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Abstract. This paper describes a tool designed for the analysis, retrieval, and
visualization of harmonic progressions which aims to provide the user with
valuable statistics and graphs. This output is intended to help users better
understand the harmonic content of a music dataset, hopefully causing the
emergence of interesting findings. The analysis of the music of Anténio Carlos
Jobim motivated the creation of our tool, and for this reason is presented as
our case study. We also describe how this tool can be integrated into an
accompaniment system, going beyond analysis into the fields of interactive
music and composition.

1. Preamble

Last year, Robert Willey contacted me. He was looking for IT tools to assist in
analyzing the music of Antdnio Carlos (“Tom”) Jobim (Willey 2005). As I was working
on a bossa nova accompaniment system, which needed exactly the kind of information
he was able to provide, I became immediately interested in his project. He is an
American music researcher seeking hints that might describe aspects of Jobim’s music,
especially how his chords were arranged on the piano, and ultimately how to play the
piano in Jobim’s style.

We then started to build a set of tools using some techniques inherited from my
previous work (Cabral et al 2006 and Cabral 2005). We began by testing the tools with
the large corpus containing the transcription of an authoritative set of Jobim’s
songbooks: the Cancioneiro Jobim (Jobim 2005). As we were not actually sure about
what those tools were intended to find, we developed one functionality at a time,
reevaluating the utility and abilities of the tools iteratively. In the end, the tools were
found to be flexible enough to work with different corpuses.

The purpose of this paper is to present such tools in their current stage. We hope it will
be useful for other researchers, from whom we look forward to getting feedback and
suggestions about new features to be implemented.

2. Introduction

One of the first applications of computer programs to the making of music was the
automatic composition by Lejaren Hiller of the Illiac Suite in 1957 (Hiller and Isaacson
1993). Since that time computer programs have been used to analyze the compositional



style of a number of composers. What makes our tool special is the way it is adjusted to
respond to specific queries. We not only developed a tool that extracts statistical
information from the data, but also invented a new way of plotting harmony that
facilitates the understanding of the harmonic path traced by a song, a set of songs, a
style or a composer’s work (in our case study, Jobim’s work). Beyond that, we
integrated our tool to an accompaniment system, which allowed us to musically interact
with the dataset, as well as to compose new Jobim-like harmonies.

This paper describes this tool, and illustrates its applications in the study of Jobim’s
music. It is divided into two main sections: the first presents a description of the tool’s
architecture, its main functionalities, and data formats; the second lays out the
experiments and the results which were obtained.

3. HarmIn 1.0

The suite of tools developed is named Harmln. It is made of a number of features, as_
mentioned above. The system takes a harmonic sequence as input and provides several
outputs, intended to help with the discovery of the rules, patterns, and harmonic shapes
enclosed in the sequence. The following subsections explain each part of the HarmIn.
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Figure 1. Harmin architecture.

3.1 The Input: Harmonic Sequences and the Parser

The input of the system is a harmonic sequence. This harmonic sequence is a text file,
containing a sequence of chord names. Symbols in the database that are not relevant for
this study, such as repetition of a chord “/”, or a rest “x” are ignored. The parser is
responsible for reading and interpreting the input file. It was originally conceived to
read files in the format defined by (Willey and Cabral 2007), but in fact it is flexible to
allow other notations. The expected data format is formed by one or more songs, each
one composed of a header and a body. The header contains general information (e.g.
title, tempo, key, composer), and the body contains the list of chords. The header can be
omitted, so a simple file with only a sequence of chords is also accepted by the system.
Even tablatures may be correctly read, if the user chooses to ignore the chords not
recognized by the system (so it will ignore the lyrics part). Additionally, the user can
redefine the chord names understood by the system. Normally he or she will only add to
the list of known chords, but he/she can also specify not to accept certain names. This
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can be done in two different ways: either the user edits a text file (chords.ini), or he/she
answers a question when the system finds a chord it does not recognize.

Figure 2 shows an example of a harmonic sequence input. The part going from “title” to
“chord_symbol_misprint_m88” is the header. The body is enclosed by the “Page” and
“Done” tags.

title time 42 : Cmaj?

57 (09) c
Imagina 3/4 bars / / /
tempe cempeser 100 / / /
mederate TemJcbimsChiccBuarque | comment 67 (b9) c E7 (b9)
cemment arranged chord_symbel_misprint_mge|/ / Done
FIX_KEY PaulcJobim Page / /

key velume G7(b9) Cma3j7 G7(b13b3)

c 1 / / /

major page / / /

Figure 2. Example of an input file containing a harmonic sequence.

3.2 Interpreting Rules

To perform the statistical analysis, the system must have a set of interpreting rules, in
order to convert the chord names into actual chord classes. This is defined by the user in
the same “chords.ini” file described above. In fact, when defining a chord name, the
user must also indicate the chord class it refers to. Figure 3 shows an example of such a
“chords.ini” file. In the case the system does not find the interpreting rule for a chord in
the input harmonic sequence, the user is requested to classify it, continuously increasing
the number of chords defined in the chords.ini file.

case {'', 'TM', 'TM(9)7, ‘&', ‘6/9', '6(%)’, ‘MM(#11)',

, 'm7(119)’, ‘min7(9)’, 'm7(6)’, '‘m7(%bS)', 'm6(11)°',

TIM($5/9)", 'TM(6/9 'maj?r, 'maj7(9)', 'maji(é)’', '9E', b9)”, ‘m(96)’, ‘m7{b13)’, ‘m7(26)", ‘m7 (69),
'maj7(#8)', '96(#11)', '(#5)', '(omir3)', '9', '9(&ll)', 8y, ‘m7{b6)’, ‘m(7)’, ‘m(émaj7)’, ‘m7 (13)’,
'(addg) ', '6(#11)', 'maj7(#119)', ‘'maj7(f11)‘, ‘(#119)’, ' 9), ‘m7 S)’, 'm7{#5)’, ‘'m7(9#5)’, ‘m(b6add9)’,
t(13)7, (#9)7, “(#11)’, ‘(maj7)’, ‘(bl3)", ‘maj7(96)’, ‘m(9b6) ‘, ‘m7 {omitS)’, ‘m7(13119)", ‘m(ll%maj?)’,
‘maj 19)7, ‘maj7(#5)7, ‘= #5)7, ‘(b9)’, ‘(13#9)7, ‘m{maj76) '}

‘mai7 (5, ‘maj7(dS)’, ‘maj7( ) §9)7, (#985)7, .

‘maj7(69)7, ‘addge(#5)’, ‘(bS)’, ‘69, ‘69(#ll)’, 'S(no3)’, Type = 27

‘(add%omit3)’, '‘maj7(13%)’, ‘6(11)’, ‘(b&)'}
type = 0; case{'°’, \*(b13)’, ‘dim7’, ‘dim’, ‘dim7(b13)‘,
N ‘dim(maj7?)’, ‘dim(maj7)_Fm’, ‘dim7(9)'}

13)7, ‘7(b1l3)’, type = 3:
7 (b8/b13)”,
, ‘7{13p9)’, e w7y

raug', '74
‘¢{adds)’, °
). 4(0235))

‘7(9), ‘7(3)’,
11)7, ‘7(s5)’,
» '7(b5/b%)’,
), ‘7 {b%0S5)’,
‘7(#94#Somic3)’,
‘7{1381

‘a7, e/T(13)7,  VI/4(09)7,
74(9)7, ‘\74(b9)7, ‘T4(b13)’, ‘4f,
(138)7, ‘7{(sus)’, ‘4(26)’, ‘4(b%)’,

g

>
'

e {'m', 'm&', 'm(b6)', 'min', 'm&(9)', 'mIM', 'mTM(9)',

', 'm{(9)’, ‘m(mai7)’, ‘m9&’, ‘m(llmai7)’, ‘m(add9)’,
‘m(%maj7)’, ‘m{l1l)‘, ‘m®@(maj7)’, ‘m(#5)’, ‘me’, ', type = 5;
'm7(bS)’, 'm7(9)’, ‘m7(i1)’, ‘mT(bS’, ‘m7(bS/9)’,

Figure3. Examples of interpreting rules defined in the chords.ini file.

3.3 RamlIn and the Code Sequence

The parser/interpreter generates a file which is readable by the RamlIn system. RamlIn is
an accompaniment system designed to find and play chords to accompany a melody
input via microphone. RamlIn generates the chord lines by simulating a Markovian
model which encapsulates the probability distribution of chord transitions learned from
an input harmonic sequence. Since our tool transforms the initial input harmonic
sequence into the Ramln input sequence, we can use all of its capabilities, which
include finding the most frequent subsequences, and creating new harmonies coherent



with the input harmony. These functionalities are possible thanks to the use of suffix
trees, for details see (Cabral 2006). Section 4 presents some illustrative examples.

3.4 Statistical Analysis

The main objective of this study was to analyze the harmonic content of Jobim’s songs.
So, the most important aspect of the tools was to support the analysis by extracting data
and statistics from the input, and constructing graphs. The output of this module of the
system is simple statistical values, such as the number of chord changes, the standard
deviation of the chords, or their distribution. Tabbed text files (XLS files), readable by
spreadsheet programs (such as Microsoft Excel) as well as by scientific ones (such as
Matlab) are also exported, so that the user can perform queries and generate graphs.

3.5 Graphs and Videos

The system can also generate a set of graphs and videos. The graphs include a histogram
of the single chords in the input harmony or the subsequences found by RamlIn (Figure
4), a plot of the chord trangitinne ac a tun_dimancianal matrix, where the two
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Figure 4. Histogram of the chords (at the left) and of the subsequences of chords (at the right), .
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Figure 5 shows the frequency in which the chord transitions occur. A chord transition is Comment: Introduzei uma quebra de linha
a change from a first chord to a second chord. The graphs represent the first chord as the para reformatar

row and the second chord as the column. Higher points (in Figure 5a) and brighter
pixels (in Figure 5b) indicate a higher incidence of that transition. For example, the
pixels representing the transitions from ii to V7 and from V” to I are clearly brighter, and
are annotated in figure 5b.
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Figures 5a and 5b. Distribution of chord transitions, plotted as a 3D graph (on the left) or a 2D
graph (on the right).

Figure 6 shows the same information but in a more understandable way. It also makes it
easier to follow the sequence of transitions. The little circles represent the chords, and
the lines connecting them represent the transitions. The chord roots are displayed
following the circle of fifths clockwise, so that the final graph generally becomes
simpler. The quality of the chord varies according to its distance from the center, and
has a different color (in the case illustrated in Figure 6, major=blue, dominant=green,
minor=yellow, diminished=salmon, suspended=purple). The thickness and transparency
of the lines indicate the frequency of chord transitions. Progressions that occurred less
than 1% of the time were omitted to make the graph more readable. The direction of the
transition is indicated by the position of a line’s vertices inside the chord type circles.
Each line starts in the upper part of one circle and ends in the lower part of another. For
example, in Figure 5, the frequent transition from V’ to [ is indicated by a thick line
starting above the label (V)dom and ending below the label (I)maj.

Figure 6. Harmin chord transition graph.

Besides being used for music analysis, this type of graph can be used when composing
music, since a chord sequence can be produced by following a path of chord
connections. The more one chooses thicker and more opaque lines, the more the
resulting sequence will be coherent with the input harmony.

Comment: Eu elaborei



Video animations can also be created showing the evolution of these graphs over the
songs, the time, the key, or any other characteristic the user judges to be pertinent. Some
examples of these videos are available at http://willshare.com/jobim.

4. Case Study: The Music of Antonio Carlos Jobim

For this study, the music of Anténio Carlos Jobim was used, initially to quantify the
distribution of chords and the variety of progressions. Experiments were performed in
order to determine which approaches to analysis would show the best results. Separating
the analysis into groups of songs in major and songs in minor reduced the number and
frequency of significant chord transition pairs, clarifying the text and graphic analysis
output.

We also wished to investigate the effect of considering internal modulations in the
songs or not. The data was analyzed and represented graphically, leading to
observations concerning how his harmonic language changed over the course of his
career, and we eventually developed graphing techniques that made the data easy to
read.

4.1. Cancioneiro Jobim

The data for this study was entered into Microsoft Word files corresponding to the
Cancioneiro Jobim songbook series, an authoritative five-volume set of approximately
250 songs covering Jobim’s complete recorded works, written by Ant6nio Carlos
Jobim, Paulo Jobim, and a team of arrangers under their supervision (Jobim 2001).
Then, a VBA program converted it into the harmonic sequence serving as the input of
the HarmlIn system.

The details of the data representation, as well as the process of converting the piano
arrangements and accompanying chord symbols, and a preliminary comparison of
Jobim’s work with that of the Beatles is described in a separate paper submitted for the
conference (Willey and Cabral 2007). The database can be obtained from the authors for
research purposes.

4.2 Tonality and Modulation

All chords are considered relative to key of the song in which they occur. For example,
a D major chord in a song in A major is considered to be the same as a B major chord in
a song in F# major. This follows the method used in KG Johansson’s study of the
recorded works of the Beatles (Johansson 1999) of transposing all the songs to the key
of C major or minor before beginning the analysis. This way, the data from songs in
different keys can be combined.

Modulations in the music are indicated in the database embedded amid the chord data.
The analysis can either include or ignore them. Figure 7 shows an example of this. If
modulations are considered, the Eb, Ab and Db’ would be respectively a I, a IV, and a
bVII. Otherwise, this sequence would be seen as a blIl, a bVI, and a bII’. However, if
modulations are considered, the transitions from C to Bb’, and from Bb” to Eb would be
respectively [[=>bVII'] and [V’-2I]. This means that the same chord (Bb”) would be
considered differently in the two consecutive transitions (as a bVII in the first, as a V7 in
the second). The current implementation ignores the modulation, in order to maintain
the accurate representation of the input chord sequences.



Key: C Eb C
Chord: C F G C Bb7 Eb Ab Db7 CF G
With Modulation: I IV V I bVII7 I IV DbVII7 I IV V
Ignoring Modulation: I IV V I bVII7 bIII bVI bII7 I IV V

Figure 7. How tonality and modulation may be considered in Harmin.

4.3 Chords

One of the innovations of the bossa nova was its inclusion of extended and altered chord
tones, increasing the variety of possible chord types. For example, there are twenty three
varieties of minor chords present in the songbooks due to permutations of added 6, 9,
11, and/or 13 and their alterations. In the analysis for the study these extensions were
ignored, and the chords were grouped into five types: major, minor, 7 (dominant),
diminished, and suspended. The reduction of music to a series of chord symbols acts as
a filter to the complexity of compositions, creating a generalization that allows the
statistical analysis to find significant trends. If every possible pitch combination were
allowed as input there would be so many possibilities that the analysis would not be
useful. Slash chords, such as F#/D which did not resolve to simple inversions, unusual
polychords, such as an Eb triad over a C#m’ chord (written as one chord symbol
separated from another by a horizontal line), or any other unrecognized type were left
out of the analysis.

The most common in songs in major keys, in order of decreasing frequency, were found
to be 1, ii, V7, VI, iv, IV, IT, iii, vi, Vsus, II’, bVI, bil, bVIT, blll, bIII’, Visus, 11l and
VI. An analysis of the transitions from one chord to another explained the presence of
non-diatonic chords such as bl (subV’), bVII (V' of bIII), and bVI (subV’ of V). Yet,
the order holds some surprises, such as iv before IV, and the low frequencies of /Il and
VI.

4.4 Chord progressions

The focus of the statistical analysis was to analyze the transitions between pairs of
chords, and to see how the chord progressions changed over the course of the five
periods in Jobim’s compositional life. The arrangement of chords in songs in major
keys display a preponderance of root movement by fourths and fifths, as seen in Figure
8a by the number of short lines connecting chords on adjacent spokes (i.e. between
chords in the I or IV groups). The most dramatic exception to this appears to be the
distant move from blI to I nearly opposite on the circle. This is misleading for the eye,
however, since bl is actually just a substitute for V, the neighbor of /.



Figure 8. Chord transitions in all songs in major keys (a) and in minor keys (b).

Like those in major keys, the chord progressions used in songs in minor keys also have
movement by fourths and fifths and their substitutions. However, there is more root in
these songs by step and third, which shown in Figure 8b as connections with longer
lines which cross neighboring spokes.

4.5 Subsequences

A list of the most common subsequences found in Jobim’s songs in major keys is shown
in Figure 9. As expected, transitions like <VI7 ii V7 I> were found among the most
frequent. This group of frequently used elements is typical of popular music and jazz
standards of from the second half of the 20" century, indicating that chord progressions
alone are not sufficient to explain the unique characteristics of Jobim’s style. The chord
symbols in the database generally do not include the non-chord tones that Jobim often
used in his melodies. Another important element of his style that is missing is the
description of his smooth voice leading and countermelodies.
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Figure 9. Subsequences in songs in major keys occurring more than fifty times The bars in gray
indicate single chords, which can be omitted from the graph.

Still, some surprises emerged, like the progression <II7 ii> among the most usual.
Another important finding is that some single chords appear after entire sequences. For
example, the /I (35" position, 96 occurrences) has less occurrences than the sequence
<iii V7/ii ii> (29" position, 104 occurrences), and the VI (52™ position, 63 occurrences)
has fewer occurrences than sequences like <bIII° ii> (48" position, 70 occurrences) and
<vii IlI7> (49" position, 68 occurrences).
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4.6 Change in progressions over the years

Figure 10 shows the evolution of the harmony in the music of Jobim over the volumes
of the Cancioneiro series. The last graph shows the combination of all five volumes.
The most apparent change in harmonic progressions over time was observed to occur
between volumes 1 and 2, shown in Figures 10a and 10b. This marks a major change in
Jobim’s vocabulary, beginning in volume 2 which covered the bossa nova period,
recognized for its rich harmony. The HarmlIn tools also generated video animations
showing the evolution volume by volume and song by song. These videos, as well as
other material is available at the website http://willshare.com/jobim.
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Figure 10. Chord transition graphs related to songs in major keys from the 5 Volumes of the Cancioneiro
Jobim.

4.7 Analysis of most famous songs

Figure 11 shows HarmlIn’s ability to compare datasets. It can display the graphs side by
side, compute statistical data, and generate graphs showing the differences between the
datasets. Figure 11 presents a selection of sixteen of Jobim’s most famous songs in
major keys (the Hits dataset, in Figure 11b) compared with the entire group of songs in
major keys (Figure 11a). The “Hits” dataset appears to have more modulations to
distantly related keys, and shows increased use of substitute dominants, resulting in
smooth bass lines. Figure 11c shows the graph of the difference between them. The red
lines represent a higher incidence of those chord transitions in the first dataset, green
lines represent a higher incidence in the second one.
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Figure 11. Comparison between the chord transitions in 16 of Jobim’s most famous songs
with his complete works. The 3rd graph plots the difference between them.

4.8 Comparing Datasets

Section 4.8 already outlined how Harmln can be used to compare datasets. We
performed another experiment of this type, in order to compare the music of Anténio
Carlos Jobim with other composers or styles. We gathered many chord charts from a
website specializing in Brazilian music (Mvhp 2007). Then, we created six datasets,
three for composers (The Beatles, Chico Buarque, and Caetano Veloso), and three for
music genres (following the classification given by the site: Axé, Forrd, and Brazilian
Funk). The Beatles’ dataset is composed of 107 songs, Chico Buarque’s of 121, and
Caetano Veloso’s of 122. The Forré dataset contains 121 songs by 15 artists, the Axé
dataset contains 396 songs by 16 artists, and the Funk 25 songs by 8 artists. Including

datasets are not authoritative and parsing them may lead to errors.

Figure 12 shows comparative graphs between Jobim’s music and that of The Beatles.
Figure 12a shows the difference in the number of times each chord has been used. This
graph reveals that The Beatles more frequently used a smaller number of chords
(“negative” values in the histogram), while Jobim used a greater variety of chords
(“positive” values in the histogram). Figure 12b shows the difference between the
number of times each chord transition has occurred. White pixels indicate a higher
incidence of a particular chord transition in the music of The Beatles, black pixels
indicate a higher incidence in the music of Jobim. Figure 12¢ shows the same difference
in the chord transition graph, with green lines representing chord transitions used more
often by The Beatles, and red lines those used more often by Jobim.
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Figure 12. Comparison between the music of Jobim and the Beatles.

Harmln can also give some statistics about the comparison. For example, the correlation
or the covariance of two datasets, the standard deviation of a group of datasets, the sum
of the absolute differences between two datasets, or the sum of their product. The table
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below presents the correlation coefficients between them. We can see how the Axé and
the Brazilian Funk harmonies are highly correlated. Also, the data point Chico
Buarque’s harmonies being the most correlated to Jobim’s, and interestingly a certain
similarity between Caetano Veloso’s harmony and that of The Beatles.

Major Tom Beatles ChicoBuarque Caetano Forro Axé Funk
Tom 061271 0,28819 0,57131 061775
Beatles ) 0,69558 0,83029 0,63504
Chico Buarque | 0 051290 0,72072 0,62971
Caetano 0,83953 0,68011
Forro
Axé
Funk

069159

0,84511 0,68511

8451
10,6851

Minor Tom Beatles ChicoBuarque Caetano Forro Axé FunkCarioca
Tom 0.24540 0,68752 059144 033371 021177
Beatles 00000 0,27671 0,65560 045967 0,38435
Chico Buarque 051849 0,38903 0,23657
Caetano .00000 048903 0,37496
Forro 055129
Axé 0,52432
Funk Carioca 11,0000

0.23651 ,055125 ~~

Figure 13. Table with the correlation coefficients between each pair of datasets considered.

The correlation between chord transition matrices, however, does not always explain
harmonic similarities or divergences. Even if all matrices are normalized by the overall
number of chords in each database, the scaling may affect the results. Sometimes a big
difference in a certain chord transition hides many similarities. The main harmonic
characteristic of a composer may be the use of certain chords in specific situations, and
as these chords may seldom appear, they won’t impact the overall result. Thus, the
analysis must comprise all graphs and statistics: the number of chords used, the variety
and shape of the chord transition paths, etc. HarmIn does not give an answer to
questions like “Which composer is most similar to Jobim?”, but it provides the user
with the tools to analyze and reach conclusions. To demonstrate that, the relation of the
three genres we studied is shown in Figure 14. In fact the graphs seem quite similar
while very different from the individual composers. The companion website includes
full graphics and data.
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Figure 14. Chord transition graphs for Forro, Axé, Brazilian Funk genres.

4.9 Generation of new progressions

A final feature of HarmIn we tested was its capability to integrate with RamlIn, in order
to use its ability to create new chord progressions, coherent with the harmony used as
input. RamIn allows an iterative and interactive composition while the user repeatedly
accepts or rejects continuations for a given harmonic input sequence. Figure 15 below
shows a progression made with the help of RamlIn.



/ G7(13) / Dm7(%) / Dm7(8) 7 /7 /
/ Dm7(8) / G7(13) / G7 / Gm?/Bb / Am7 / / /
/ G7(13) / 2m7 D7 2m7 D7 Am7 D7 Am7 D7
/ Gladds) / G/A Em7 Dm7 G7(13) Dm7 G7(13) C D
mé/G G#m7(11l) / C#7(9) / D/ C§7/ D/ Bn7? /
m? / C#7 / Em7 / A7 R6(%9) D6(9) 7/ / /

Figure 15. A new chord progression made with Ramin, based on the analysis of Jobim’s music

5. Conclusion

This paper presents a set of tools grouped under the name of HarmlIn, designed to help
analyze harmony, especially chord progressions. The main features of HarmIn were
presented, along with a case study using the music of Antonio Carlos Jobim, as well as
accompanying this paper (http://willshare.com/jobim) includes sample song data, color
graphics and videos, and audio examples of generated sequences.
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