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AI, Machine Learning, and Musical Expressivity
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AI & MUSIC?



02.03.2021

2

A LITTLE EXPERIMENT

IDENTIFY THE HUMAN PIANIST

(1)

Friedrich Kuhlau, Allegro Burlesco, Op.88 No.30

(2) (3)
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AI & MUSIC

COMPUTATIONAL MUSIC PERCEPTION



02.03.2021

4

COMPUTATIONAL MUSIC PERCEPTION

MUSIC DETECTION

* Schlüter, J. (2017). Deep Learning for Event Detection, Sequence Labelling,

and Similarity Estimation in Music Signals. PhD Thesis, Johannes Kepler

University Linz, Austria, 2017.

COMPUTATIONAL MUSIC PERCEPTION

MUSIC DETECTION

Test GT True ratio Est. Ratio Accuracy Precision Recall F-Score

week mode (%) (%) (%) (%) (%) (%)

1 min 77,63 77,39 96,66 98,00 97,69 97,84

1 max 78,95 77,39 96,59 98,80 96,86 97,82

1 ave 78,29 77,39 96,62 98,40 97,27 97,83

1 same 78,67 77,79 97,25 98,79 97,69 98,24

2 min 80,09 79,43 96,73 98,36 97,54 97,95

2 max 82,07 79,43 96,21 99,27 96,09 97,65

2 ave 81,08 79,43 96,47 98,81 96,81 97,80

2 same 81,70 80,29 97,40 99,27 97,54 98,40

3 min 74,42 73,89 94,13 96,38 95,70 96,04

3 max 77,04 73,89 94,30 98,27 94,26 96,22

3 ave 75,73 73,89 94,21 97,33 94,97 96,13

3 same 76,43 74,45 95,40 98,24 95,70 96,95

* Schlüter, J. (2017). Deep Learning for Event Detection, Sequence Labelling,

and Similarity Estimation in Music Signals. PhD Thesis, Johannes Kepler

University Linz, Austria, 2017.
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COMPUTATIONAL MUSIC PERCEPTION

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

MUSIC DETECTION

* Krebs, F., Holzapfel, A., Cemgil, A.T. and Widmer, G. (2016).

Inferring Metrical Structure in Music Using Particle Filters.

IEEE Transactions on Audio, Speech & Language 23(5), 817-827.

COMPUTATIONAL MUSIC PERCEPTION

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

MUSIC DETECTION

* Krebs, F., Holzapfel, A., Cemgil, A.T. and Widmer, G. (2016).

Inferring Metrical Structure in Music Using Particle Filters.

IEEE Transactions on Audio, Speech & Language 23(5), 817-827.

Florian Krebs

IEEE Signal Processing Cup 2017

ICASSP 2017, New Orleans
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COMPUTATIONAL MUSIC PERCEPTION

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

HARMONIC STRUCTURE: Key, Chords, Chord Sequences

Key: C major

E7/b5 A7 D7/b9 G7    Db7 Cmaj7

MUSIC DETECTION

* Korzeniowki, F. (2018).

Harmonic Analysis of Musical Audio using Deep Neural Networks.

PhD Thesis, Inst. of Computational Perception, Johannes Kepler

University Linz (JKU).

COMPUTATIONAL MUSIC PERCEPTION

SEGMENT STRUCTURE: Chorus, Verse, Song Boundaries, …

HARMONIC STRUCTURE: Key, Chords, Chord Sequences

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

MUSIC DETECTION

* Grill, T. and Schlüter, J.  (2015).

Music Boundary Detection Using Neural Networks on Combined Features

and Self-similarity Lag Matrices. In Proceedings of EUSIPCO 2015, Nice.
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COMPUTATIONAL MUSIC PERCEPTION

SEGMENT STRUCTURE: Chorus, Verse, Song Boundaries, ....

HARMONIC STRUCTURE: Key, Chords, Chord Sequences

GENRE, STYLE: Jazz / Rock / Pop / Folk / HipHop / ... 

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

MUSIC DETECTION

COMPUTATIONAL MUSIC PERCEPTION

SEGMENT STRUCTURE: Chorus, Verse, Song Boundaries, ....

HARMONIC STRUCTURE: Key, Chords, Chord Sequences

GENRE, STYLE: Jazz / Rock / Pop / Folk / HipHop / ... 

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

MUSIC DETECTION

GENERAL MUSICAL SIMILARITY (e.g., for recommendation)
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REAL-TIME MUSIC TRACKING

Video

* Arzt, A. (2017). Flexible and Robust Music Tracking.

PhD Thesis. Johannes Kepler University, Linz, Austria, 2016.

REAL-TIME MUSIC TRACKING

0.70 0.34 0.77 0.92 0.17 0.38 0.21 0.81 0.71 0.98

0.29 0.51 0.36 0.21 0.86 0.25 0.5 0.15 0.76 0.85

1.01 0.26 0.67 0.71 0.42 0.16 0.52 0.45 0.42 0.19

0.96 0.83 0.96 0.78 0.16 0.56 0.96 0.11 0.39 0.91

0.43 0.06 0.1 0.16 0.61 0.51 0.49 0.01 0.57 0.51

0.92 0.96 0.64 0.98 0.32 0.41 0.04 0.24 0.37 0.69

0.41 0.07 0.51 0.36 0.22 0.66 0.41 0.62 0.73 0.92

0.84 0.28 0.42 0.24 0.55 0.19 0.79 0.48 0.66 0.81  

0.83 0.64 0.65 0.23 0.83 0.94 0.83 0.4 0.93 0.59

0.46 0.32 0.69 0.33 0.31 0.43 0.51 0.12 0.72 0.02

0.63 0.06 0.65 0.42 0.69 0.14 0.43 0.24 0.79 0.36

0.24 0.7 0.57 0.49 0.35 0.95 0.25 0.72 0.54 0.28

0.32 0.17 0.72 0.19 0.76 0.3 0.93 0.67 0.31 0.42

0.09 0.07 0.72 0.34 0.55 0.21 0.09 0.86 0.01 0.59

Multi-Agent
On-line Dynamic
Time Warping (OLDTW)

Live Input
Score

Reference
Audio

Score Position

Feature
Extraction
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REAL-TIME PIECE IDENTIFICATION AND TRACKING

Pianist:

Cynthia Liem

* Arzt, A. (2017). Flexible and Robust Music Tracking.

PhD Thesis. Johannes Kepler University, Linz, Austria, 2016.

REAL-TIME PIECE IDENTIFICATION

Live

audio

Note

transcription

(Deep NN)

Fingerprint

generation

Database

lookup

Tempo correction &

Candidate evaluation

Piece ID &

Score Position

< [qpitch1:

qpitch2:

qpitch3:qtdr]:

qtime:qtd12 >

Multi-agent

tracking

* Arzt, A. (2017). Flexible and Robust Music Tracking.

PhD Thesis. Johannes Kepler University, Linz, Austria, 2016.
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MACHINE LISTENING (3): REAL-TIME MUSIC TRACKINGCONCERTGEBOUW AMSTERDAM, Dec. 20, 2014

* Arzt, A., Frostel, H., Gasser, M., Grachten, M. & Widmer, G. (2015).

Artificial Intelligence in the Concertgebouw.

In Proceedings of the 24th International Joint Conference on

Artificial Intelligence (IJCAI 2015), Buenos Aires, Argentina.

Royal Concertgebouw

Orchestra, Amsterdam

Mariss Jansons, conductor

CONCERTGEBOUW AMSTERDAM, Dec. 20, 2014

Royal Concertgebouw

Orchestra, Amsterdam

Mariss Jansons, conductor

* Arzt, A., Frostel, H., Gasser, M., Grachten, M. & Widmer, G. (2015).

Artificial Intelligence in the Concertgebouw.

In Proceedings of the 24th International Joint Conference on

Artificial Intelligence (IJCAI 2015), Buenos Aires, Argentina.
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SEGMENT STRUCTURE: Chorus, Verse, Repeats, ....

HARMONIC STRUCTURE: Key, Chords, Chord Sequences

GENERAL MUSICAL SIMILARITY (e.g., for recommendation)

RHYTHMIC STRUCTURE: Beat, Tempo, Measures/Bars, Rhythm

GENRE, STYLE: Jazz / Rock / Pop / Folk / HipHop / ... 

MUSIC DETECTION

REAL-TIME IDENTIFICATION AND TRACKING

COMPUTATIONAL MUSIC PERCEPTION

THEN WHAT IS HARD?
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MuseNet / GPT-2 (2019)

https://openai.com/blog/musenet/

COMPOSING NEW MUSIC

 Play this piece!

PLAYING MUSIC EXPRESSIVELY

Arthur Rubinstein (1967):

Nikita Magaloff (1989):

Frederic Chopin,

Nocturne Op. 9 No. 1

Bb minor
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EXPRESSIVE MUSIC PERFORMANCE

EXPRESSIVE MUSIC PERFORMANCE
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EXPRESSIVE MUSIC PERFORMANCE

 Communicate musical structure

 Communicate artistic individuality and intentions

 Communicate expressive qualities

 Communicate / evoke emotions

 need to understand how music is constructed, and how it is perceived

THE CON ESPRESSIONE PROJECT

www.jku.at/en/institute-of-computational-perception/

research/projects/con-espressione/
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THE CON ESPRESSIONE PROJECT

 What kinds of expressive qualities do listeners perceive / differentiate?

 What is it in a performance that communicates an expressive quality?

 Can machines learn to recognise expressive qualities?

 Can machines learn to play music “expressively”?

 Can machines become truly ‘musical’ companions?

 … and what can we learn from all this? 

THE CON ESPRESSIONE PROJECT

 What kinds of expressive qualities do listeners perceive / differentiate?

 What is it in a performance that communicates an expressive quality?

 Can machines learn to recognise expressive qualities?

 Can machines learn to play music “expressively”?

 Can machines become truly ‘musical’ companions?

 … and what can we learn from all this?



02.03.2021

16

THE CON ESPRESSIONE GAME

THE CON ESPRESSIONE GAME

1.515 individual descriptions for a total of

3.166 terms, of which

1.415 are unique (approx. 45%) 

* Cancino, C., Aljanaki, A., Chowdhury, S., Peter, S. and Widmer, G. (2020).

On the Characterization of Expressive Performance in Classical Music: First 

Results of the Con Espressione Game. Proc. ISMIR 2020, Montreal, Canada.
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THE CON ESPRESSIONE GAME

* Cancino, C., Aljanaki, A., Chowdhury, S., Peter, S. and Widmer, G. (2020).

On the Characterization of Expressive Performance in Classical Music: First 

Results of the Con Espressione Game. Proc. ISMIR 2020, Montreal, Canada.

THE CON ESPRESSIONE PROJECT

 What kinds of expressive qualities do listeners perceive / differentiate?

 What is it in a performance that communicates an expressive quality?

 Can machines learn to recognise expressive qualities?

 Can machines learn to play music “expressively”?

 Can machines become truly ‘musical’ companions?

 … and what can we learn from all this?
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PREDICTING AND EXPLAINING EXPRESSIVE QUALITIES?

Recognition

Model

Perceived expressive qualities

Intuitive musical percepts („mid-level features“)

PREDICTING AND EXPLAINING EXPRESSIVE QUALITIES?

[Aljanaki & Soleymani, ISMIR 2018]

Perceived expressive qualities * Haunschmid, V., Chowdhury, S. and Widmer, G. (2019).

Two-level Explanations in Music Emotion Recognition. ML4MD Workshop,

36th Intl. Conference on Machine Learning (ICML 2019), Long Beach, CA.
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Intuitive musical percepts („mid-level features“)

PREDICTING AND EXPLAINING EXPRESSIVE QUALITIES?

Perceived expressive qualities
* Chowdhury, S. and Widmer, G. (2021).

Towards Explaining Expressive Qualities in Piano Recordings: Transfer of Explanatory

Features via Acoustic Domain Adaptation. Proc. 46th IEEE Int. Conf. on Acoustics,

Speech & Signal Processing (ICASSP 2021), Toronto, Canada.

THE CON ESPRESSIONE PROJECT

 What kinds of expressive qualities do listeners perceive / differentiate?

 What is it in a performance that communicates an expressive quality?

 Can machines learn to recognise expressive qualities?

 Can machines learn to play music “expressively”?

 Can machines become truly ‘musical’ companions?

 … and what can we learn from all this?
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COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Predictive

Model

COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Predictive

Model
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COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Linear mapping

* Cancino Chacón, C., Gadermaier, T., Widmer, G. and Grachten, M. (2017).

An Evaluation of Linear and Non-linear Models of Expressive Dynamics

in Classical Piano and Symphonic Music.  Machine Learning 106(6), 887-909.

COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Non-linear mapping

* Cancino Chacón, C., Gadermaier, T., Widmer, G. and Grachten, M. (2017).

An Evaluation of Linear and Non-linear Models of Expressive Dynamics

in Classical Piano and Symphonic Music.  Machine Learning 106(6), 887-909.
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COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Non-linear mapping

* Cancino Chacón, C., Gadermaier, T., Widmer, G. and Grachten, M. (2017).

An Evaluation of Linear and Non-linear Models of Expressive Dynamics

in Classical Piano and Symphonic Music.  Machine Learning 106(6), 887-909.

COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Non-linear mapping

* Cancino Chacón, C., Gadermaier, T., Widmer, G. and Grachten, M. (2017).

An Evaluation of Linear and Non-linear Models of Expressive Dynamics

in Classical Piano and Symphonic Music.  Machine Learning 106(6), 887-909.
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COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Formel fuer

Nested multi-layer non-linear

Model (DNN)

Non-linear mapping

* Cancino Chacón, C., Gadermaier, T., Widmer, G. and Grachten, M. (2017).

An Evaluation of Linear and Non-linear Models of Expressive Dynamics

in Classical Piano and Symphonic Music.  Machine Learning 106(6), 887-909.

Formel fuer

Nested multi-layer non-linear

Model (DNN)

COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Non-linear mapping

* Cancino Chacón, C., Grachten, M., Goebl, W. and Widmer, G. (2018).

Computational Models of Expressive Music Performance: A Comprehensive

and Critical Review. Frontiers in Digital Humanities 5:25 (2018).
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Formel fuer

Nested multi-layer non-linear

Model (DNN)

COMPUTATIONAL MODELS OF EXPRESSIVE PERFORMANCE

Non-linear mapping

* Cancino Chacón, C., Grachten, M., Goebl, W. and Widmer, G. (2018).

Computational Models of Expressive Music Performance: A Comprehensive

and Critical Review. Frontiers in Digital Humanities 5:25 (2018).

QUANTITATIVE EVALUATION
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MUSICAL INSIGHTS

The bi-directional recurrent

non-linear model (2017):

Non-expressive literal

performance:
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A MUSICAL “TURING TEST” …

* Schubert, E., Canazza, S., De Poli, G. &

Rodà , A. (2017). Journal of New Music

Research 46(2), 175-186, 2017.  
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2017: A MUSICAL “TURING TEST” …

The Piece:

 Friedrich Kuhlau, Allegro Burlesco, Op.88 No.30

The Contestants:

 4 algorithms (CaRo, Director Musices, VirtualPhilharmony, Basis Function Model)

 1 human “internationally renowned pianist” [Schubert et al., 2017]

 1 mechanical performance (deadpan)

 1 “unmusical” performance (CaRo with inverted parameters)

The Evaluators:

 172 listeners, different musical backgrounds, including pianists

2017: A MUSICAL “TURING TEST” …

“Humanplayer” rating by stimuli and expertise (mean and 1SE).

From (Schubert et al., JNMR 2017)
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2017: A MUSICAL “TURING TEST” …

“This paper presents new evidence systematically demonstrating

that algorithm-generated performances of piano music

can be indistinguishable from human performances, suggesting 

some parallels with the 1990s victory of the Deep Blue computer 

over the world champion (human) chess player.” 

Schubert, E., Canazza, S., De Poli, G. and Rodà, A. (2017). 

Algorithms Can Mimic Human Piano Performance: The Deep Blues of Music. 

Journal of New Music Research 46(2), 175-186.

(1)

Friedrich Kuhlau, Allegro Burlesco, Op.88 No.30

(2) (3)

2017: A MUSICAL “TURING TEST” …

Computer

(mechanical)
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(1)

Friedrich Kuhlau, Allegro Burlesco, Op.88 No.30

(2) (3)

2017: A MUSICAL “TURING TEST” …

Computer

(mechanical)

Computer

(Basis Function Model)

Human

Pianist

THE CON ESPRESSIONE PROJECT

 What kinds of expressive qualities do listeners perceive / differentiate?

 What is it in a performance that communicates an expressive quality?

 Can machines learn to recognise expressive qualities?

 Can machines learn to play music “expressively”?

 Can machines become truly ‘musical’ companions?

 … and what can we learn from all this?
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EXPRESSIVE REACTIVE ACCOMPANIMENT: THE ACCompanion

Pianist:

Werner Goebl

(Sept. 2019)

THE CON ESPRESSIONE PROJECT

 What kinds of expressive qualities do listeners perceive / differentiate?

 What is it in a performance that communicates an expressive quality?

 Can machines learn to recognise expressive qualities?

 Can machines learn to play music “expressively”?

 Can machines become truly ‘musical’ companions?

 … and what can we learn from all this?
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THANK YOU!
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grant agreement No 670035 (“Con Espressione”).


