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Key estimation
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Key estimation
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• Global key estimation



Key estimation
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• Global key estimation
• Local key estimation



Global key and their 
applications
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Search parameters in a digital library :

• Ultimate guitar

• Beat port



Local keys and their applications
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Used mostly as mid-level MIR features for other tasks:
• Roman numeral analysis (Temperley, 2004; Micchi et al., 2020)
• MIDI pitch spelling (Teodoru et Raphael, 2007)
• Music generation (Hadjeres et al., 2017)

Potentially usable in digital music libraries too:
• Search for pieces with similar modulations or tonicizations patterns



Local keys, modulations, and tonicizations

Outline the necessity for studying local keys more in depth

Particularly, the relationship to concepts like modulation and 
tonicization

Change of key
• Modulation
• Tonicization
• Local keys
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Local keys, modulations, and tonicizations

Outline the necessity for studying local keys more in depth

Particularly, the relationship to concepts like modulation and 
tonicization

Change of key – tonal music theory
• Modulation
• Tonicization
• Local keys????
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Local keys, modulations, and tonicizations

Outline the necessity for studying local keys more in depth

Particularly, the relationship to concepts like modulation and 
tonicization

Change of key – music information retrieval
• Modulation????
• Tonicization????
• Local keys
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Local keys, modulations, and tonicizations

Outline the necessity for studying local keys more in depth

Particularly, the relationship to concepts like modulation and 
tonicization

Change of key
• Modulation
• Tonicization
• Local keys

Investigate!
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This paper

Method for encoding modulation/tonicization ground truth

Dataset with 201 excerpts (five tonal music theory textbooks)

Comparing local-key predictions with modulation and tonicization 
ground truth annotations

Using the data and methodology, evaluate three local-key estimation 
models from the literature
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Example
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1. Modulations are always taken from the textbooks

2. Tonicizations are inferred from roman numerals

3. Roman numeral analysis is not always provided in the textbooks



Example
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departure key destination key

1. Modulations are always taken from the textbooks

2. Tonicizations are inferred from roman numerals

3. Roman numeral analysis is not always provided in the textbooks



Example
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tonicized second degree

1. Modulations are always taken from the textbooks

2. Tonicizations are inferred from roman numerals

3. Roman numeral analysis is not always provided in the textbooks



Example

1. Modulations are always taken from the textbooks

2. Tonicizations are inferred from roman numerals

3. Roman numeral analysis is not always provided in the textbooks
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local key predictions at every onset



Example

1. Modulations are always taken from the textbooks

2. Tonicizations are inferred from roman numerals

3. Roman numeral analysis is not always provided in the textbooks
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Example
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1. Modulations are always taken from the textbooks

2. Tonicizations are inferred from roman numerals

3. Roman numeral analysis is not always provided in the textbooks



Example
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Example 3-17b in Rimsky-
Korsakov’s Practical 
Manual of Harmony



Example
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Example 3-17b in Rimsky-
Korsakov’s Practical 
Manual of Harmony



Original edition by Rimsky-Korsakov
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Original edition by Rimsky-Korsakov
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C Major C MajorF Major



The one we used
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The one we used
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I vii/ii ii IV/IV V/IV I V I V/V V/V IV I



Processing annotations
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Dataset
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• (ASC) Aldwell, Cadwallader and Schachter

Harmony and Voice Leading

• (KP) Kostka and Payne

Tonal Harmony

• (Reg) Reger

On the Theory of Modulation

• (Rim) Rimsky-Korsakov

Practical Manual of Harmony

• (Tch) Tchaikovsky

Guide to the practical study of Harmony



Some of the textbooks
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Extract from Kostka and Payne

Extract from Reger



Position​​ Annotation​​ Modulation​​ Tonicization​​

0​​ C:=>I​​ C ​​ C​​

2​​ viio7/ii​​ C​​ d​​

4​​ ii​​ C​​ C​​

6​​ IV/IV​​ C​​ F​​

8​​ V/IV​​ C​​ F​​

10​​ V7/IV​​ C​​ F​​

12​​ F:=>I6​​ F​​ F​​

14​​ V43​​ F​​ F​​

16​​ I​​ F​​ F​​

18​​ V2/V​​ F​​ C​​

20​​ V6​​ F​​ F​​

22​​ V​​ F​​ F​​

24​​ I6​​ F​​ F​​

26​​ V7/V​​ F​​ C​​

28​​ C:=>I​​ C​​ C​​

Models
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Baseline

• (B1) Random guess

• (B2) Global key

MIR models

• (M1) Nápoles López et al. (2019)

• (M2a-b) Feisthauer et al. (2020)

• (M3) Micchi et al. (2020)



Models
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Position​​ Annotation​​ Modulation​​ Tonicization​​ B1​​

0​​ C:=>I​​ C ​​ C​​ Bb​

2​​ viio7/ii​​ C​​ d​​ a​

4​​ ii​​ C​​ C​​ Bb​

6​​ IV/IV​​ C​​ F​​ eb​

8​​ V/IV​​ C​​ F​​ C#​

10​​ V7/IV​​ C​​ F​​ f​

12​​ F:=>I6​​ F​​ F​​ C#​

14​​ V43​​ F​​ F​​ g​

16​​ I​​ F​​ F​​ c​

18​​ V2/V​​ F​​ C​​ C#​

20​​ V6​​ F​​ F​​ C#​

22​​ V​​ F​​ F​​ g​

24​​ I6​​ F​​ F​​ b​

26​​ V7/V​​ F​​ C​​ e​

28​​ C:=>I​​ C​​ C​​ d​

Baseline

• (B1) Random guess

• (B2) Global key

MIR models

• (M1) Nápoles López et al. (2019)

• (M2a-b) Feisthauer et al. (2020)

• (M3) Micchi et al. (2020)



Models
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Position​​ Annotation​​ Modulation​​ Tonicization​​ B1​​ B2​​

0​​ C:=>I​​ C ​​ C​​ Bb​ F​

2​​ viio7/ii​​ C​​ d​​ a​ F​

4​​ ii​​ C​​ C​​ Bb​ F​

6​​ IV/IV​​ C​​ F​​ eb​ F​

8​​ V/IV​​ C​​ F​​ C#​ F​

10​​ V7/IV​​ C​​ F​​ f​ F​

12​​ F:=>I6​​ F​​ F​​ C#​ F​

14​​ V43​​ F​​ F​​ g​ F​

16​​ I​​ F​​ F​​ c​ F​

18​​ V2/V​​ F​​ C​​ C#​ F​

20​​ V6​​ F​​ F​​ C#​ F​

22​​ V​​ F​​ F​​ g​ F​

24​​ I6​​ F​​ F​​ b​ F​

26​​ V7/V​​ F​​ C​​ e​ F​

28​​ C:=>I​​ C​​ C​​ d​ F​

Baseline

• (B1) Random guess

• (B2) Global key

MIR models

• (M1) Nápoles López et al. (2019)

• (M2a-b) Feisthauer et al. (2020)

• (M3) Micchi et al. (2020)



Models
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Position​​ Annot.​​ Mod. Ton. B1​​ B2​​ M1​​
M2
a​​

M2
b​​

M3​​

0​​ C:=>I​​ C ​​ C​​ Bb​ F​ f​ C​​ C​​ F​

2​​ viio7/ii​​ C​​ d​​ a​ F​ F​ C​​ C​​ F​

4​​ ii​​ C​​ C​​ Bb​ F​ F​ d​​ C​​ F​

6​​ IV/IV​​ C​​ F​​ eb​ F​ F​ d​​ C​​ F​

8​​ V/IV​​ C​​ F​​ C#​ F​ F​ d​​ C​​ F​

10​​ V7/IV​​ C​​ F​​ f​ F​ F​ d​​ C​​ F​

12​​ F:=>I6​​ F​​ F​​ C#​ F​ F​ d​​ C​​ F​

14​​ V43​​ F​​ F​​ g​ F​ F​ d​​ C​​ F​

16​​ I​​ F​​ F​​ c​ F​ F​ F​​ C​​ F​

18​​ V2/V​​ F​​ C​​ C#​ F​ C​ F​​ C​​ F​

20​​ V6​​ F​​ F​​ C#​ F​ C​ F​​ C​​ C​

22​​ V​​ F​​ F​​ g​ F​ C​ F​​ C​​ C​

24​​ I6​​ F​​ F​​ b​ F​ C​ F​​ F​​ F​

26​​ V7/V​​ F​​ C​​ e​ F​ C​ F​​ F​​ C​

28​​ C:=>I​​ C​​ C​​ d​ F​ C​ F​​ F​​ C​

Baseline

• (B1) Random guess

• (B2) Global key

MIR models

• (M1) Nápoles López et al. (2019)

• (M2a-b) Feisthauer et al. (2020)

• (M3) Micchi et al. (2020)



Accuracy and MIREX
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Ground truth key Prediction Accuracy MIREX

C​​​​ F 0.0 0.5Example :



Accuracy and MIREX

32

Ground truth key Prediction Accuracy MIREX

C​​​​ F 0.0 0.5Example :



Accuracy and MIREX
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Ground truth key Prediction Accuracy MIREX

C​​​​ F 0.0 0.5Example :



Comparison of the models and the ground 
truth

Local keys vs. Modulation

• Accuracy weights

• MIREX weights

Local keys vs. Tonicization

• Accuracy weights

• MIREX weights



What do local 
keys coincide 
with?
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• Accuracy
• Mirex

Position​​​ Annotation​​​ Modulation​​ (B3)​ Tonicization​​ (B4)​ B1​​​ B2​​​ M1​​​ M2a​​​ M2b​​​ M3​​​

0​​​ C:=>I ​​​ C ​​​ C​​​ Bb​​ F​​ f​​ C​​​ C​​​ F​​

2​​​ vi io7/ii​​​ C​​​ d​​​ a ​​ F​​ F​​ C​​​ C​​​ F​​

4​​​ i i ​​​ C​​​ C​​​ Bb​​ F​​ F​​ d​​​ C​​​ F​​

6​​​ IV/IV​​​ C​​​ F​​​ eb​​ F​​ F​​ d​​​ C​​​ F​​

8​​​ V/IV​​​ C​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

10​​​ V7/IV​​​ C​​​ F​​​ f​​ F​​ F​​ d​​​ C​​​ F​​

12​​​ F:=>I6​​​ F​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

14​​​ V43​​​ F​​​ F​​​ g​​ F​​ F​​ d​​​ C​​​ F​​

16​​​ I ​​​ F​​​ F​​​ c ​​ F​​ F​​ F​​​ C​​​ F​​

18​​​ V2/V​​​ F​​​ C​​​ C#​​ F​​ C​​ F​​​ C​​​ F​​

20​​​ V6​​​ F​​​ F​​​ C#​​ F​​ C​​ F​​​ C​​​ C​​

22​​​ V​​​ F​​​ F​​​ g​​ F​​ C​​ F​​​ C​​​ C​​

24​​​ I6​​​ F​​​ F​​​ b​​ F​​ C​​ F​​​ F​​​ F​​

26​​​ V7/V​​​ F​​​ C​​​ e​​ F​​ C​​ F​​​ F​​​ C​​

28​​​ C:=>I ​​​ C​​​ C​​​ d​​ F​​ C​​ F​​​ F​​​ C​​



What do local 
keys coincide 
with?
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• Accuracy
• Mirex

Position​​​ Annotation​​​ Modulation​​ (B3)​ Tonicization​​ (B4)​ B1​​​ B2​​​ M1​​​ M2a​​​ M2b​​​ M3​​​

0​​​ C:=>I ​​​ C ​​​ C​​​ Bb​​ F​​ f​​ C​​​ C​​​ F​​

2​​​ vi io7/ii​​​ C​​​ d​​​ a ​​ F​​ F​​ C​​​ C​​​ F​​

4​​​ i i ​​​ C​​​ C​​​ Bb​​ F​​ F​​ d​​​ C​​​ F​​

6​​​ IV/IV​​​ C​​​ F​​​ eb​​ F​​ F​​ d​​​ C​​​ F​​

8​​​ V/IV​​​ C​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

10​​​ V7/IV​​​ C​​​ F​​​ f​​ F​​ F​​ d​​​ C​​​ F​​

12​​​ F:=>I6​​​ F​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

14​​​ V43​​​ F​​​ F​​​ g​​ F​​ F​​ d​​​ C​​​ F​​

16​​​ I ​​​ F​​​ F​​​ c ​​ F​​ F​​ F​​​ C​​​ F​​

18​​​ V2/V​​​ F​​​ C​​​ C#​​ F​​ C​​ F​​​ C​​​ F​​

20​​​ V6​​​ F​​​ F​​​ C#​​ F​​ C​​ F​​​ C​​​ C​​

22​​​ V​​​ F​​​ F​​​ g​​ F​​ C​​ F​​​ C​​​ C​​

24​​​ I6​​​ F​​​ F​​​ b​​ F​​ C​​ F​​​ F​​​ F​​

26​​​ V7/V​​​ F​​​ C​​​ e​​ F​​ C​​ F​​​ F​​​ C​​

28​​​ C:=>I ​​​ C​​​ C​​​ d​​ F​​ C​​ F​​​ F​​​ C​​



Local keys vs. 
modulation
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• Accuracy
• Mirex

Position​​​ Annotation​​​ Modulation​​ (B3)​ Tonicization​​ (B4)​ B1​​​ B2​​​ M1​​​ M2a​​​ M2b​​​ M3​​​

0​​​ C:=>I ​​​ C ​​​ C​​​ Bb​​ F​​ f​​ C​​​ C​​​ F​​

2​​​ vi io7/ii​​​ C​​​ d​​​ a ​​ F​​ F​​ C​​​ C​​​ F​​

4​​​ i i ​​​ C​​​ C​​​ Bb​​ F​​ F​​ d​​​ C​​​ F​​

6​​​ IV/IV​​​ C​​​ F​​​ eb​​ F​​ F​​ d​​​ C​​​ F​​

8​​​ V/IV​​​ C​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

10​​​ V7/IV​​​ C​​​ F​​​ f​​ F​​ F​​ d​​​ C​​​ F​​

12​​​ F:=>I6​​​ F​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

14​​​ V43​​​ F​​​ F​​​ g​​ F​​ F​​ d​​​ C​​​ F​​

16​​​ I ​​​ F​​​ F​​​ c ​​ F​​ F​​ F​​​ C​​​ F​​

18​​​ V2/V​​​ F​​​ C​​​ C#​​ F​​ C​​ F​​​ C​​​ F​​

20​​​ V6​​​ F​​​ F​​​ C#​​ F​​ C​​ F​​​ C​​​ C​​

22​​​ V​​​ F​​​ F​​​ g​​ F​​ C​​ F​​​ C​​​ C​​

24​​​ I6​​​ F​​​ F​​​ b​​ F​​ C​​ F​​​ F​​​ F​​

26​​​ V7/V​​​ F​​​ C​​​ e​​ F​​ C​​ F​​​ F​​​ C​​

28​​​ C:=>I ​​​ C​​​ C​​​ d​​ F​​ C​​ F​​​ F​​​ C​​



Local keys vs. 
modulation 
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• Accuracy
• Mirex

Position​​​ Annotation​​​ Modulation​​ (B3)​ Tonicization​​ (B4)​ B1​​​ B2​​​ M1​​​ M2a​​​ M2b​​​ M3​​​

0​​​ C:=>I ​​​ C ​​​ C​​​ Bb​​ F​​ f​​ C​​​ C​​​ F​​

2​​​ vi io7/ii​​​ C​​​ d​​​ a ​​ F​​ F​​ C​​​ C​​​ F​​

4​​​ i i ​​​ C​​​ C​​​ Bb​​ F​​ F​​ d​​​ C​​​ F​​

6​​​ IV/IV​​​ C​​​ F​​​ eb​​ F​​ F​​ d​​​ C​​​ F​​

8​​​ V/IV​​​ C​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

10​​​ V7/IV​​​ C​​​ F​​​ f​​ F​​ F​​ d​​​ C​​​ F​​

12​​​ F:=>I6​​​ F​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

14​​​ V43​​​ F​​​ F​​​ g​​ F​​ F​​ d​​​ C​​​ F​​

16​​​ I ​​​ F​​​ F​​​ c ​​ F​​ F​​ F​​​ C​​​ F​​

18​​​ V2/V​​​ F​​​ C​​​ C#​​ F​​ C​​ F​​​ C​​​ F​​

20​​​ V6​​​ F​​​ F​​​ C#​​ F​​ C​​ F​​​ C​​​ C​​

22​​​ V​​​ F​​​ F​​​ g​​ F​​ C​​ F​​​ C​​​ C​​

24​​​ I6​​​ F​​​ F​​​ b​​ F​​ C​​ F​​​ F​​​ F​​

26​​​ V7/V​​​ F​​​ C​​​ e​​ F​​ C​​ F​​​ F​​​ C​​

28​​​ C:=>I ​​​ C​​​ C​​​ d​​ F​​ C​​ F​​​ F​​​ C​​



Local keys vs. 
tonicization
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• Accuracy
• Mirex

Position​​​ Annotation​​​ Modulation​​ (B3)​ Tonicization​​ (B4)​ B1​​​ B2​​​ M1​​​ M2a​​​ M2b​​​ M3​​​

0​​​ C:=>I ​​​ C ​​​ C​​​ Bb​​ F​​ f​​ C​​​ C​​​ F​​

2​​​ vi io7/ii​​​ C​​​ d​​​ a ​​ F​​ F​​ C​​​ C​​​ F​​

4​​​ i i ​​​ C​​​ C​​​ Bb​​ F​​ F​​ d​​​ C​​​ F​​

6​​​ IV/IV​​​ C​​​ F​​​ eb​​ F​​ F​​ d​​​ C​​​ F​​

8​​​ V/IV​​​ C​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

10​​​ V7/IV​​​ C​​​ F​​​ f​​ F​​ F​​ d​​​ C​​​ F​​

12​​​ F:=>I6​​​ F​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

14​​​ V43​​​ F​​​ F​​​ g​​ F​​ F​​ d​​​ C​​​ F​​

16​​​ I ​​​ F​​​ F​​​ c ​​ F​​ F​​ F​​​ C​​​ F​​

18​​​ V2/V​​​ F​​​ C​​​ C#​​ F​​ C​​ F​​​ C​​​ F​​

20​​​ V6​​​ F​​​ F​​​ C#​​ F​​ C​​ F​​​ C​​​ C​​

22​​​ V​​​ F​​​ F​​​ g​​ F​​ C​​ F​​​ C​​​ C​​

24​​​ I6​​​ F​​​ F​​​ b​​ F​​ C​​ F​​​ F​​​ F​​

26​​​ V7/V​​​ F​​​ C​​​ e​​ F​​ C​​ F​​​ F​​​ C​​

28​​​ C:=>I ​​​ C​​​ C​​​ d​​ F​​ C​​ F​​​ F​​​ C​​



Local keys vs. 
tonicization
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• Accuracy
• Mirex

Position​​​ Annotation​​​ Modulation​​ (B3)​ Tonicization​​ (B4)​ B1​​​ B2​​​ M1​​​ M2a​​​ M2b​​​ M3​​​

0​​​ C:=>I ​​​ C ​​​ C​​​ Bb​​ F​​ f​​ C​​​ C​​​ F​​

2​​​ vi io7/ii​​​ C​​​ d​​​ a ​​ F​​ F​​ C​​​ C​​​ F​​

4​​​ i i ​​​ C​​​ C​​​ Bb​​ F​​ F​​ d​​​ C​​​ F​​

6​​​ IV/IV​​​ C​​​ F​​​ eb​​ F​​ F​​ d​​​ C​​​ F​​

8​​​ V/IV​​​ C​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

10​​​ V7/IV​​​ C​​​ F​​​ f​​ F​​ F​​ d​​​ C​​​ F​​

12​​​ F:=>I6​​​ F​​​ F​​​ C#​​ F​​ F​​ d​​​ C​​​ F​​

14​​​ V43​​​ F​​​ F​​​ g​​ F​​ F​​ d​​​ C​​​ F​​

16​​​ I ​​​ F​​​ F​​​ c ​​ F​​ F​​ F​​​ C​​​ F​​

18​​​ V2/V​​​ F​​​ C​​​ C#​​ F​​ C​​ F​​​ C​​​ F​​

20​​​ V6​​​ F​​​ F​​​ C#​​ F​​ C​​ F​​​ C​​​ C​​

22​​​ V​​​ F​​​ F​​​ g​​ F​​ C​​ F​​​ C​​​ C​​

24​​​ I6​​​ F​​​ F​​​ b​​ F​​ C​​ F​​​ F​​​ F​​

26​​​ V7/V​​​ F​​​ C​​​ e​​ F​​ C​​ F​​​ F​​​ C​​

28​​​ C:=>I ​​​ C​​​ C​​​ d​​ F​​ C​​ F​​​ F​​​ C​​



Results
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• Random guess (B1) is the worst-
performing model

• Global key guess (B2) is OK, but 
except in one textbook, it is 
behind the specialized local-key-
estimation models

• Use of tonicization varies by 
composer

• When there are many 
tonicizations (Rim and Tch), 
models seem to coincide 
better with tonicizations than 
modulations (unexpected!)

Accuracy weights MIREX weights
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• Random guess (B1) is the worst-
performing model

• Global key guess (B2) is OK, but 
except in one textbook, it is 
behind the specialized local-key-
estimation models

• Use of tonicization varies by 
composer

• When there are many 
tonicizations (Rim and Tch), 
models seem to coincide 
better with tonicizations than 
modulations (unexpected!)

Accuracy weights MIREX weights



Conclusions

• Investigate relationship between local keys, modulations, and 
tonicizations

• Encoding modulation and tonicization ground truth in a dataset with 
201 excerpts of music

• Method for comparing local keys to modulations and tonicizations

• Use of tonicizations among theorists varies considerably

• Generally, local-key-estimation models seem to coincide more with 
tonicizations
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Thank you !
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Dataset is available here :
https://github.com/DDMAL/key_modulation_dataset

https://github.com/DDMAL/key_modulation_dataset

