

ZCR

ASE

SFM

SCF

SC
LoglLoud
NormLoud

Sum
Mean & Std
Total

Interval cat.
14 Triad types
1 Complexity
16 Chord progr.
16
16
16
12
12
119 Sum
X 2 Mean & Std
238 Total
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6x4
4 x4
/x4
11 x5
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Dimensionality Reduction

= Reduce feature space to few dimensions (prevent curse of dimensionality)
= Maximize separation of classes with Linear Discriminant Analysis (LDA)
= Using standard features (MFCC, spectral envelope, ...)

-18 T

—16+ _
o 141 n -
%’ +  Baroque
E 1ol + i O  Classical
5 + X Romantic
N +
2 ol & i O Modern

_gL _

m]
_6 1 1 1 1 | 1
22 20 18 16 14 12 10 8

Discriminant 1
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Dimensionality Reduction

= Reduce feature space to few dimensions
= Maximize separation of classes with Linear Discriminant Analysis (LDA)
= Using tonal features (interval, triad types, tonal complexity, ... 4 time scales)

17

16 F -
15+ .
(q\]
— 14} 4
% +  Baroque
E 13l . ) O  Classical
'g X Romantic
(/5] — _
o 12 o O Modern
1F -
10 .
g 1 1 1 L 1
28 -26 24 _22 -20 -18 -16

Discriminant 1
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Dimensionality Reduction

= Reduce feature space to few dimensions

= Maximize separation of classes with Linear Discriminant Analysis (LDA)
= Using tonal & standard features

(q\]

% ] +  Baroque
g O  Classical
'g i X Romantic
(/5]
a O Modern

Discriminant 1
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Classifier

= Gaussian Mixture Models (GMM)

Scatter plot of Spectral Flatness vs. Spectral Centroid
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Classifier

= Gaussian Mixture Models (GMM)
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Spectral Centroid
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Slides:
Christian Dittmar

Scatter plot of Spectral Flatness vs. Spectral Centroid
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Classification Results

= Gaussian Mixture Model (GMM) classifier, LDA reduction, 3-fold cross validation

Standard features 87 % 88 % 85 %
Tonal features 84 % 84 % 86 %
Combined 92 % 86 % 80 %

Weiss / Mauch / Dixon, Timbre-Invariant Audio Features
for Style Analysis of Classical Music, ICMC / SMC 2014
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Classification Results

= Gaussian Mixture Model (GMM) classifier, LDA reduction, 3-fold cross validation

Standard features 87 % 85 %

Tonal features 84 % 84 % 86 %
Combined 92 % 86 % 80 %

Overfitting???

Weiss / Mauch / Dixon, Timbre-Invariant Audio Features
for Style Analysis of Classical Music, ICMC / SMC 2014
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Classification Results

= GMM classifier, LDA reduction, 3-fold cross validation

Standard features 87 % 88 % 85 %

Tonal features 84 % 84 % 86 %

Combined 92 % 86 % 80 %
training test

Baroque
Classical
 wewem |

Flexer, A Closer Look on Artist Filters for
Musical Genre Classification, ISMIR 2007
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Classification Results

= GMM classifier, LDA reduction, 3-fold cross validation

= No composer filter

Standard features 87 % 88 % 85 %

Tonal features 84 % 84 % 86 %

Combined 92 % 86 % 80 %
= Using composer filter

Standard features 54 % 36 % 70 %

Tonal features 73 % 70 % 78 %

Combined 68 % 44 % 68 %

Weiss / Mlller, Tonal Complexity Features for Style

Classification of Classical Music, |ICASSP20
AUDIO
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Classification Results

= GMM classifier, LDA reduction, 3-fold cross validation

= No composer filter

Standard features 87 % @ 85 %
Tonal features 84 % 84 % 86 %
Combined 92 % 86 % 80 %

= Using composer filter

Standard features 54 % 70 %

Tonal features 73 % 70 % 78 %
Combined 68 % 44 % 68 %

Weiss / Mlller, Tonal Complexity Features for Style

Classification of Classical Music, |ICASSP
A U DIO
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Classification Results

= What is actually learned?
= Pay attention to:
= QOverfitting
= Curse of dimensionality“ — use dimensionality reduction techniques
= Artist / album effects
= Evaluation: ,Figures of merit®:
= Confusion matrix
= Error examples: Consistently misclassified items
= Listening tests

= Evaluation on unseen data (no cross validation)

Bob Sturm, Classification Accuracy is not enough,
Journal of Intelligent Information Systems, 2013
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Classification Results: Confusion Matrix

= 80 tonal features, GMM with 1 Gaussian, LDA, composer filtering
= Full dataset

= Mean accuracy: 75 %

= |nter-class standard deviation: 6.7 %

Baroque

Classical

Romantic

Era (correct)

Modern 16.8

(%) S . O Q
0\} ’\db (’\\'\ bé
© Y <& o
o ¥ QS \

Era (classified)
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Classification Results: Error Examples

= 80 tonal features, GMM with 1 Gaussian, LDA

= Look at consistently and persistently misclassified items

Class Composer Piece Classified
Baroque Bach, J. S. Well-Tempered Piano 1, Prelude in Eb minor BWV 853 Romantic
Baroque Bach, J. S. Well-Tempered Piano 1, Prelude in F major BWV 856 Romantic
Baroque Bach, J. S. Well-Tempered Piano 1, Prelude in A minor BWYV 865 Romantic
Baroque Bach, J. S. Well-Tempered Piano 1, Prelude in Bb major BWV 866 Romantic
Baroque Bach, J. S. Well-Tempered Piano 1, Prelude in Bb minor BWV 867 Romantic
Baroque Bach, J. S. English Suite No. 3 in G minor BWV 808, Sarabande Romantic
Baroque Bach, J. S. Brandenburg Conc. No. 1 in F major BWV 1046, Adagio  Romantic
Baroque Baeh; -J.. 5. Overture No. 2 in Bminor BWV 1067, Badinerie Romantic
Baroque Bach, J. S. Overture No. 3 in D major BWV 1068, Gigue Romantic
Baroque Couperin, F. 27 Ordres, Huitieme ordre, IX. Rondeau passacaille Romantic
Baroque Corelli, A. Concerto grosso op. 6 No. 2, III. Grave — Andante largo Romantic
Baroque Lully, J.-B. Ballet de Xerces LWV 12, Gavotte en rondeau Romantic
Baroque Purcell, H. Opera “Dido and Aeneas” Z. 626, Overture Romantic
Baroque Vivaldi, A. “The Four Seasons,” RV 293 “Autumn,” Adagio molto Romantic
Romantic Schumann, R. Kinderszenen op. 15, “Haschemann” Baroque

Romantic Grieg, E. Holberg suite op. 40, Gavotte Baroque

Romantic Mendelssohn, F. Symphony No. 4 in A major, [V. Saltarello, presto Baroque

Modern Shostakovich, D. Preludes & Fugues op. 87 Fugue No. 1 in C major Baroque

Modern Shostakovich, D. Preludes & Fugues op. 87 Fugue No. 5 in D major Baroque
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Classification Results: Cross-Version Analysis

= Dimensionality reduction: Cross-Era dataset
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Classification Results: Cross-Version Analysis

= Dimensionality reduction: Cross-Era — Cross-Era Mirror dataset

5 T T T T T
4+ _
3r i
2 i
lap)
B .
£
E
2 or i
o
-1 o 4
2+ 4
Baroque
Classiscal
3 Romantic | 7
Modern
4 1 1 1 1 1
-3 -2 -1 0 1 2 3

Discriminant 1

143



Conclusions

Machine Learning

Subgenre classification

o Classification
& Clustering

Signal Processing

/ Composer identification
Chroma-based features

Feature Extraction 1

Music Analysis

Diatonic scale
. Chord relations
progressions

. Music Theory
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