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Computational Musicology
Application Scenarios for MIR

* New strategies for musicology and humanities
e Objective (measurements)
e Scalable to large databases (corpus analysis)

Christof Weil3



Computational Musicology

An Interdisciplinary Field oncepts
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Algorithms
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Outline

1. Extracting Pitch Information
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01. Gute Nacht

02. Die Wetterfahne
03. Gefrorne Trédnen
04. Erstarrung

05. Der Lindenbaum
06. Wasserflut

07. Auf dem Flusse
08. Riickblick

09. Irrlicht

10. Rast

11. Frihlingstraum
12. Einsamkeit

13. Die Post

14. Der greise Kopf
15. Die Krdhe

16. Letzte Hoffnung

Franz Schubert: oarietAs

H H 18. Der stiirmische Morgen
Winterreise 19, Tauschung

20. Der Wegweiser

21. Das Wirtshaus

22. Muth

23. Die Nebensonnen

24. Der Leiermann

Corpus

<€<— Song —
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Weil et al., Schubert Winterreise Dataset: A
Multimodal Scenario for Music Analysis
ACM J. Computing and Cultural Heritage 2021
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Pitch Class Representations
Deep-Learning Approach

* 5-layer CNN

* Pre-filtering, Binning, Temporal
reduction, Chroma reduction

Bittner et al., Deep Salience
Representations for FO Estimation in
Polyphonic Music, Proc. ISMIR 2017.

6*60%\

%,
¢ 75 context frames
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Layer Kernel size Output shape # Parameters
Layer norm. (T+74,216,6) 2592
Conv2D, MaxPool 15 x 15 (T+74,216,20) 27020
Conv2D, MaxPool 3 x 3 (T+74,72,20) 3620

Conv2D 7O x 1 (T,72,10) 15010
Conv2D 1x1 (T,72,1) 11

Conv2D 1 x 61 (T, 124+ P, Q) Q(62+73-P)
Total 48253

+Q(62+73-P)

216 pitch bins
YJ*
W
4
1

Computational Analysis of Music Audio Recordings

12 pitch classes



Corpus

Franz Schubert:
Winterreise

Pitch class
OO0OmMmM > w

Pitch class

Weil3, Zeitler, Zunner, Schuberth, Miller,
Learning Pitch-Class Representations from
Score—Audio Pairs of Classical Music,

Proc. ISMIR 2021.

Weil3 & Peeters, Training Deep Pitch-Class
Representations With a Multi-Label CTC
Loss, Proc. ISMIR 2021.
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Pitch class

Corpus

Franz Schubert:
Winterreise
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Wigington et al.: Multi-label Connectionist
Temporal Classification. Proc. ICDAR 2019.
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Weild & Peeters, Training Deep Pitch-Class
Representations With a Multi-Label CTC Loss,
Proc. ISMIR 2021.

Weil & Peeters, Learning Multi-Pitch
Estimation From Weakly Aligned Score—Audio
Pairs Using A Multi-label CTC Loss, IEEE
WASPAA 2021.
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Corpus

Franz Schubert:
Winterreise
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Example: “Abendlied”, Josef Gabriel Rheinberger (1855)
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Music theory

Fifth Width
Tonal Complexity

Complexity = 0 Complexity = 1 Complexity = 0.6
c c

> = £ - _ L ISg%

F

WeiR & Miiller, Quantifying and Visualizing Tonal Complexity, Complexlty — \/1 — Tfifth (C) Algorlthms
Proc. Conf. on Interdisciplinary Musicology, 2014.
Geometry
Weil} & Miller, Tonal Complexity Features for Style Classification CI rcula r StatiStiCS

of Classical Music, Proc. IEEE ICASSP 2015.
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WeissDiss_Fig6-07_AudioLabs_SingleTone.mp3
WeissDiss_Fig6-07_AudioLabs_ChromaticCluster.mp3
WeissDiss_Fig6-07_AudioLabs_PentatonicCluster.mp3
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Proc. Conf. on Interdisciplinary Musicology, 2014.
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Complexity relates to multiple time scales
Multi-scale visualization technique: Scape plot
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Craig Sapp. Harmonic Visualizations of Tonal Music. ICMC 2001

Christof Weil} Intro to MIR: A Computational Musicology Perspective

10.8

0.95

0.9

Tonal Complexity

10.8

10.75

0.7

Music theory

Fifth Width
Tonal Complexity

Algorithms

Geometry
Circular Statistics

16



Corpus

L. v. Beethoven,
Piano Sonatas
(Expositions)

Op.2 No.3-1795

Op. 57 ,,Appassionata” — 1805

600+
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100+

Feature Values

Zeitler, Weil3, Arifi-Mdller, Miller, BPSD:
A Coherent Multi-Version Dataset for
Analyzing the First Movements of

Beethoven’s Piano Sonatas, TISMIR 2024.
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Outline

1. Extracting Pitch Information Harmony
C major
2. Measuring Tonal Structures [ Cma [ Gma [Cmal Local keys

3. Analyzing Musical Style
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Corpus

01. Gute Nacht

02. Die Wetterfahne
03. Gefrorne Trédnen
04. Erstarrung

05. Der Lindenbaum
06. Wasserflut

07. Auf dem Flusse
08. Riickblick

09. Irrlicht

10. Rast

11. Frihlingstraum
12. Einsamkeit

13. Die Post

14. Der greise Kopf
15. Die Krdhe

16. Letzte Hoffnung

<— Song —

Franz Schubert: oarietAs

18. Der stiirmische Morgen

Winterreise 19. Téuschung

20. Der Wegweiser
21. Das Wirtshaus
22. Muth

23. Die Nebensonnen
24. Der Leiermann
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Weil et al., Schubert Winterreise Dataset: A
Multimodal Scenario for Music Analysis
ACM J. Computing and Cultural Heritage 2021
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— Version —>
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Representations

Algorithms

Deep Learning
Signal Processing
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01. Gute Nacht
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Music theory

Lokal Keys
Modulations
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Corpus

Franz Schubert:
Winterreise

Christof Weil3

Audio Time (seconds)

0 5 10 15 20

] Feature extraction
Pitch Class

Representation v

Pitch class
O OO mMmmMm o > W

Pattern matching &
segmentation

Local Keys ~— _—

A major D major A major
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Lokal Keys
Modulations

Algorithms

HMM (Signal Proc.)
Gaussian Modeling
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Audio

0

Time (seconds)
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20

WW

Corpus

Franz Schubert:
Winterreise

Local Keys

A major

D major

A major
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Music theory

Lokal Keys
Modulations

Algorithms

Conv. Neural Network
(Deep Learning)
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Corpus

Franz Schubert:
Winterreise

Christof Weil3

MIDI Pitch

Time (seconds)
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CNN

A major

D major A major
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Music theory

Lokal Keys
Modulations

Algorithms

HMM (Signal Proc.)
CNN (Deep Learning)
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Local Key Estimation
Cross-Version Evaluation

Christof Weil3

Version

Version split

Validation

Test

Song

Song split

Test

Version

Song

Intro to MIR: A Computational Musicology Perspective

Neither split

Version

Test

Song
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Local Key Estimation Music theory
Cross-Version Evaluation Lokal Keys
Modulations

Standard dev.
across versions

Corpus 100
Franz Schubert: — 90
Winterreise ) 50
>
(@)
® 70
o]
@)
<LE) 60
50

Version Song Neither .
Algorithms

Schreiber, Weild & Miiller, Local Key Estimation in H M M (Slgnal Proc.)

Classical Music Recordings: A Cross-Version Study on CNN ( Deep Learn | ng)
Schubert's Winterreise, Proc. IEEE ICASSP 2020.
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Local Key Estimation Music theory
Cross-Version Evaluation Lokal Keys
Modulations

Standard dev.
across versions

Corpus 100
Franz Schubert: — 90
Winterreise ) 50
>
(@)
® 70
o]
@)
<LE) 60
50

Version Song Neither .
Algorithms

Schreiber, Weild & Miiller, Local Key Estimation in H M M (Slgnal Proc.)

Classical Music Recordings: A Cross-Version Study on CNN ( Deep Learn | ng)
Schubert's Winterreise, Proc. IEEE ICASSP 2020.
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Local Key Estimation Music theory
Cross-Version Evaluation Lokal Keys
Modulations

Il True pos. W4 Relative err. Baae Parallel err.
I'TEl Fifth err. v/ Fifth relative err. ====» Fifth parallel err.
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Classical Music Recordings: A Cross-Version Study on H MM (Slgn d I P roc.)
Schubert's Winterreise, Proc. IEEE ICASSP 2020. CNN (Deep Learning)
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Local Key Estimation
Cross-Annotator Evaluation

Il True pos.

W4 Relative err.
Fifth relative err.

/7,

i Parallel err.
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Weil, Schreiber, Miiller, Local Key Estimation
in Music Recordings: A Case Study Across
Songs, Versions, and Annotators, IEEE/ACM
Transactions ASLP, 2020.
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Local Key Estimation
Cross-Annotator Evaluation

* Consistency between different annotators
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Local Key Estimation
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A Case Study Across Songs, Versions, and Annotators, IEEE/ACM
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Local Key Estimation
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Corpus

J. S. Bach:

Johannespassion
Choral ,,Durch dein
Gefangnis”

Scholars Baroque, Naxos 1994
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Music theory
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Johannespassion
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Corpus

L. v. Beethoven,
Piano Sonatas
(Expositions)

Weil3, Klauk, Gotham, Miiller,
Kleinertz, Discourse Not Dualism:
An Interdisciplinary Dialogue On
Sonata Form in Beethoven's Early
Piano Sonatas, ISMIR 2020.
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Interdisciplinary Project Music theory
Computer-assisted Analysis of Harmonic Structures Diatonic Scales

Series of Fifths
IFG

Corpus
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Wagner Ring Dataset

Structure

» Tetralogy (four operas)

Corpus

Richard Wagner:
Der Ring des
Nibelungen

Opera | Das Rheingold I Die Walkiire I Siegfried I Gotterdammerung

Weil3, Arifi-Miiller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023
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Wagner Ring Dataset

Structure

» Tetralogy (four operas)
e 11 Acts

Corpus

Richard Wagner:
Der Ring des
Nibelungen

Opera | Das Rheingoldl Die Walkiire I Siegfried Gotterdammerung
Act A I B-1 | B-2 | B-3 I c-1 I c-2 I c-3 D-OI D-1 I D-2 | D-3

Weil3, Arifi-Miiller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023
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Wagner Ring Dataset

Structure

» Tetralogy (four operas)
e 11 Acts

* 21,939 measures

Weil3, Arifi-Miiller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023

Opera
Act
Scene

Das Rheingold I Die Walkiire I Siegfried Gotterdammerung
A I B-1 B-2 B-3 I c-1 c-2 c-3 |p-0o| D D-2 D-3
N RN NN | [ Q[T
2500 5000 7500 10000 12500 15000 17500 20000

Time (measures)
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Wagner Ring Dataset

Raw Data

e Symbolic score:
* Piano reduction
* 822 pages

2 =110 Stiirmisch

Score
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- -

7 A 5 T — —

e
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Weil3, Arifi-Miiller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023
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Wagner Ring Dataset

Raw Data

e Symbolic score:
* Piano reduction
* 822 pages

* Audio recordings:
e 16 performances
e 232 hours

e 3 performances in
Public Domain (EU)

<— Version

WeiR, Arifi-Mdller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023
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Wagner Ring Dataset
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WeiR, Arifi-Mdller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023
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Wagner Ring Dataset

Annotations

* Measure positions

* Note events

WeiR, Arifi-Mdller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023

|
| | |

Time (measures)
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Wagner Ring Dataset

Annotations

* Measure positions
* Note events

* Singing regions

WeiR, Arifi-Mdller, ..., Kleinertz, Miiller,
Wagner Ring Dataset: A Complex Opera
Scenario for Music Processing and
Computational Musicology, TISMIR 2023

Time (measures)
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Wagner Ring Dataset
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Measuring Tonal Structures
Diatonic Scales

Second opera Die Walktire, first act WWYV 86 B1

Absolute diatonic level

* DL: pitch-class features based on deep learning - diatonic scale likelihoods
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Measuring Tonal Structures
Diatonic Scales — Comparative Visualization

e SC: based on score data

* SP: pitch-class features based on _

* DL: pitch-class features based on deep learning - diatonic scale likelihoods
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Scene 1

| Scene 3

+ + + + +
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Weil3, Miller, From Music Scores to Audio Recordings:
Deep Pitch-Class Representations for Measuring Tonal
Structures, ACM JOCCH 2024
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Measuring Tonal Structures

Diatonic Scales

Second opera
Die Walkiire
first act WWYV 86 B1

Absolute diatonic level
+ + + + + +
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Measuring Tonal Structures
Diatonic Scales
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Measuring Tonal Structures

Beyond Evaluation — Three Perspectives on the Ring

Problem: Local key annotations subjective & ambiguous, hierachical, ... Compare with

» Key Signature (KS) regions extracted from the score
» Coarse-scale annotations by musicologist Alfred Lorenz (AL)

el Rheingold !
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|
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FIRRISMARI oI > #[8

|
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Alfred Lorenz, Das Geheimnis
der Form bei R. Wagner, 1924

Die Walkiire.

L. Aufzug.
Vorspiel: d-moll. Wk.I. 1—20,10 [1—121].
M. I.: Aufstellung des Gewittersturmmotives. Verarbeitung des
Gewitterzaubermotives.
1. Periode: d-moll. Wk.I. 20,3—22,17 [114—156].
D. I.: Siegmunds Erschépfung.
M. I.: Aufstellung des Siegmundmotivs.
Ubergang: Wk. 1. 22,18—23,9 [157—1€9].
D. I.: Sieglinde erblickt den Fremden.
2. Periode: d-moll. Wk. I. 23,10—28,3 [170—242].
D. I.: Sieglinde labt den Gast.
M. I.: Aufstellung von Mitleids-, Flucht- und Liebesmotiv.

[

D. I.: Siegmund erkennt seine Liebe und will fort.

3. Periode: d-moll. Wk. I. 28,4—35,13 [243—315].
M. I.: Steigerung der bisherigen Motive.




Measuring Tonal Structures

Beyond Evaluation — Three Perspectives on the Ring

 CM: Computational Measurement from DL-based pitch-class features

* KS: _ extracted from the score

* AL: Coarse-scale annotations by musicologist Alfred Lorenz
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Exploring Tonal-Dramatic Relationships Music theory

Diatonic Scales

Special Thanks Chords

Histograms of scale analysis over time
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Exploring Tonal-Dramatic Relationships Music theory

Diatonic Scales
Chords

Die Walkure — Sword motif
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Zalkow, Weil3, Mller, Exploring Tonal-Dramatic Relationships
in Richard Wagner’s Ring Cycle, ISMIR 2017.
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3. Analyzing Musical Style
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Corpus Analysis
Tonal Complexity

e 1725 —J. S. Bach, Orchestral Suite BWV 1068, 1st movement
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Corpus Analysis

Tonal Complexity

* 1783 —W. A. Mozart, Symphony KV 425, 1st movement
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Corpus Analysis
Tonal Complexity

e 1883 —J. Brahms, Symphony No. 3, 1st movement
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Corpus Analysis Music theory

Tonal Complexity Fifth Width

Tonal Complexity
* 1940 — A. Webern, Variations for Orchestra op. 30
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Corpus Analysis Music theory

Tonal Complexity Fifth Width
Tonal Complexity
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CPEBach_SonataWq49No3inEMinor_IIAdagio_middle.mp3
Schumann_SonataNo2inGminorOp22_Andantino_middle-long.mp3
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