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Introduction

Understanding the statistical properties of music has become relevant to an increas-
ing number of real-world applications over the last two decades, for example for
electronic music distribution and storage. The fields of Music Information Retrieval
(MIR) and Music Genre Recognition have correspondingly increased in popularity
[1], [2]. Although a majority of research has focused on low-level, signal-processing
based features of music and their corresponding statistics (e.g. [3]-[6]), it has been
shown that appropriately chosen higher-level features of music, such as the melody
line, can supplement and sometimes even outperform low-level features of music in
classification tasks [7], [8]. Furthermore, understanding and exploring the statistics
of higher-level musical features can contribute to the field of music theory [9], [10],
and can potentially help with the neuroscientific and psychological investigation of
the cortical processing of music [11], [12].

This paper explores the statistics of higher-order features of the musical works of
three early Classical composers. We are particularly interested in chord frequency
distribution [9], [13] and mapping out co-occurrences between different chords over
different time-window lengths. There are several reasons that chord co-occurrences
are of particular interest. First of all, context is extremely important for the musical
experience: a note will have completely different meaning or generate a different emo-
tional response depending on the notes immediately preceding it, or even preceding
it on a large scale.

Secondly, in natural language processing, similar feature spaces—called word em-
bedding spaces—have been developed and finely tuned for words [14], [15]. These
spaces represent each word, or in our case chord, as a vector of frequency of co-
occurrence with other words (or chords). For example, in the English language, the
word dog often co-occurs with cat, or ball, but only rarely co-occurs with the word
sushi. These spaces have proven to be powerful tools for analysis and dimensionality
reduction, and there is evidence that they may even reflect cortical organization of
information. In this paper, we create co-occurrence matrices for three composers: al-
though they are all early classical composers, they wrote in three different times, and
span two different musical subgenres (pre-tonal Renaissance music, and tonal Baroque
music). A question that we therefore seek to address is: do chord co-occurrence matri-
ces remain the same across these three composers? Or, alternatively, do they change
based on musical sub-genre?



Methods

Dataset

Our dataset is a corpus of music written by three different composers from two dif-
ferent but closely related musical periods: Giovanni Pierluigi da Palestrina (1525-
1594) from the Renaissance period, Claudio Monteverdi (1567-1643), who wrote in
the period transitioning from Renaissance to Baroque, and Joann Sebastian Bach
(1685-1750), from the Baroque period. 100 songs from Palestrina, 97 songs from
Monteverdi, and 426 songs from Bach were analyzed. The songs are available as a
part of the music21 corpus [16], in the MusicXML (.xml/.mxl) and kern (.krn) format
[17].

Analysis tools

Custom code was written in python. It made heavy use of the python music analysis
toolkit music21 [16] as well as the scipy [18] and numpy [19] scientific computing
libraries.

Musical analysis
Transposition

We started the musical analysis by analyzing the key of each song, and then transpos-
ing all songs in major modes to C major, and all songs in minor modes to A minor.
We did this for the following reason: the goal of this study is to look at higher-order
statistics of music. According to musical theory, the same chord can have a different
function in a musical piece, depending on the key of the song. For example, the
major triad CEG, (with C as the root, E as the major third above C, and G as the
perfect fifth) can have a different feel or meaning depending on whether it is the tonic
chord (or I, in roman numeral notation) in the key of C major, or the dominant chord
(or V, in roman numeral notation), in the key of F major. It is common for music
to finish on a tonic chord, and gives listeners exposed to Western music a feeling of
completion. On the other hand, finishing a song on a dominant chord, or V, can leave
the listener feeling as if the musical piece is incomplete. Therefore, even though the
lower-level features (in this case, the major triad CEG) are exactly the same, if this
major triad is the final chord in the context of the key of C, the listener will feel like
the piece is complete. If the same major triad is the final chord in the context of
the key of F, the listener will expect to hear more. Composers took full advantage of
these types of expectations (following them, and at times breaking them). Therefore,
in order to understand the higher-level statistics of the chords, we have transposed
all major mode and all minor mode pieces to the same key. We chose C major for
major modes, and A minor for minor modes: both keys have no accidentals (sharps
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or flats) in their key signature. We analyzed the major and the minor mode songs
separately.

Segmentation

Within a musical piece, the melody line (and sometimes other parts as well) will some-
times play notes that do not correspond exactly to the note from the true underlying
chord. Some researchers have tried to avoid chords created with such notes. For
example, Rohrmeier [9] segmented musical pieces into quarter notes, only analyzing
one chord per quarter note, and choosing the least dissonant of the chords if there
were several possible choices within each quarter note. However, we were interested in
retaining as many chords as possible, consonant or dissonant, and we additionally did
not want to impose music-theoretic notions of harmony onto our chord retention. In
order to maximize the number of actual chords that we retained for analysis, and to
create a data-driven analysis of the chord progressions, we used a chord segmentation
heuristic similar to White’s [13] salami slice heuristic, where we created a chord for
every note transition in the musical pieces.

Most frequently occurring chords

In order to more directly compare the composers, we created a master list of the most
frequently occurring chords for all composers taken together, both for minor and for
major modes. To do so, we first ranked the chords according to frequency for each
individual composer. We then summed the ranks of each chord over the ranking for
that chord for each composer, to create the master ranking.

Chord co-occurrences

For the chord co-occurrence analysis, we subdivided each song into overlapping n-
grams (sequences of n chords). The chord situated in the middle of the n-gram was
the target chord: we then counted the (n-1)/2 chords before and after the target
chord as co-occurring with the target chord. This was a simple binary count: we did
not weight the chords according to distance from target chord.

Chord co-occurrence clustering

We performed a k-means cluster (with k = 3) analysis on the individual song major
and minor mode n-gram (with n = 3, 5, 7, 9, 11, 13 and 15) chord co-occurrence
matrices. This unsupervised clustering will indicate whether the co-occurrence ma-
trices separate naturally into classes defined by composer. This analysis will also show
whether there is a difference in clustering performance between different n-gram chord
song co-occurrence matrices, and between major and minor mode song co-occurrence
matrices.



Chord co-occurrence classification

We performed a 3-fold cross-validated decision-tree classification and a 3-fold cross-
validated random-forest classification of the individual song chord co-occurrence ma-
trices. We classified according to composer for major and minor modes, and for 3, 5,
7,9, 11, 13 and 15-gram chord co-occurrence matrices. We further examined the clas-
sifiers’ features’ importance, to determine which features (or chord co-occurrences, in
this case) were most important for the classification.

Results

In this paper, we analyze the statistics and harmonic syntax of three composers from
three different musical periods: the Renaissance composer Palestrina, the Baroque
composer Bach, and Monteverdi, who wrote in the transitionary period between the
Renaissance and Baroque periods.

Chord Frequency Distribution

We first start by analyzing the frequency distributions of chords for each one of the
three composers, for songs written in major keys and songs written in minor keys.
Figure 1 and Figure 2 show the frequency distribution of the top major mode and
top minor mode chords from the works of the Baroque composer Palestrina.

These two chord frequency distributions both follow a Zipfian (or Zeta, power-
law) distribution, with the most frequent chord occurring 1511 times, but the 20th
most frequent chord only appearing 98 times in the minor mode (in the major mode,
these numbers are 1728 and 89). This is the case for chord frequency distributions for
all three composers, for both major and minor modes (See also the Appendix for the
frequency distribution of the top 20 chords for Monteverdi and Bach). For all three
composers, the top 20 most frequent chords comprise a majority of all chords played
(around 60%). Moreover, all three composers share many of the same top 20 chords.
31 chords total are in the top 20 most frequent chords for major mode songs for all
three composers, and 29 for major mode songs.

For the major mode songs, I’ (C major triad) is the first and "V’ is the second
most frequent chord for all composers. 'vi’ and "IV’ are in the top five most frequent
chords, and ’I6’ is in the top six. ’ii’ and ’iii’ are in the top ten for all three composers,
as is 'IV6’. Therefore, for major mode songs, all three composers share 8 out of the top
10 chords, and of the top 6 most frequent chords, 5 are shared among the composers.
For the minor mode songs, i’ (A minor triad) is the most frequent chord for all three
composers. v’ is in the top ten for all three, as is III’, 'iv’, and 'bVT’.

A Spearman rank-correlation shows statistically significant correlations for the
top 10 major-mode chords between the three composers: Palestrina and Monteverdi
have a correlation of 0.964 (p = 7.32¢-6); Monteverdi and Bach have a correlation of
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Palestrina Major

rank chord quality root inw count frequency
2 I major 1 & 1728 B.1478
1 v major 5 & 1365 B.1167
2 Iv major 4 & 771 B.B659
3 vi minor G ] 516 B.8441
4 ii minor 2 ] S8 B.8434
5 iii minor 3 ] 326 B.B279
6 16 major 1 1 303 @.@259
7 i54 other 1 2 Z2Ba @.8239
8 II major 2 @ 252 @.8215
9 IVE major 4 1 Zel B.e172
1@ w54 other 5 2 176 B.9151
11 W minor 5 a 172 B.e147
12 VB major 5 1 148 B.e127
13 iik minor 2 1 137 B.e117
14 1532 major 1 2 124 B.21e6
15 viio#63 dimin 7 1 115 B.p@os
16 vige3 minor 6 1 112 B.2B80%6
17 V7 major 5 2 183 B.PBEB
18 ivG4 other 4 2 99 B.RBES
19 iii#63 minor 3 1 g2 B.ea7o
208 iiG#53 minor 2 & g0 B.2876

Figure 1: Frequency distribution of top 20 major mode chords from the works of Palestrina.
Each line shows the rank, chord type (in Roman Numeral form), quality (major, minor,
diminished, or other), the root number of the chord (with 1 = C, i.e. the tonic), the chord
inversion, the number of times the chord appears in the corpus, and the frequency with
which the chord appears in the corpus.

0.733 (p = 0.016); Palestrina and Bach have a correlation of 0.67 (p = 0.033). For
the 10 top minor-mode chords, there is a statistically significant correlation between
Palestrina and Monteverdi (Spearman rank-correlation: 0.794, p = 0.006). However,
there is no significant correlation between Monteverdi and Bach (correlation: 0.491,
p = 0.150), nor between Palestrina and Bach (correlation: 0.321, p = 0.365).

Chord co-occurrences

We created chord co-occurrence matrices per composer. However, for ease of com-
parison between composers, for each co-occurrence matrix we used the overall top 10
most common chords over all composers (see Methods for details). Each co-occurrence
count is divided by the number of times that chord occurred in the musical corpus.
A frequency of 1 would therefore imply that the chord occurred once per n-gram.
It is possible to have frequencies above 1, especially for larger n-grams: this simply
indicates that the chord in question appears more than once per n-gram.



Palestrina Minor

rank chord quality root inwv count frequency
a i minor 1 B 1511 B.1351
1 W minor 5 B 824 B.BBE38
2 iv minor 4 B Gao B.8544
3 bVII major 7 B 575 8.8514
4 I1T major 3 B 567 B.B5a87
5 v major 4 B 309 B.B276
B v major 5 B 3e1 B.B269
7 bVI major 6 B 279 B.p249
B i54 other 1 2 2449 B.B223
8 i6 minor 1 1 Z1B B.8185
1@ ive minor 4 1 212 B.8189
11 I major 1 B 191 8.8171
1z ITIbG3 major 3 1 159 B.p142
13 vb minor 5 1 157 B.pl4m
14 ii minor 2 B 154 B.R138
15 iv54 other 4 2 148 B.8132
16 i532 minor 1 B 134 B.a1z8
17 bVIIbE3 major 7 1 118 B.8185
18 II major 2 B 182 B.8891
19 i5 minor 1 B 181 B.8898
2@ i543 minor 1 B 78 B.pa7e

Figure 2: Frequency distribution of the top 20 minor mode chords from the works of
Palestrina. As in Table 1, each line shows the rank, chord type (in Roman Numeral form),
quality (major, minor, diminished, or other), the root number of the chord (with 1 = A,
i.e. the tonic), the chord inversion, the number of times the chord appears in the corpus,
and the frequency with which the chord appears in the corpus.

Trigram co-occurrence matrices
Major mode

The chord co-occurrence matrices for Palestrina (Figure 3, top), Monteverdi (Figure
3, middle) and Bach (Figure 3, bottom) share various similarities. There is a strong
co-occurrence between I-I, V-I, V-V, II-V and V6-I for all three composers. There
is a also a strong diagonal for Palestrina and Monteverdi which is barely present in
Bach.

Minor mode

There is once again a strong diagonal for Palestrina and Monteverdi (Figure 4, top
and middle), which is also found this time for the first 5 chords of Bach (Figure
4, bottom). Additionally, V-i, iv6-v and I-iv frequently co-occur for Palestrina, but
beyond that the off-diagonal is generally weak for Palestrina. For Bach, i-i, iv6-V,
and I-iv occur noticeably more frequently than other chord combinations. Also for



Palestrina 3 gram major freq matrix, top 10 overall chord
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Figure 3: Major mode chord tri-gram co-occurrence matrix per composer for the top 10
chords over the whole corpus. Top: Palestrina. Middle: Monteverdi. Bottom: Bach.



Palestrina 3 gram minor freq matrix, top 10 overall chong
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Figure 4: Minor mode chord tri-gram co-occurrence matrix per composer for the top 10
chords over the whole corpus. Top: Palestrina. Middle: Monteverdi. Bottom: Bach.

0.40

0.35

0.30

0.25

0.00

0.36

0.32

0.28

0.24

0.225

0.200

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000



Bach, there is a trend for all chords to co-occur frequently with ’i’. This is in line
with the music theoretic concept that Baroque music is the beginning of tonal music
in the West, where music tends to center around the tonic (i’ or 'I") chord.

9-gram co-occurrence matrices
Major Mode

Most notable for all three composers in the 9-gram co-occurrence matrices is the
dominance of co-occurrences with I’ and with "V’ for all chords (Figure 5). The
diagonal is still present for Palestrina and Monteverdi, although less noticeable than
for the tri-gram co-occurrence matrices. There is no diagonal at all for the Bach
pieces.

Minor Mode

The dominance of co-occurrences with "I’ for the 9-grams is still noticeable for all
chords (Figure 6), but less so than for the major mode 9-grams. The diagonal is far
more strongly present for Palestrina and Monteverdi in the minor than in the major
mode. Additionally, there is a frequent co-occurrence between i’ and ’iv’ for all three
composers.

Chord co-occurrence clustering

A k-means (k = 3) cluster analysis on the individual songs co-occurrence matrices of
the top 10 chords, for all three composers, showed the following results.

Major and minor 3-grams

K-means cluster analysis for the major mode tri-gram chord co-occurrences matrices
are somewhat clustered according to composer. Although there are three clusters,
the majority of the songs are classified into only two categories. Palestrina and
Monteverdi were clustered together (with 90% of the songs classified in Cluster 1),
and Bach was clustered separately (with over 95% of Bach’s songs classified in Cluster
2). Table 1 shows that of 3 different types of initialization (k-means+-+, random, and
PCA-based), k-means initializations were most accurate. The Adjusted Rand Index
(ARI, Table 1), shows an ARI of 0.794 (from a scale of 0 to 1, perfect accuracy being
1).

K-means cluster analysis for the minor mode tri-gram chord co-occurrences ma-
trices not at all clustered according to composer. Table 2 shows that of 3 different
types of initialization (k-means++, random, and PCA-based), k-means initializations
were again most accurate. The Adjusted Rand Index (Table 2), shows an ARI of only
0.111.



Palestrina 9 gram major freq matrix, top 10 overall chord

| 18
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Figure 5: Major mode chord 9-gram co-occurrence matrix per composer for the top 10
chords over the whole corpus. Top: Palestrina. Middle: Monteverdi. Bottom: Bach.
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Palestrina 9 gram minor freq matrix, top 10 overall chord 18

, .
16
14
1.2
1.0
0.8
0.6
0.4
0.2

i bvil Il \Y v v bVl 6 | ive
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Figure 6: Minor mode chord 9-gram co-occurrence matrix per composer for the top 10
chords over the whole corpus. Top: Palestrina. Middle: Monteverdi. Bottom: Bach.
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init homo compl v-meas ARI AMI silhouette
k-means++ | 0.547 0.680 0.606 0.794 0.543 0.257
random 0.583 0.616  0.599 0.783 0.579 0.212
PCA-based | 0.569 0.619 0.593 0.782 0.564 0.234

Table 1: K-means cluster analysis results for major mode tri-gram chord co-occurrence
matrices, for three different initialization types (k-means, random, and PCA). The tables
show the homogeneity score (homo), the completeness score (compl), the V-measure score
(harmonic mean between homogeneity and completeness), the Adjusted Rand Index (ARI),
the Adjusted Mutual Information (AMI), and the silhouette coefficient (silhouette).

init homo compl v-meas ARI AMI silhouette
k-means++ | 0.267 0.297  0.281 0.111 0.262 0.243
random 0.260 0.292  0.275 0.103 0.255 0.240
PCA-based | 0.236 0.261  0.248 0.083 0.231 0.240

Table 2: K-means cluster analysis results for minor mode tri-gram chord co-occurrence
matrices, for three different initialization types (k-means, random, and PCA). The tables
show the homogeneity score (homo), the completeness score (compl), the V-measure score
(harmonic mean between homogeneity and completeness), the Adjusted Rand Index (ARI),
the Adjusted Mutual Information (AMI), and the silhouette coefficient (silhouette).

Major and minor 9-grams

Similar to the major-mode tri-gram clustering, K-means cluster analysis for the major
mode 9-gram chord co-occurrences matrices are somewhat clustered according to
composer, with an ARI of 0.841 for the k-means initialization (Table 3). Of the
major chord co-occurrence matrices, 99.1% of Bach was assigned to the same cluster
(Cluster 0). Again, there was no differentiation between Palestrina and Monteverdi,
with 83.3% of both Palestrina and Bach assigned to the same cluster (Cluster 1).
As with the minor tri-grams, the clustering did not differentiate between the three
composers when classifying according to the minor chord mode co-occurrence matrices

(ARI of 0.69, Table 4).
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init homo compl v-meas ARI AMI silhouette
k-means++ | 0.615 0.726  0.666 0.841 0.611 0.358
random 0.544 0.665  0.599 0.788 0.540 0.356
PCA-based | 0.504 0.339 0.405 0.380 0.334 0.121

Table 3: K-means cluster analysis results for major mode 9-gram chord co-occurrence
matrices, for three different initialization types (k-means, random, and PCA). The tables
show the homogeneity score (homo), the completeness score (compl), the V-measure score
(harmonic mean between homogeneity and completeness), the Adjusted Rand Index (ARI),
the Adjusted Mutual Information (AMI), and the silhouette coefficient (silhouette).

init homo compl v-meas ARI AMI silhouette
k-means++ | 0.186 0.232  0.206 0.069 0.180 0.323
random 0.173 0.224 0.196 0.064 0.168 0.378
PCA-based | 0.280 0.298 0.289 0.148 0.275 0.307

Table 4: K-means cluster analysis results for minor mode 9-gram chord co-occurrence
matrices, for three different initialization types (k-means, random, and PCA). The tables
show the homogeneity score (homo), the completeness score (compl), the V-measure score
(harmonic mean between homogeneity and completeness), the Adjusted Rand Index (ARI),
the Adjusted Mutual Information (AMI), and the silhouette coefficient (silhouette).

Chord co-occurrence classification

We performed a 3-fold cross-validated decision tree classification and random forest
classification of the individual song chord co-occurrence matrices. We classified ac-
cording to composer for major and minor modes, and for 3, 5, 7, 9, 11, 13 and 15-gram
chord co-occurrence matrices. We further examined the random forest classifiers’ fea-
tures’ importance, to determine which features (or chord co-occurrences, in this case)
were most important for the classification. Figure 5 shows an overview of both clus-
tering (random forest and decision tree) and classification (k-means) results for major
and minor mode co-occurrence matrices. This analysis confirms that there is a differ-
ence in clustering performance between major and minor mode chord co-occurrence
matrices, for all n-grams analyzed, where the minor-mode chord co-occurrence matri-
ces are not clustered according to composer, but the major-mode chord co-occurrence
matrices are clustered according to composer. Although the k-means cluster analy-
sis did not cluster the minor chord co-occurrence n-grams into clusters according to
composer, both the decision-tree and the random-forest classifiers performed at well
above chance levels for all minor mode chord co-occurrence n-grams (Figure 7). This
shows us that there is enough information in the chord co-occurrence matrices to
distinguish between composers for minor-mode songs, even though an unsupervised
classifier would not naturally cluster the chord co-occurrence matrices according to
composer. Major mode chord co-occurrence matrices are more accurately clustered
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Figure 7: K-means clustering and Decision Tree and Random Forest classification per-
formance for major and minor mode 3, 5, 7, 9, 11, 13, and 15-gram chord co-occurrence
matrices.

and more accurately classified than minor-mode chord co-occurrence matrices, for all
n-grams, and both random-forest and decision-tree classification always outperform
k-means clustering.

Feature-importance analysis for the best-performing classifier (Random Forest
classifier, Figure 8) shows that different features are most important for classifying
different size n-gram chord co-occurrence matrices, and this difference is more pro-
nounced for minor than for major chord co-occurrence matrices.
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Figure 8: Feature importance for Random Forest Classifier, classifying chord co-occurrence
matrices according to composer for the top 10 chords in major and in minor-mode songs.
Top left: major mode tri-gram feature importance. Top right: minor tri-gram feature
importance. Bottom left: Major 9-gram feature importance. Bottom right: Minor 9-gram
feature importance.
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Conclusion

In this paper, we performed a statistical analysis of three composers from the Baroque
and the Renaissance musical traditions. Our goal was threefold: to contribute to the
empirical knowledge-base of harmonic syntax; to help create a base that could be
used as a feature space for future analysis (such as neuroscience), and to contribute
to the understanding of the evolution of harmonic syntactical statistics.

We found that the chord frequency distributions are all Zipfian. We also found
an overlap in the frequency distributions of the most common chords for all three
composers, with greater overlap in major than in minor modes. In particular, T’
V', ’IV? and ’'vi’ are in the top 5 most frequent chords for the major-mode songs for
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all three composers. There is a statistically significant correlation between the top
10 major-mode chords for all three composers. However, there is only a statistically
significant correlation between the top 10 minor-mode chords for the two earliest
composers, Palestrina and Monteverdi.

The chord co-occurrence matrices differ depending on n-gram window size, and
on composer. Monteverdi and Palestrina maintain a stronger diagonal than Bach.
Likewise smaller n-gram windows also tend to have a stronger diagonal. The larger
n-gram windows favor "I’ or 'i’, as does the Baroque composer (Bach). This is in line
with the music theoretic concept that Baroque music is the beginning of tonal music
in the West, where music tends to center around the tonic (i’ or 'I’) chord.

Songs were equally accurately clustered according to composer for n-grams rang-
ing from 3 to 15 chord co-occurrence matrices. However, while major-mode chord co-
occurrence matrices were relatively well clustered (with Palestrina and Monteverdi
falling within the same cluster, and Bach clustered separately), minor-mode chord
co-occurrence matrices were not at all clustered according to composer (with 0-1.1%
Adjusted Rand Index). This difference between major and minor-mode analysis was
also present in classification analysis. A random forest classifier classified the songs
over 90% correctly according to composer for the major-mode songs. While the ran-
dom forest classifier for the minor mode songs performed far better than the clustering,
it still perfomed worse than the major-mode classifier, with its best classification only
reaching 68% correct.

De Clercq & Temperly [20] analyzed harmony of a rock corpus, creating a set of 20
songs per decade from Rolling Stone’s list of the 500 greatest rock songs, ranging from
the 1950s to the 1990s. They found that I’ was the most common chord, followed
by 'IV’. Interestingly, it therefore seems that the most frequently used chords do
not seem to have changed in the past 500 years. However, the difference between
the pre-tonal (Renaissance) composer chord co-occurrence matrices and the post-
tonal (Baroque) composer chord co-occurrence matrices in our study points to the
necessity of creating individualized co-occurrence matrices per musical genre, and
possibly even per musical sub-genre. Previous research supports this finding, both in
classical and in more modern music. White [10] found that harmonic progressions can
be defined by time-period in classical music. Again, the De Clercq & Temperley [20]
study revealed changes over time in harmonic composition. So it seems that while
chord frequencies may remain very stable, chord transition practices can change quite
rapidly, and add the color that helps to define a specific musical time-period.

Implementation and future directions

It would be very interesting to expand this analysis to a much wider variety of com-
posers and musical genres; the application of this research is limited if it only remains
in the early Classical musical period.
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We intend on implementing a web-based application that allows users to analyze
and create their own musical feature space, based on .xml or .mxl musical files. This
will allow researchers who want to use chord co-occurrences as a feature set to easily
translate individual chords into their representation in frequencies of common chords,
and provide musical context to their analyses. We are particularly excited about its
potential applications in neuroscience research: this chord co-occurrence feature set
could create a high-level model of cortical responses to music, similar to high-level
models that have been created and have worked remarkably well for speech.
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Appendix

Monteverdi Major

rank chord guality root inv count frequency
B I major 1 a 655 @.1435
1 v major 5 a 382 B.0662
2 v major 4 a 228 @.0409
3 ii minor 2 a 201 @.0440
4 vi minor G a 17a B.a372
5 16 major 1 1 147 B.a322
B iii minor 3 a 145 B.a318
7 W minor 5 B 142 B.8311
B i minor 1 a 108 B.@237
9 IVE major 4 1 o2 B.azaz2
1@ II major 2 a 69 @.@151
11 iik minor 2 1 1] B.2145
12 I64 major 1 2 63 B.2138
13 vii minor 7 a 59 B.a129
14 iwv minor 4 a 59 B.a129
15 Ve major 5 1 59 B.0129
16 i5 minor 1 a 5@ A.a11e
17 i54 other 1 2 49 B.a1a7
18 w5 minor 5 a 44 B.0096
19 viio#63 dimin 7 1 44 B.2096
2@ V7 major 5 a 48 B.R0EB

Figure 9: Frequency distribution of top 20 major mode chords from the works of Mon-
teverdi. Each line shows the rank, chord type (in Roman Numeral form), quality (major,
minor, diminished, or other), the root number of the chord (with 1 = C, i.e. the tonic), the
chord inversion, the number of times the chord appears in the corpus, and the frequency
with which the chord appears in the corpus.
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Monteverdi Minor

rank chord gquality root inv count frequency
B i minor 1 a 2247 B.lles
1 bVII major 7 a 13E3 B.REE2Z
2 III major 3 @ 13E0 B.REED
3 v minor 5 a 1208 B.ec40
4 v major 5 a 1866 B.B525
5 iv minor 4 a 766 B.R378
B I major 1 a 600 B.R345
7 IV major 4 @ 550 B.2271
B bVI major B a 485 B.@239
9 ii minor 2 a 469 B.2231
1@ iB minor 1 1 364 B.2179
11 bvii minor 7 a 293 B.2144
12 iii minor 3 @ 264 B.2130
13 i5 minor 1 a 258 B.8127
14 vEb minor 5 1 246 B.2121
15 ive minor 4 1 241 B.2119
16 II major 2 a 237 B.2117
17 ITIIbG3 major 3 1 231 B.2114
18 iB4 minor 1 2 221 B.e1pg9
19 bVIIbG3 major 7 1 189 B.e@oa3
28 il minor 5 a 167 B.RBE2

Figure 10: Frequency distribution of the top 20 minor mode chords from the works of
Monteverdi. Each line shows the rank, chord type (in Roman Numeral form), quality
(major, minor, diminished, or other), the root number of the chord (with 1 = A, i.e. the
tonic), the chord inversion, the number of times the chord appears in the corpus, and the
frequency with which the chord appears in the corpus.
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Bach Major

rank chord gquality root inv count frequency
a I major 1 @ 3315 B.1345
1 W major 5 @ 2167 B.REER
2 I6 major 1 1 1157 B.2478
3 wi minor B a lg@3 B.a487
4 IV major 4 2 B16 B.2331
5 V7 major 5 & 727 B.2205
6 V& major 5 1 7084 B.B2B6
7 ii minor 2 & 563 B.8229
8 IVE major 4 1 543 B.0228
9 iii minor 3 @ 391 B.8159
18 viio#63 dimin 7 1 341 B.2138
11 I1 major 2 a 320 B.2134
12 is4 other 1 2 316 B.2128
13 V42 major 5 3 287 B.2116
14 iie5#3 minor 2 1 284 B.2115
15 I42 major 1 3 266 B.ales
16 Ie4 major 1 2 266 B.ales
17 VES major 5 1 241 B.eeo98
18 iifk minor 2 1 21@ B.RBE5
19 II75#3 major 2 a 196 B.2BER
28 V7 major 4 2 193 B.ea78

Figure 11: Frequency distribution of top 20 major mode chords from the works of Bach.
Each line shows the rank, chord type (in Roman Numeral form), quality (major, minor,
diminished, or other), the root number of the chord (with 1 = C, i.e. the tonic), the chord
inversion, the number of times the chord appears in the corpus, and the frequency with
which the chord appears in the corpus.
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Bach Minor

rank chord guality root inwv count frequency
B i minor 1 B 18583 B.1878
1 1) major 5 B 1134 B.B613
2 III major 3 B laeg B.8546
3 bVII major 7 B 751 B.2486
4 ik minor 1 1 6a1l B.8325
5 vy major 5 B 448 B.8242
b iva minor 4 1 428 B.8231
7 bVI major B B 418 B.B8226
B iw minor 4 B 398 B.8211
a v mimor 5 B 381 B.B206
18 ITIbG3 major 3 1 348 B.R21BE
11 bVIIbG3 major 7 1 316 B.2171
12 VB major 5 1 276 B.R149
13 I major 1 B 273 B.R148
14 iiob dimin 2 1 27e B.R146
15 iioB5 dimin 2 1 255 B.R138
16 i54 other 1 2 212 B.2115
17 ig4 minor 1 2 281 B.2129
18 viio#63 dimin 7 1 191 B.R123
19 VES major 5 1 158 B.2183
28 v major 4 B 189 B.21a2

Figure 12: Frequency distribution of the top 20 minor mode chords from the works of
Bach. Each line shows the rank, chord type (in Roman Numeral form), quality (major,
minor, diminished, or other), the root number of the chord (with 1 = A, i.e. the tonic), the
chord inversion, the number of times the chord appears in the corpus, and the frequency
with which the chord appears in the corpus.
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All composers, Major tri-gram fregquency co-occurrence matrices

Palestrina

I v Iv vi ii iii I6 is4 II IVe
I 2.2420 @A.2401 @.0643 0.0195 0.22B9 @2.2024 QA.0RB3 Q.0437 0.0047 B0.2112
v A.2122 @.2018 @.08141 6.08357 0.00B2 @.2171 ©0.0223 QA.0208 0.0045 O0.QBBE0
Iv A.B636 QA.AZB6 B.2117 0.0130 0.0273 0.0182 0.0442 0.0105 O0.0000 O0.0026
vi A.A213 @A.A523 A.0543 B.1492 A.A310 @A.AQR58 A.0R10 Q.0504 MA.0007 0.06R1
ii A.ARE1 @A.A5A1 A.010Q0 M.0120 A.14R83 A.R481 0A.A301 O.0000 O.0RRB O.Q0RQ
iii B.1258 @.PBE1 B.0460 0.0276 0.2420 @.1258 B.1104 O.0000 0.PB31 0.8061
I6 A.R231 B.PRBO B.2145 O0.0B66 0.8759 @.2924 BA.P306 Q.0000 Q.PR33 0.P020
is54 A.pgRd B.7750 Q.000Q O.00B0 0.21R7 Q0.2036 P.PRPBR Q.0071 O.0000 O.2000
II A.2437 B.4167 Q.0000 O.0200 0.20R0 @.2635 BA.P119 Q.0000 B.1270 0.20020
IVe A.2249 B.1393 0.0145 0.1443 0.21P0 P.2000 P.P102 B.0205 Q.P0B0 0.2250
Monteverdi

I v Iv ii vi 16 iii v i IVe
I A.3519 ©.@343 @.0733 O.P6EB6 P.P3ZE 0.R1BT P.PRP04 Q.006Z2 P.P03%4 P.Q3ZB
v B.2492 @B.2525 0.0236 0.0067 9.@379 @.2323 P.P269 0.0034 P.P034 P.R236
Iv A.RABB1 ©.B573 B.2643 0.0396 P9.P264 B.B529 B.0176 B.0176 P.PABE B9.B396
ii A.2058 QA.P000 @.010Q B.1300 9.23590 0.2400 B.0582 B.0158 O.0058 0.2058
vi A.RA5BE @.A7R6 @.0520 B.0235 0.12094 @.2059 @.0118 B.08412 B.08118 0.2471
IE A.RE22 0.1006 @.1027 O.0EB5 O0.0P0GE @0.1027 0.0342 Q.0000 0.08137 O0.00G6E
iii A.2414 @.PBE0 @.8552 6.0345 0.Q132E @.2621 0.2060 Q.0207 O0.0000 O0.Q138
v A.@567 0.0071 Q.0284 0.0213 0.02B4 0.0213 0.0284 0.1631 0.0871 0.0355
i A.A760 A.A3B5 Q.000F M.A102 @.A192 @A.2026 O.AR0F Q.0000 B.2212 0.0096
IVe A.1413 B.B652 @.8217 0.0000 0.13P4 P.2000 P.PRPBR2 B.0326 0.0189 B0.R543
Bach

I v 16 vi Iv V7 VB ii IVe iii
I A.2161 @.PB42 @.8234 0.0175 0.26R1 0.2034 P.P4B1 0.0045 0.8141 0.82041
v B.2153 B.1264 @.0282 0.0255 0.8PB2E 0.1685 BA.0132 B.80120 0.8176 0.R21B
I6 A.a717 B.P1BEZ 0.0406 O.0R95 P.PB4E P0.20R% BA.P13E B.B328 0.0184 B.R250
vi A.2152 B.B233 0.0344 0.0852 0.8172 0.2051 BO.B5BE B.0223 0.8758 0.2274
Iv B.2790 B.P235 Q.0605 0.PR99 0.2716 @.2029 B.P111 Q.00B6 B.PR99 B.PBB6
v7 A.62B6 ©.P344 Q.0Q28 0.P590 P.P0R0 Q9.2344 P.PP0Q Q.0000 P.PRZE 0.2014
VB B.2217 ©B.B372 0.0072 O.P4B6 P.20R0 9.2215 9.P429 B.002% P.0272 0.BBB6
ii A.8267 ©9.A3091 @.0338 B.0391 9.2160 @.2231 0.017B 0.04598 B.0053 0.2231
IVG 2.8147 B.2479 @.8571 B.08295 0.0221 0.2129 0.0Bl2 Q.0000 B.21B4 p2.21B4
iii A.2463 @.0B51 @.8797 B.08514 9.2360 @.2051 @.0R51 Q.0206 B.08257 0.854D8

Figure 13: Tri-gram frequency co-occurrence matrices for the top 10 major mode chords,
for the three different composers
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All composers, Major 9gram frequency co-occurrence matrices

Palestrina

I v v vi 16 ii iii IVe II Ve
I 1.4527 @.B210 0.4575 0.2480 @.1454 0.2456 ©0.1502 0.1271 0.1124 0.1326
v 1.1768 1.2867 ©.2337 @.3213 ©.1952 @.21098 @.1991 @.1853 @.2708 @.8561
v @.9324 @.4122 1.1838 @.3176 @.2622 0.3162 0.1378 0.1149 0.2351 0.0140
vi @.7579 @.7837 0.5218 0.6091 @.14089 @.2738 0.1567 0.2123 0.8615 0.1832
16 @.7718 @.7752 B.7651 @.2450 @.2081 0.3400 0.30854 0.0671 0.1309 B8.8336
ii @.7963 @.6070 O.4486 0.2654 @.1934 B.7922 @.2778 0.0720 0.87BEZ @.QBZ23
iii @.8927 @.7571 B.3218 @.2650 @.3123 0.4101 0.5647 0.0820 0.2429 0.0B852
IVe @.9751 @.7el2 0.4279 @0.5224 @.1095 6.1841 ©0.1194 0.22809 0.2199 @.1502
II @.7686 1.BE7E 0.1074 @0.10874 @.1653 B.1653 B8.3760 0.0165 0.4545 B8.1874
VB 1.6181 ®@.5139 ©.8764 @.3750 @.0694 0.2500 8.1736 0.2569 B.1528 8.2431
Monteverdi

I v v vi 16 ii iii IVe II Ve
I 1.7765 @.5214 B©.4754 @8.3170 @.2536 B.3360 ©0.1252 0.2044 B.8761 @.0908
v 1.3191 1.4943 @.Z998 A.2305 @A.ZEBR1 B.138B3F @.1915 @.2234 B.2109 @.17@2
v 1.2168 @.3938 1.00B8 @.3274 @.3274 0.3082 0.1106 0.2743 O0.2BBS 0.08531
vi 1.1429 @.3088 0.4345 0.5060 @.1369 0.2143 0.1362 0.1369 0.2417 0.1310
16 1.1189 @.6014 0.5455 0.1678 0.4476 0.3427 @.2378 0.2098 0.1399 @.0B830
ii @.9492 @.Z2183 0.4264 0.1980 @.2386 B.5900 0.2437 0.0863 B.8711 O.@558
iii B.5448 @.3241 0.2000 @.1586 @.2621 0.2966 O@.BB2E 0.0897 0.1517 @.@552
IVe 1.3152 @.6739 0.5978 @.2935 @.3152 6.1739 @0.119: 0.2580 0.8543 0.1196
II @.7812 1.14e86 60,3125 @.0938 @.3594 0.2344 ©0.3125 0.0781 1l.0008 0.2344
Ve 1.1579 @.7719 6.1754 @.3158 @.2456 B.1579 @0.1404 @.2185 B.3158 0.2105
Bach

I v v vi 16 ii iii Ive II Ve
I 1.1594 @.6331 0.2547 @.2277 @.3421 0.1129 @.0B85 0.22B8 0.8647 B.2532
v 1.0248 @.6311 6.1989 @.2637 @0.4716 6.1151 @.1223 0.1388 0.1631 0.2141
v B.BROZ2 @.5046 O.2BB9 0.2080 0.4431 0.2052 0.0784 0.2366 0.0601 8.10B85
vi @.6525 @.5320 ©.2431 @.4478 @.2559 @.1812 @.1151 0.1567 @.8853 0.2271
16 #.9120 @.B294 0,.3240 0.2824 @,.3330 B.1768 B8.1834 0.1853 B.1871 8.1261
ii B.5046 @.4036 0.3009 0.30863 @.3153 B.3135 0.1423 0.14085 0.283602 B0.1856
iii @.6B73 @.5175 6.1598 @.3019 @.3946 0.1941 0.2264 0.1375 B.1725 0.1589
Ive 1.2218 @.5679 ©,.3537 0@.1836 @.2486 0.1434 @.0918 0.0994 B.8325 @.3365
II @.5292 1.2677 B.1538 0.2400 @.4962 O.RE80Q0 @.1938 0.0523 B.1138 @.3560
Ve 1.1115 @.6351 @.1053 @.2779 @.1832 0.1466 0.0901 0.2220 0.1605 @.3206

Figure 14: 9-gram frequency co-occurrence matrices for the top 10 major mode chords,
for the three different composers
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ALl composers, Minor tri-gram frequency co-occurrence matrices

Palestrina

i bVIT ITI W "] iv bWI ib I ive
i B.2314 0.0262 0.0201 0.0134 @.A322 A.A355 0A.0114 O.0067 O.00R0 0.Q054
bVIT B.eeR1 A.1617 @.11132 0.0000 A.A261 A.2121 A.AREB7 B.0035 0.0035 @.Q2R0
ITI B.a564 0.0423 @.1BB7 0.0000 9.2141 @0.2212 B.B212 0.0564 O.00080 0.201B8
v B.4152 0.00R0 B.0000 0.1246 P.PRED P.2242 BA.P13E B.8173F 0.0960 8.2173
v B.a755 0.0142 B.01B6 O.0200 P0.1BER @.2274 B.B175 0.0142 O0.00080 0.2120
iv B.a796 A.Q133 0.0249 0.0017 0.0232 B0.21B09 B.B232 0.0265 0.B8332 0.21e0
bvVI B.2179 @A.0215 @.0287 O0.0000 £.R179 2.2753 B.1720 O0.000R O.0000 O.PB6ED
ib B.R321 0.0229 B.0917 O0.0R46 P.PR45 P.2413 P.PR46 B.0225 0.00080 0.2092
I p.poed A.PB64 Q.0002 O.0RBR P.PR64 R.24356 P.PPRP Q.000R O.3654 0.P020
ive P.eR94 A.R425 9.0142 B.0377 B0.1745 P@.R1B9 B.B755 Q.000Q Q.P0B0 0.B377
Monteverdi

i bVII ITI v v iwv b¥VI ib I ive
i B.3418 0.QB23 9.0231 0.857% 0.0267 0.21%29 B.0176 B.8154 B.0190 2.28595
bVII p.a7el @.3225 @.1634 O0.0R5B 9.P253 P.2036 0.0347 B.0152 0.00B0 0.2105
ITI B.@552 QA.A036 @.3665 0.0102 A.A20B A.R2B3 O.A5BE O.0356 0.0051 0.QB5E
v B.2B38 Q.QAB3E @.0171 0.32657 O0.PA3B1 @.2048 0.0152 O.0048 O.0B05 0.0057
v g.a7e9 0.0164 @.0206 0.0171 0.20321 @.0257 OA.0BR55 0.0234 O0.0148 0.Q030
iwv B.a516 A.A12E @A.0701 @.0146 @.A357 A.2130 A.A119 A.0198 Q.QREZ0 0.QB048
bvI B.a5%99 A.Q331 0.06BZ2 0.0434 P.PBRE P.RZBO B.2355 Q.0RB3 0.0183 0.8702
ib B.1044 0.0742 B.0467 0.0442 P9.P165 @.B357 P.PRBEZ B.BB52 0.PQBZ 0.P0R0
I B.a583 0f.0B%1 @.8152 0.0137 0.8213 0.1341 B.B137 Q.0000 B.3735 0.20876
Bach

i bVII ITI v v iv bVI ib I ive
i B.1512 @A.0142 B.00871 0.069% £.P120 P.2060 BA.PR49 B.8197 0.8033 0.8136
bVII B.R173 0.0759 @.2200 0.0000 P.PRS3 A.2213 P.PPRP Q.0R53 0.00080 0.2133
III B.R4B5 0.P4585 @.1486 0.0020 P.PRZR P.2R40 B.B536 B.0435 0.P0B0 P.PB30
v B.2222 0.00R% @.0101 ©.112%9 P.P266 @.PBZE BV.P174 0.0404 B.02B5 0.2037
v B.RE3E Q.QB53 0.0426 0.0000 P.2T771 @9.2B53 0.0R27 B.0853 0.0027 0.2027
iv B.@335 0A.Q258 9.0155 0.030% £.2129 @.23BT7 0.0000 0.0183 0.8567 0.20877
bVvI B.p@z4 Q.0B72 @.0B837 0.0167 0.2020 @0.2121 @.8167 9.0120 0.0000 ©2.247B
iB g.a7el Q.0B67 @.0200 0.0152 £.PR33 2.2117 @0.0R33 B.0184 0.0017 2.2134
I B.REEG OQ.QBED Q.0000 O.0RBR Q.PRBR @A.1760 @A.0320 0.01608 O.0560 0.2420
ive 0.oBRd A.02A4 Q.0000 0.20856 O0.Q1BT QA.Q2ZED A.Q1B7 Q.0070 0.0117 0.0140

Figure 15: 3-gram frequency co-occurrence matrices for the top 10 minor mode chords,
for the three different composers
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A1l composers, Minor Sgram freguency co—-occurrence matrices

Palestrina

i bVII ITI v v iwv bVI i6B I ive
i 1.4157 0.2604 @.2921 0.2617 ©0.4793 @.3315 ©.1209 8,122 0.0276 ©0.1360
bVII B.6567 A.2155 @.5687 0.0440 ©0.4472 0.2324 B.1285 9.8792 0.0651 ©0.2B9B
ITI B.7718 A.5028 @.8841 B8.0463 0.49011 @.2923 B.1B72 8.172% 0.08196 ©0.2945
v 1.B083 0A.00R2 @.0242 B.5301 ©0.2512 @.3426 @.2406 0,.1584 6,1002 0.3105
v B.7975 @A.27B5 @.2617 0.8761 1.1767 @.1021 @.1342 @,1772 0.08134 0.1208
iwv B.B348 A.22B5 0.2000 0.15202 0.2917 1.8650 @.2750 @.1336 0.3216 0.1564
bvI B.6B36 A.2621 @A.3709 B.2182 0.4036 0.6P0P A.BR36 O.0E00 B.B327 0.2873
iB B.B2BT A.2222 B0.3981 B.1BR6 O.6752 A.32BY MA.1019 @.1481 B.08130 @.1010
I B.3008 A.2017 @.8917 B.2333 0.1BB3 1.4417 @B.8750 @.8167 0.9917 0.1417
ive B.o9@52 0A.2275 @.2607 0.4313 0.6730 0.4876 B.3365 0.0%48 B.BB53 B0.2275
Monteverdi

i bVII ITI v v iwv bVI ib I ive
i 1.7673 0.4431 8.4191 0.4176 ©.2096B @.2Z0B1 B.1538B @.1383 0.1553 0.1867
bVII B.6428 1.7042 @.773E B.3B53 0.3360 0.1332 B.2269 0,133 0.1018 ©8.R09596
ITI B.6913 QA.7B75 1.5924 B.2566 0.34P9 B0.2119 B.3050 @.156% B,.21B5 0.8777
v B.99%98 @A.4122 @.3521 1.7653 ©9.2969 @0.1414 @.1BB5 @.1274 0.3109 ©0.1063
v B.5352 QA.3408 @.3700 0.2300 1.38BR6 0.2227 ©O.BBO9 B.1263 O.P9BE ©9.P64B
iwv B.6135 A.2641 @.4P85 0.2058 0.3780 @0.2186 B.2352 0.1142 0.4677 B.1238
bVvI B.6B58 A.6B30 @.7792 B.324% P9.303p 0.3737 B.74085 B.1481 8,.2229 0.1975
iB B.B260 A.5221 @.5083 B.3023 0.3612 0.2210 BA.1768B @.4337 B0.1713 0.8746
I B.5016 A.216EB @.4602 0,3B35 0.1974 @.508B7 @.1715 Q.0808 1.6537 0.8744
ﬁvﬁ B.0237 A.5551 @.4118 B.5678B 0.36BE 8.4105 @A.3002 @,1144 06,1002 0.2754
Bach

i bVII ITI v v iwv bVI ib I ive
i B.7211 @B.2257 @.2795 B.6221 0.PBS1 0.1149 B.1424 B.3304 B0.0243 0.1050
bVII B.5294 PA.40590 @.8427 0.1245 B0.1518 @.1585 B.10B1 @.0958 0.0342 0.1040
ITI B.5423 BA.516B @.4748 B.1356 B0.1325 0.1692 B.2171 @.1366 0.8143 0.1050
v 1.2545 0.p054 B.1463 B.3478B P9.P033 PQ.RB2]1 B.2Z07B B.4475 B.8330 B8.1835
v B.4454 B.2023 @.3934 0.1667 0.4016 @.2765 B.1202 B.245% B.8381 0.R056
iv B.5341 0.2B34 @.4387 B0.2561 0.@B45 B.2587 B.2752 @.1471 B0.2452 B0.2752
bvI B.6221 A.ZBA5S @.4784 B.5141 B0.1131 @.2776 B.1157 @.1774 B.82B3 0.1260
ib 1.8333 9.1259 @.1987 B.7333 0.1667 0.1919 B.1204 @,.1537 B.B8333 0.1667
I B.29456 0A.2232 @.1161 B.1696 P@.RP9BZ @.7768 B©.1250 @.12580 B.1875 ©.34B2
ive B.79088 A.1B2B @.2409 B.685% 9.P973 @.2725 0.85%49 @,.201% 0.1822 0.1582

Figure 16: 9-gram frequency co-occurrence matrices for the top 10 minor mode chords,
for the three different composers
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