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Computational Musicology

• New strategies for musicology and humanities

• Objective (measurements)

• Scalable to large databases (corpus analysis)

Application Scenarios for MIR

2Christof Weiß



Computational Musicology
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An Interdisciplinary Field

Rhythm / meter

Edition

Signal Processing

Corpus Analysis
Image

Symbolic

Audio

Pattern recognition

Deep Learning / AI

Form / structure

Interpretation / 
performance

Harmony
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Corpora

Algorithms

Concepts



Computational Musicology
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An Interdisciplinary Field

Corpus Analysis

Representation

Coding

Transcription

Operationalization

Measurement

Hermeneutics

Quantification

Synchronization
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Corpora

Algorithms

Concepts

Datasets

Music theory

Music processing



Tonal Analysis
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Hierarchical Concepts

CM GM7 Am

C maj G maj C maj

Global key

Chords

Pitches
Note level

Segment level

Piece level
C major

Local keys
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Corpora

Algorithms

Concepts

Datasets

Music theory

Music processing



Outline
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CM GM7 Am

C maj G maj C maj

Global key

Chords

Pitches

C major

Local keys

Tonality1. Extracting Pitch Information

2. Measuring Tonal Structures

3. Analyzing Musical Style
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Weiß et al., Schubert Winterreise Dataset: A 
Multimodal Scenario for Music Analysis
ACM J. Computing and Cultural Heritage 2021

Corpus

Franz Schubert: 
Winterreise

01. Gute Nacht

02. Die Wetterfahne

03. Gefrorne Tränen

04. Erstarrung

05. Der Lindenbaum

06. Wasserflut

07. Auf dem Flusse

08. Rückblick

09. Irrlicht

10. Rast

11. Frühlingstraum

12. Einsamkeit

13. Die Post

14. Der greise Kopf

15. Die Krähe

16. Letzte Hoffnung

17. Im Dorfe

18. Der stürmische Morgen

19. Täuschung

20. Der Wegweiser

21. Das Wirtshaus

22. Muth

23. Die Nebensonnen

24. Der Leiermann

„Poet“ „Composer“ „Performer“
Algorithms

Deep Learning 
Signal Processing

Music theory

Tonal Analysis 
Representations
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Corpus

Franz Schubert: 
Winterreise

Algorithms

Deep Learning 
Signal Processing
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Representations

B

Nr. 23, Die Nebensonnen (Trekel 1999)
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Pitch Class Representations

• 5-layer CNN

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

Deep-Learning Approach

9
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Bittner et al., Deep Salience 
Representations for F0 Estimation in 
Polyphonic Music, Proc. ISMIR 2017.



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

Weiß, Zeitler, Zunner, Schuberth, Müller, 
Learning Pitch-Class Representations from 
Score–Audio Pairs of Classical Music,    
Proc. ISMIR 2021.
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Corpus

Franz Schubert: 
Winterreise

Algorithms

Deep Learning 
Signal Processing
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Convolutional Neural Network (CNN)

Synchronisation (Dynamic Time Warping)
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Music theory

Tonal Analysis 
Representations

Christof Weiß Computational Analysis of Music Audio Recordings
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Corpus

Franz Schubert: 
Winterreise

Algorithms

Deep Learning 
Signal Processing
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Convolutional Neural Network (CNN)

C
D
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B

Music theory

Tonal Analysis 
Representations

Christof Weiß Computational Analysis of Music Audio Recordings
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Wigington et al.: Multi-label Connectionist 
Temporal Classification. Proc. ICDAR 2019.

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

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

Franz Schubert: 
Winterreise

Algorithms

Pitch-Class 
Estimation

Music theory

Tonal Analysis 
Representations

Christof Weiß Computational Analysis of Music Audio Recordings

Annotations

CNN, supervised

CNN, weakly-aligned
(MCTC)

Signal Processing
(CQT)

CS = 1

CS = 0.95

CS = 0.93

CS = 0.71



Slide 13

Example: “Abendlied”, Josef Gabriel Rheinberger (1855)

Signal 
Processing

Deep 
Learning

Music theory

Tonal Analysis 
Representations
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Algorithms

Geometry    
Circular Statistics

𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 = 0

𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 = 1 − 𝑟fifth(c)

𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 = 1 𝐶𝑜𝑚𝑝𝑙𝑒𝑥𝑖𝑡𝑦 = 0.6

Weiß & Müller, Tonal Complexity Features for Style Classification 
of Classical Music, Proc. IEEE ICASSP 2015.

Weiß & Müller, Quantifying and Visualizing Tonal Complexity, 
Proc. Conf. on Interdisciplinary Musicology, 2014.

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Music theory

Fifth Width      
Tonal Complexity

WeissDiss_Fig6-07_AudioLabs_SingleTone.mp3
WeissDiss_Fig6-07_AudioLabs_ChromaticCluster.mp3
WeissDiss_Fig6-07_AudioLabs_PentatonicCluster.mp3
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Weiß & Müller, Quantifying and Visualizing Tonal Complexity, 
Proc. Conf. on Interdisciplinary Musicology, 2014.

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Music theory

Fifth Width      
Tonal Complexity
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Craig Sapp. Harmonic Visualizations of Tonal Music. ICMC 2001

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Music theory

Fifth Width      
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Algorithms

Geometry    
Circular Statistics

Time (seconds)

Le
n

gt
h

 (
se

co
n

d
s)

To
n

al
 C

o
m

p
le

xi
ty

Complexity relates to multiple time scales
Multi-scale visualization technique: Scape plot
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Op. 2 No. 3 – 1795 Op. 57 „Appassionata“  – 1805 Op. 106 „Hammerklavier“  – 1818

Corpus

L. v. Beethoven, 
Piano Sonatas 
(Expositions)

Zeitler, Weiß, Arifi-Müller, Müller, BPSD: 
A Coherent Multi-Version Dataset for 
Analyzing the First Movements of 
Beethoven’s Piano Sonatas, TISMIR 2024.



Outline
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CM GM7 Am

C maj G maj C maj

Global key

Chords

Pitches

C major

Local keys

Harmony1. Extracting Pitch Information

2. Measuring Tonal Structures

3. Analyzing Musical Style
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Weiß et al., Schubert Winterreise Dataset: A 
Multimodal Scenario for Music Analysis
ACM J. Computing and Cultural Heritage 2021

Corpus

Franz Schubert: 
Winterreise

01. Gute Nacht

02. Die Wetterfahne

03. Gefrorne Tränen

04. Erstarrung

05. Der Lindenbaum

06. Wasserflut

07. Auf dem Flusse

08. Rückblick

09. Irrlicht

10. Rast

11. Frühlingstraum

12. Einsamkeit

13. Die Post

14. Der greise Kopf

15. Die Krähe

16. Letzte Hoffnung

17. Im Dorfe

18. Der stürmische Morgen

19. Täuschung

20. Der Wegweiser

21. Das Wirtshaus

22. Muth

23. Die Nebensonnen

24. Der Leiermann

„Poet“ „Composer“ „Performer“
Algorithms

Deep Learning 
Signal Processing

Music theory

Tonal Analysis 
Representations

Christof Weiß Intro to MIR: A Computational Musicology Perspective
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01. Gute Nacht

02. Die Wetterfahne

03. Gefrorne Tränen

04. Erstarrung

05. Der Lindenbaum

06. Wasserflut

07. Auf dem Flusse

08. Rückblick

09. Irrlicht

10. Rast

11. Frühlingstraum

12. Einsamkeit

13. Die Post

14. Der greise Kopf

15. Die Krähe

16. Letzte Hoffnung

17. Im Dorfe

18. Der stürmische Morgen

19. Täuschung

20. Der Wegweiser

21. Das Wirtshaus

22. Muth

23. Die Nebensonnen

24. Der Leiermann

„Poet“ „Composer“ „Performer“

S
o

n
g

Measures
Chords

Raw data

Version

Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Local Keys

Algorithms

HMM (Signal Proc.) 
CNN (Deep Learning)

Christof Weiß Intro to MIR: A Computational Musicology Perspective
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Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Algorithms

HMM (Signal Proc.) 
Gaussian Modeling

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Local Keys

Audio

Pitch Class 

Representation
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Time (seconds)

A major A majorD major

Feature extraction

Pattern matching &
segmentation
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Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Algorithms

Conv. Neural Network 
(Deep Learning)

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Local Keys

Audio
0 5 10 15 20

Time (seconds)

A major A majorD major
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Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Algorithms

HMM (Signal Proc.) 
CNN (Deep Learning)

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Audio
0 5 10 15 20

Time (seconds)

A major A majorD major

M
ID

I P
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ch

CQT

CNN
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Local Key Estimation
Cross-Version Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Version split Song split Neither split
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Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Algorithms

HMM (Signal Proc.) 
CNN (Deep Learning)

Local Key Estimation
Cross-Version Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Standard dev. 

across versions

Standard dev. 

across songs

Schreiber, Weiß & Müller, Local Key Estimation in 
Classical Music Recordings: A Cross-Version Study on 
Schubert's Winterreise, Proc. IEEE ICASSP 2020.



26

Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Algorithms

HMM (Signal Proc.) 
CNN (Deep Learning)

Local Key Estimation
Cross-Version Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Standard dev. 

across versions

Standard dev. 

across songs

Schreiber, Weiß & Müller, Local Key Estimation in 
Classical Music Recordings: A Cross-Version Study on 
Schubert's Winterreise, Proc. IEEE ICASSP 2020.
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Corpus

Franz Schubert: 
Winterreise

Music theory

Lokal Keys 
Modulations

Algorithms

HMM (Signal Proc.) 
CNN (Deep Learning)

Local Key Estimation
Cross-Version Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective

Schreiber, Weiß & Müller, Local Key Estimation in 
Classical Music Recordings: A Cross-Version Study on 
Schubert's Winterreise, Proc. IEEE ICASSP 2020.



28

Weiß, Schreiber, Müller, Local Key Estimation 
in Music Recordings: A Case Study Across 
Songs, Versions, and Annotators, IEEE/ACM 
Transactions ASLP, 2020.

Local Key Estimation
Cross-Annotator Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective
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Local Key Estimation
Cross-Annotator Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective

• Consistency between different annotators

A1-A2-A3
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Song No. 19 “Täuschung”

Weiß/Schreiber/Müller, Local Key Estimation in Music Recordings: 
A Case Study Across Songs, Versions, and Annotators, IEEE/ACM 
Transactions Audio, Speech, Language Proessing, 2020.

Local Key Estimation
Cross-Annotator Evaluation

Christof Weiß Intro to MIR: A Computational Musicology Perspective
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A majorAnnotator 2 A minor E major A major

A majorPrediction 1 A minor E major A major

A majorAnnotator 1

Song No. 19 “Täuschung”

31

Local Key Estimation
Cross-Annotator Evaluation

31Christof Weiß Intro to MIR: A Computational Musicology Perspective
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Music theory

Diatonic Scales 
Series of Fifths

Series of Fifths

+1 diatonic

Corpus

J. S. Bach: 
Johannespassion 
Choral „Durch dein 
Gefängnis“ 
Scholars Baroque, Naxos 1994

Algorithms

Template Matching 
Visualization

–2 diatonic

Christof Weiß Intro to MIR: A Computational Musicology Perspective



Corpus
J. S. Bach: 
Johannespassion
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Music theory

Diatonic Scales 
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Algorithms
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
Visualization
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Johannespassion
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
Visualization

 5#
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
Visualization

 5#
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Corpus
J. S. Bach: 
Johannespassion

38

Music theory
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Corpus
J. S. Bach: 
Johannespassion
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Music theory
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Corpus
J. S. Bach: 
Johannespassion
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
Visualization

[5] Weiß & Habryka, Chroma-Based Scale 
Matching for Audio Tonality Analysis,            
Proc. Conf. on Interdisciplinary Musicology, 2014.
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Corpus
J. S. Bach: 
Johannespassion
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
Visualization
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Corpus
J. S. Bach: 
Johannespassion
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms
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Corpus
J. S. Bach: 
Johannespassion
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Music theory

Diatonic Scales 
Series of Fifths

Algorithms

Template Matching 
Visualization
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Musiktheorie

Diatonische Skalen 
Quintensäule

Algorithmik

Template matching

Visualisierung

Computergestützte Analyse tonaler Strukturen

Weiß, Klauk, Gotham, Müller, 
Kleinertz, Discourse Not Dualism: 
An Interdisciplinary Dialogue On 
Sonata Form in Beethoven's Early 
Piano Sonatas, ISMIR 2020.

Corpus

L. v. Beethoven, 
Piano Sonatas 
(Expositions)
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Music theory

Diatonic Scales 
Series of Fifths

Christof Weiß Intro to MIR: A Computational Musicology Perspective

• Rainer Kleinertz, Stephanie Klauk, 
Christof Weiß, Meinard Müller

• Interdisciplinary project 2014–2025 

• Large-scale analysis of harmonic 
structures

Interdisciplinary Project
Computer-assisted Analysis of Harmonic Structures

Corpus

Richard Wagner: 
Der Ring des 
Nibelungen Weiß, Arifi-Müller, …, Kleinertz, Müller, Wagner Ring Dataset: 

A Complex Opera Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

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

Weiß, Kleinertz, Klauk Müller, Computational Strategies for 
Measuring and Visualizing Tonal Structures: Towards a Large-
Scale Analysis of Wagner’s Ring Cycle, under review

Algorithms

Template Matching 
Visualization



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 46

Wagner Ring Dataset

• Tetralogy (four operas)

Structure

Corpus

Richard Wagner: 
Der Ring des 
Nibelungen



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 47

Wagner Ring Dataset

• Tetralogy (four operas)

• 11 Acts

Structure

Corpus

Richard Wagner: 
Der Ring des 
Nibelungen



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 48

Wagner Ring Dataset

• Tetralogy (four operas)

• 11 Acts

• 21,939 measures

Structure



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 49

Wagner Ring Dataset

• Symbolic score:
• Piano reduction

• 822 pages

Raw Data



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 50

Wagner Ring Dataset

• Symbolic score:
• Piano reduction

• 822 pages

• Audio recordings:
• 16 performances

• 232 hours

• 3 performances in 
Public Domain (EU)

Raw Data



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 51

Wagner Ring Dataset

• Measure positions

Annotations

Time (measures)

Time (seconds)



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 52

Wagner Ring Dataset

• Measure positions

• Note events

Annotations



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 53

Wagner Ring Dataset

• Measure positions

• Note events

• Singing regions

Annotations



Weiß, Arifi-Müller, …, Kleinertz, Müller, 
Wagner Ring Dataset: A Complex Opera 
Scenario for Music Processing and 
Computational Musicology, TISMIR 2023

Slide 54

Wagner Ring Dataset

• Measure positions

• Note events

• Singing regions

• Time signatures

• Key signatures

Annotations



Second opera Die Walküre, first act WWV 86 B1

• DL: pitch-class features based on deep learning → diatonic scale likelihoods

Slide 55

Measuring Tonal Structures
Diatonic Scales
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• SC: based on score data

• SP: pitch-class features based on signal processing

• DL: pitch-class features based on deep learning → diatonic scale likelihoods

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

Measuring Tonal Structures
Diatonic Scales – Comparative Visualization
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Measuring Tonal Structures
Diatonic Scales

Second opera
Die Walküre
first act WWV 86 B1



Slide 58

Measuring Tonal Structures
Diatonic Scales

Second opera
Die Walküre
first act WWV 86 B1



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

Measuring Tonal Structures
Beyond Evaluation – Three Perspectives on the Ring
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• CM: Computational Measurement from DL-based pitch-class features 

• KS: Key Signature regions extracted from the score

• AL: Coarse-scale annotations by musicologist Alfred Lorenz

Weiß, Kleinertz, Klauk Müller, Computational Strategies for Measuring 
and Visualizing Tonal Structures: Towards a Large-Scale Analysis of 
Wagner’s Ring Cycle, ACM JOCCH 2026

Measuring Tonal Structures
Beyond Evaluation – Three Perspectives on the Ring
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Full Opera

Weiß, Kleinertz, Klauk Müller, 
Computational Strategies for 
Measuring and Visualizing Tonal 
Structures: Towards a Large-
Scale Analysis of Wagner’s Ring
Cycle, ACM JOCCH 2026

Die Walküre, 

WWV 86 B



Alfred Lorenz, 1924

Die Walküre, 

WWV 86 B

Full Opera

Computational Measurement 
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Das Rheingold

WWV 86 A

3897 measures

Die Walküre

WWV 86 B

5322 measures

Siegfried

WWV 86 C

6682 measures

Götterdämmerung

WWV 86 D

6040 measures
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