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Abstract: This paper compares approaches to music key detection based on popular key-profiles
with a new key detection method that utilizes the concept of the signature of fifths. The signature of
fifths is a geometrical music harmonic-content descriptor. Depending on the scenario, it may reflect
either the multiplicities of occurrences or the aggregated durations of individual pitch-classes of
the chromatic scale in a given fragment of music. In this study, we compare the efficacies of a few
strictly correlational key recognition approaches based on music key-profiles (i.e., Krumhansl-Kessler,
Temperley, and Albrecht-Shanahan) with a new method that implements the concept of the signature
of fifths. All the experiments were performed in a collection of music pieces comprised of preludes
by J. S. Bach (The Well-Tempered Clavier-Book I), preludes by F. Chopin (Op. 28), and songs by The
Beatles (from the album A Hard Day’s Night). In the scenario implementing the aggregate durations
of individual pitch-classes, based on the analysis of the shortest initial fragments of music for which
the key was indicated in all the considered approaches, the key detection efficacy obtained with
the method using the signature of fifths was greater than the efficacies obtained with the strictly
correlational approaches utilizing key-profiles (on average by 9.27 pp). In the case of the analogous
analysis carried out for the scenario implementing the multiplicities of occurrences of individual
pitch-classes, on average, greater efficacy was observed for the strictly correlational approaches
based on key-profiles (by 2.7 pp). The conducted experiments confirmed the new key-detecting
method offers advantages in computational simplicity, stability of decision making, and the ability to
successfully determine the key based on a very short fragment of music.

Keywords: music information retrieval; computer music analysis; music key detection; signature of
fifths; key-profiles

1. Introduction

Major-minor tonality has long been present in Western Classical Music, providing
means for shaping the mood of musical compositions. Nowadays, it plays an important role
in many music-related algorithms or systems, for example music genre recognition [1-3],
assessment of musical tension [4-7], music visualization systems [8-11], music data min-
ing [6], computer-aided composition software [12-14], and determining the harmonic
structure of created pieces [15,16]. It is worth mentioning that in recent years, methods
implementing neural networks [17-19] and other machine learning approaches [20-22]
have gained popularity in many areas of music analysis.

Well-known key-detection methods use tonal models as reference points. The history
of tonal models dates to Pythagoras, who defined the principles of the mathematical
description of consonances. Consonant-sounding intervals, which form major and minor
chords, were reflected in the Tonnetz proposed by Euler, which showed the most important
harmonic relationships in major and minor scales. Extensions of Euler’s harmonic networks
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are various types of spiral array models [23-25], which can constitute the basis for chord-
detection algorithms [25-28]. They can also be used for the key recognition purposes [29,30].

There are many different models known to represent the relationships between tones
and their associated keys. Interesting concepts of tonal description include, for example,
Longuet-Higgins tonal maps [31,32], the geometrically regular helical models presented
in [23], the spiral array models that show the interrelations among musical pitches [24],
and the orbifold that represents the musical chord [11]. Unfortunately, they involve very
complex calculations, which make hardware implementations impractical.

Key recognition methods based on key-profiles are much simpler [18,19,33-39]. Key-
profiles generally assign larger weights to diatonic tones than to non-diatonic ones. The
largest weights are assigned to the tones on which the triad chords are built: Tonic; Domi-
nant; and Subdominant. Various methods have been used to create the key-profiles. For
example, some have been based on extensive experimental studies [36,37], statistical anal-
yses [10,40,41] or creation of probabilistic models [38]. In our opinion, the key-profiles
created by Albrecht and Shanahan, with the help of artificial neural networks [33] deserve
special attention because they recognize keys very effectively.

Some of the key-profiles resulted from an in-depth analysis of already existing profiles
(e.g., the analysis of Krumhansl-Kessler key-profiles) supported by advanced models based
on probabilistic reasoning. This led to the creation of the Temperley profiles [38], [39]. It is
also worth noting that in some cases the process of creating key-profiles was based on the
analysis of audio files [34,42].

In general, using key-profiles to detect music keys is rendered down to the calculation
of the correlation coefficients of the input vector that represents the analyzed piece of music
with 12 major and 12 minor key-profiles. The largest correlation coefficient indicates the
key of the analyzed piece. It is an open question of how to select the analyzed music
sample and which key-profiles to use to obtain the best results. Although the algorithms
for key detection based on key-profiles are among the simplest, their implementations
can be cumbersome due to the necessity of a relatively large number of multiplication
operations, especially in the case of electronic instruments (e.g., keyboards). A much
simpler approach to the key-detection problem can be established utilizing the concept of
the music signature, introduced in [35], which in this paper is referred to as the signature of
fifths. We decided to change the name of this construct to emphasize its strong association
with the circle of fifths. As shown in [35], a structural analysis of the signature of fifths
enables the determination of the key of a piece of music. It is worth noting that one can also
use this method to determine the key signature without the need for computation of any
correlation coefficients [43]. Observing the variations of the signature of fifths over time
enables a “rough” evaluation of the harmonic structure of a given piece of music [44]. The
signature of fifths can also be used to evaluate the style of an arrangement of carols [45]. In
this paper, inspired by the observed properties of the signature of fifths [35,43], we present
a broader, multi-criteria, comparison of key-recognition approaches based on the signature
of fifths as well as the well-known key-profiles of Krumhansl and Kessler, Temperley, and
Albrecht and Shanahan.

The main goal of this article is to compare the key detection method based on the
signature of fifths with the simplest key detection approaches known from the literature
that utilize key-profiles. The greatest value of the method implementing the signature of
fifths is its computational simplicity. As it turns out, the orientation of the main directed
axis of the signature of fifths is informative enough to enable narrowing of the set of
24 potential keys to just 2 relative keys, hence reducing the number of multiplication
operations associated with the performed correlations. A great advantage of the key
detection based on the signature of fifths is the stability of made decisions, i.e., the indicated
key is most likely correct and generally not prone to changing when the analyzed fragment
of music is extended. This property results from the way in which the main directed axis
of the signature of fifths is determined. The foundational assumptions behind the key
detection method using the signature of fifths are that the diatonic tones are always located
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on one side of the main directed axis, and the orientation of the main directed axis is not
very sensitive to the presence of a few off-scale tones.

Following this introduction, in Section 2 we provide the basic theory behind the
concept of the signature of fifths and discuss the key recognition schemes considered in
the study. Section 3 presents the results of our experiments along with a discussion of the
strengths and weaknesses of the key detection approaches we compared. In Section 4, we
summarize the study and indicate our further research activities.

2. Materials and Methods

Musical compositions can be represented with tones corresponding to the twelve pitch-
classes of the chromatic scale: C; Ctt/Db; D; D#/Eb; E; F; Ftt/Gb; G; Gt/ Ab; A; Af/Bb; B. Of
course, the tones comprising a particular piece may belong to different octaves. Knowing
the number of occurrences of notes associated with individual pitch-classes in a given
fragment of music, or their durations, it is possible to define a set of values X (1):

X = {Xc, XCt/Dbs XD XD3/Eps XEs XB/ XE2/Gor XGr XGt/Abs XAs XAt/Bys XB 1)

where x; is the multiplicity of occurrences of tones associated with a particular (i-th) pitch-
class or the aggregate duration of tones corresponding to that pitch-class. Using (1) we
define the vector K (2):

K= [kA/ kD/ kG/ kC/ kF/ kar kEb/ kAb/ ka/ ij/ kB/ kE] (2)
where: X
. = !

ki max(X) ®)

The elements of the vector K are sorted in accordance with the succession of the pitch-
classes defining the circle of fifths, beginning from the A and proceeding counterclockwise.

Definition 1. The signature of fifths.

The signature of fifths (also referred to as the music signature [35]), corresponding
—
to a given fragment of music, is a set of twelve polar vectors {ki :i=A,D,G,...,Ey,

whose coordinates (7;, ¢;) are determined with the following assumptions:

e thelength of the i-th polar vector is equal to the i-th value defining the vector K, which
can be obtained either using the multiplicities of occurrences of tones associated with
individual pitch-classes or the aggregate duration of tones corresponding to those
pitch-classes:

—

ri = kl

=k; 4)

e the angle of the i-th vector is determined with the following relationship:

¢; = j-30° ®)
where j = 0];_4, j = 1|;—p, and so on.
Example 1. The two ways of creating the signature of fifths.

Let us consider the two ways of creating the signature of fifths corresponding to the
fragment of music shown in Figure 1. In the first case, we assume that the length of each
constituent vector of the signature of fifths reflects the multiplicity of occurrences of notes
associated with a particular pitch-class. In the second case, the lengths of the vectors will
reflect the aggregate durations of individual pitch-classes. In either case, a certain time
resolution of the analysis needs to be assumed, e.g., eight-note or quarter-note. In this
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example, we will create the quarter-note signatures of fifths corresponding to the fragment
of music shown in Figure 1. The multiplicities of occurrences and aggregate durations of
individual pitch-classes comprising the chromatic scale, obtained for this fragment, are
presented in Table 1.

|

(RS

Figure 1. The analyzed fragment of a sample music piece.

Table 1. The values of the quarter-note multiplicities of occurrences (R, ) and aggregate durations
(Rp ) associated with individual pitch-classes of the chromatic scale, obtained for the fragment of
music shown in Figure 1.

Pitch-Classes Ry Rp
XA 1 1
XD 2 8
XG 0 0
XC 0 0
XE 0 0
XBh 0 0
XEp 0 0

X Ab 0 0
XDy 1 1
3 3 9
XB 0 0
XE 1 1

The vectors K corresponding to the two ways of creating the signature of fifths are
depicted with Equations (6) and (7), whereas the signatures themselves are illustrated in
Figure 2:

Kg, =10.330.670000000.33100.33] (6)
Kgrp, = [0.110.890000000.11100.11] 7)
@) . (5 .
F G F G
Bb D Bb D
Eb A Eb A
Ab E Ab E
Db B Db B
Gb/T'# Gb/T#

Figure 2. The analyzed fragment of a sample music piece. The signatures of fifths representing the
fragment of the music piece shown in Figure 1: (a) obtained for the multiplicities of occurrences of
individual pitch-classes; (b) obtained for the aggregate durations of individual pitch-classes.

Let us next define Y — Z as the directed axis of the circle of fifths, connecting two
opposite pitch-classes. The axis points from Y to Z, where: (Y; Z) € {(C, Ft); (E, B); (Bb, E);
(Eb, A); (Ad, D); (Db, G); (Ft, C); (B, F); (E, B?); (A, Eb); (D, Ab); (G, Db)}.

We will also define [Y — Z] as the so-called characteristic value of the directed axis
Y — Z, equal to Kr-K},, where Kr and Ky, are the sums of lengths of the vectors found on
the right and left sides of the directed axis Y — Z, respectively. The axis with the largest
characteristic value will be called the main directed axis of the signature of fifths.

Definition 2 ([35]). The main directed axis of the signature of fifths.
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A directed axis of the circle of fifths Y — Z, for which [Y — Z] assumes the maximum value,
is called the main directed axis of the signature of fifths.

The main directed axes obtained for the signatures of fifths shown in Figure 2 are
illustrated in Figure 3. The values on the outer edges of the drawn plots correspond to the
characteristic values of individual directed axes. The dashed arrow present in each plot
represents the main directed axis of a given signature of fifths. For the considered fragment
of music, the directions of these axes happen to be the same.

(@) x (b) '

1 Eb A on

0

3
233 Gb/F# 211 Gb/F#
3 1

[Db = G] = Kg=Ky, = 0.67+0.33+0.33+1=2.33 [Db = G] = Kg=K; = 0.89+0.11+0.11+1=2.11

Figure 3. The directed axes of the signatures of fifths corresponding to the fragment of the piece
of music presented in Figure 1: (a) obtained for the multiplicities of occurrences of individual
pitch-classes; (b) obtained for the aggregate durations of individual pitch-classes.

There are multiple ways to detect the tonality of a piece of music [18,24,36,37]. One
simple and effective method is based on key-profiles, which depict a particular key by
assigning weights to individual pitch-classes. It is worth mentioning, though, that the
key-profiles currently available tend to assign higher weights to diatonic tones than to
non-diatonic ones.

The first key-profiles were developed by Krumhansl and Kessler [36,37] as a result of
an experiment in which listeners were asked to rate the degree to which each tone of the
chromatic scale matched a seven-tone major and a seven-tone minor scale. The degree to
which the tones were related to each other was also examined and the obtained relationships
were expressed as the stability of a given tone in a particular key. Findings indicated that
the perceived stability of a tone was dependent on the tones that preceded it. This aspect is
important because the same tones are characterized by different harmonic relationships in
different keys. For example, the “C” tone in the key of C-major is a stable tonic, whereas
in the D-major key it is an unstable tone (i.e., extraneous in the harmonic context). The
obtained matching degrees comprise the normalized 12-element vectors featuring a given
key and correspond to the weights associated with particular pitch-classes. Key-profiles
representing any tonality can be obtained by relating the largest weight of such a vector with
a tonic. An algorithm for key detection using key-profiles was presented by Krumhansl
in [37]. It involved the calculation of the Pearson’s linear correlation coefficients between
the weights of the individual pitch-classes found in the analyzed fragment of music and
the weights associated with 12 major and 12 minor key-profiles. The correlation coefficient
with the largest value indicates the key of the analyzed piece. This algorithm is versatile
and can be used to determine the key using any set of key-profiles.

David Temperley proposed his key-profiles [38,39] after observing the results obtained
using Krumhansl’s algorithm [37]. Krumhansl-Kessler profiles led to good results primarily
for very short fragments of compositions (e.g., the first four notes of a given piece). These
key-profiles have some disadvantages, though; for example, the detected key frequently
changes when the number of notes of the analyzed fragment of music increases. In addition,
according to Temperley, the Krumhansl-Kessler profiles exhibit a bias towards minor
scales because of the different cumulative values obtained for the component tones of the
harmonic triads in major and minor keys. According to Temperley, unifying the cumulative
value of the weights for the component tones of the harmonic triad for both tonalities
(major/minor), as applied in Temperley’s profiles, eliminates this bias.
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There are other key-profiles in the literature [9,33,40,41]; however, in our opinion,
those created by Albrecht and Shanahan deserve particular attention [33]. They were
developed utilizing artificial neural networks trained on pieces created by well-known
composers such as Johann Sebastian Bach, Frédéric Chopin, Ludwig van Beethoven, and
Joseph Haydn. Only the first and last eight bars of each piece were considered. The
key detection was based on the analysis of the Euclidean distance between the points
representing the analyzed fragments of compositions and the points associated with
12 major and 12 minor keys. The smallest distance indicated the key. A comparison
of the major and minor key-profiles proposed by Krumhansl and Kessler (K-K), Temperley
(T), and Albrecht and Shanahan (A-S) is shown in Figure 4. The values presented in the
graphs are normalized by the maximum value corresponding to the tonic (0).

Major key profiles

1
08
0.6
0.4
2ERIERlE
0 [ B I. I I =
0 1 2 3 4 5 6 7 8 9 10 11

K-K BT ®mA-S

Minor key profiles
1
0.8

0.6
o | | | | |
0.2
0 I. ul I I " || I
0 1 2 3 4 5 6 7 8 9 10 11

K-K BT ®mA-S

Figure 4. A comparison of the major and minor key-profiles proposed by Krumhansl and Kessler
(K-K), Temperley (T), and Albrecht and Shanahan (A-S).

We have found that the key of a piece of music can be detected in a simpler manner.
By calculating the signature of fifths (Definition 1), determining its main directed axis, and
then rotating this axis by 30 degrees in the clockwise direction, it is possible to identify a
pair of relative keys [35]. In the next step, the actual key is determined via correlation of
the vector of weights assigned to individual pitch-classes found in the analyzed fragment
of music (the vector K) with the major and minor key-profiles associated with the position
of the rotated main directed axis (only two correlation coefficients are calculated). The
recognized key will be the one for which the value of the correlation is higher.

Example 2. Finding the key of a music piece based on the signature of fifths.

Let us consider the signature of fifths shown in the left part of Figure 3. Its main
directed axis indicates the G tone. In this situation, the key of the piece of music is either
D-major or b-minor, which are associated with the obtained main directed axis rotated by
30 degrees in the clockwise direction. Calculating the two correlation coefficients rxy, where
x denotes the weighted pitch-class representation of the analyzed fragment of music and y
corresponds, individually, to the D-major or b-minor Krumhansl-Kessler key-profiles, the
following results are obtained: ry p-major = 0.66, Iy b-minor = 0.44. The correlation coefficient
calculated for the D-major key-profile is larger, hence the detected key is D-major (Figure 5).
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Af#
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bb Gb/F#
eb/d#

()

Ix p-major= 0.66 > rxp.minor= 0.44
Figure 5. Finding the key of a piece of music based on the signature of fifths.

Proper selection of the analyzed fragment of music is an important element of the key
recognition process. In general, the longer the sample, the better the chance that the correct
key will be recognized. Obviously, we would like to be able to correctly detect keys based
on the analysis of very short fragments of music. In this context, there is an important
difference between key recognition approaches based strictly on the key-profiles and the
method utilizing the signature of fifths. In the case of the former, there is a tendency for
changing the decision (the detected key) as the length of the analyzed sample is increased,
especially for very short fragments of music (the key is indicated even for a single note,
treating it as a tonic). In the case of the method based on the signature of fifths, the decision
is made only after the main directed axis of the signature of fifths is determined. More
notes are usually needed to recognize the key, but once the decision is made, it is much less
likely to undergo further changes.

Example 3. The comparison of different key-finding approaches.

Let us examine the results of the key recognition performed on the fragment of the
composition shown in Figure 1. We will use the two ways of creating the signature of
fifths, first by calculating the multiplicities of occurrences of individual pitch-classes and
then by calculating the aggregate durations of the pitch-classes. The key will be evaluated
for a successively increased number of initial notes. The results obtained for the two
representations of the analyzed fragment are presented in Figures 6 and 7. These figures
also illustrate the results obtained as the outcome of the strictly correlational analysis
using the key-profiles of Krumhansl-Kessler (K-K), Temperley (T), and Albrecht-Shanahan
(A-S). Incorrectly recognized keys are marked in red. It is clear that, in the case of the
approach based strictly on the key-profiles, decisions were made at any sample size of the
musical piece; thus, for very short numbers of notes they were not correct. However, in
the case of the method implementing the signature of fifths the decision was made when
the sample length reached four notes and it was correct. Expanding the sample size to
five notes resulted in the detection of the correct key (D-major) for the approaches based
on Temperley and Albrecht-Shanahan key-profiles. In the case of the sample comprised
of six notes, the direction of the main directed axis of the signature of fifths could not be
determined, making it impossible to indicate the key. Further extension of the sample size,
however, resulted in confirmation of the previous decision, indicating the key of D-major.
Interestingly, the strictly correlational method using Krumhansl-Kessler (K-K) profiles
identified incorrect keys regardless of the number of notes that were analyzed. Besides the
algorithm that utilized the signature of fifths, the best results were obtained with the strictly
correlational method based on Temperley (T) key-profiles. In the case of the approach
implementing the Albrecht-Shanahan (A-S) key-profiles, the correct key was indicated for
six notes; however, the decision was changed after extending the sample by another two
notes. The results obtained for all the considered key detection approaches, and for both
ways of representing the sample of music (i.e., the weighting of the tones comprising the
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analyzed sample with the multiplicities of occurrences or aggregate durations of individual
pitch-classes) are shown in Figures 6 and 7.

l
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Figure 6. The results of the music key detection obtained for the method implementing the signature
of fifths (SF) as well as for the strictly correlational approaches based on the music key-profiles of
Krumhansl-Kessler (K-K), Temperley (T), and Albrecht-Shanahan (A-S), observed for the successively
increased lengths of an analyzed music fragment—the weighting of individual pitch-classes was
realized with the multiplicities of their occurrences (incorrectly detected keys are marked in red).
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Figure 7. The results of the music key-detection obtained for the method implementing the signature
of fifths (SF) as well as for the strictly correlational approaches based on the music key-profiles of
Krumhansl-Kessler (K-K), Temperley (T), and Albrecht-Shanahan (A-S), observed for the successively
increased length of an analyzed music fragment—the weighting of individual pitch-classes was
realized with their aggregate durations (incorrectly detected keys are marked in red).

3. Experiments and Discussion

The main goal of the experiments we conducted was a multi-criteria comparison
of the method to find keys based on the signature of fifths with the strictly correla-
tional key-finding approaches that implement well-known key-profiles (i.e., Krumhansl-
Kessler [36,37], Temperley [38], and Albrecht-Shanahan [33]). Of course, many more
key-profiles are known and could be used in the study. The selected ones, however, seemed
to provide the best reference.

The experiments were performed with the following three groups of pieces of music:
the preludes by J. S. Bach from the collection The Well-Tempered Clavier (Book I); the
preludes of F. Chopin from Op. 28; and songs by The Beatles from the album A Hard
Day’s Night. It is worth mentioning that the analyzed collections of Bach and Chopin,
individually, covered all 24 keys.

It needs to be emphasized that the key detection method that implemented the signa-
ture of fifths required the computation of only two correlation coefficients for any given
music sample—the correlation of the obtained weighted pitch-class representation with
the Albrecht-Shanahan [28] key-profiles corresponding to the two relative keys associated
with the main directed axis of the signature of fifths. In other approaches, the key was
determined based on the values of the correlation coefficients, which were individually
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calculated for all 24 key-profiles of Krumhansl-Kessler, Temperley, or Albrecht-Shanahan.
In all cases, the largest correlation coefficient indicated the key of a piece of music.

The performed experiments involved the analysis of fragments of music extracted
from the beginning (Beginning) and the end (End) of a given composition. Evaluation
of the key was based on the first and last bars of a piece. The experiments were also
conducted on whole (Whole) music compositions as well as on the concatenations of their
first and last bars (Beginning_End). For each of the above-mentioned sample selection
criteria (Beginning, End, Beginning End, and Whole), the following weighted pitch-class
representations of an analyzed fragment were used:

e the multiplicities of occurrences of individual pitch-classes (Ry;);
e the aggregate durations of individual pitch-classes (Rp).

In all the experiments, the quarter-note resolution was applied.

Let us first examine the results of the conducted experiments in terms of the applied
pitch-class representations. Tables 2-5 present the overall efficacies of all the considered
key detection approaches, obtained for different weighted pitch-class representations in
all three collections of compositions, regardless of the analyzed sample extraction method.
The tables contain the results associated with the method implementing the signature of
fifths as well as the approaches based on the strictly correlational analysis with popular
key-profiles, i.e., Krumhansl-Kessler, Temperley, and Albrecht-Shanahan. The rows labeled
with “All pieces” correspond to the results associated with the analysis of all the music
pieces considered in the study (from all three collections).

Table 2. Overall * efficacies of the key detection obtained using the signature of fifths for different
weighted pitch-class representations of analyzed fragments of music, where Rj;—the multiplicities
of occurrences of individual pitch-classes; Rp—the aggregate durations of individual pitch-classes.

Collection/Album Efficacy for Ry Efficacy for Rp
J. S. Bach—The Well-Tempered Clavier (Book I) 86.5% 78.1%
E. Chopin—Preludes Op. 28 87.5% 88.5%
The Beatles—A Hard Day’s Night 78.8% 82.7%
All pieces 85.2% 83.2%

* Based on the results obtained for all of the sample selection criteria (i.e., Beginning, End, Beginning_End, and Whole).

Table 3. Overall * efficacies of the key detection obtained for different weighted pitch-class represen-
tations of analyzed fragments of music using a strictly correlational approach based on Krumhansl-
Kessler’s profiles (K-K), where Rj;—the multiplicities of occurrences of individual pitch-classes;
Rp—the aggregate durations of individual pitch-classes.

Collection/Album Efficacy for Ry, Efficacy for Rp
J. S. Bach—The Well-Tempered Clavier (Book I) 81.3% 74%
F. Chopin—Preludes Op. 28 80.2% 79.2%
The Beatles—A Hard Day’s Night 73.1% 75%
All pieces 79.1% 76.2%

* Based on the results obtained for all of the sample selection criteria (i.e., Beginning, End, Beginning_End, and Whole).

Based on the results of the experiments, it is not possible to unequivocally indicate
which type of pitch-class representation gives better results. For example, for the set of J. S.
Bach’s preludes, better key-detection results were obtained using the method based on the
multiplicities of occurrences of individual pitch-classes. In some cases, the differences were
relatively large, for example, for the method using the signature of fifths (8.4 pp) or the
strictly correlational approach with the Krumhansl-Kessler key-profiles (7.3 pp). However,
for Chopin’s preludes, the opposite was observed in most cases. The exception was the
strictly correlational approach based on Krumhansl-Kessler profiles, which gave slightly
better results when applying the multiplicities of occurrences of individual pitch-classes.
The differences observed with regard to the pitch-class representation using the aggregate
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durations did not exceed 2.1 pp. Slightly larger differences (2-4 pp) were noticed for the
songs by The Beatles.

Table 4. Overall * efficacies of the key detection obtained for different weighted pitch-class represen-
tations of analyzed fragments of music using a strictly correlational approach based on Temperley’s
profiles (T), where R);—the multiplicities of occurrences of individual pitch-classes; Rp—the aggre-
gate durations of individual pitch-classes.

Collection/Album Efficacy for Ry, Efficacy for Rp
J. S. Bach—The Well-Tempered Clavier (Book I) 82.3% 80.2%
F. Chopin—Preludes Op. 28 87.5% 89.6%
The Beatles—A Hard Day’s Night 76.9% 73.1%
All pieces 83.2% 82.4%

* Based on the results obtained for all of the sample selection criteria (i.e., Beginning, End, Beginning_End, and Whole).

Table 5. Overall * efficacies of the key detection obtained for different weighted pitch-class repre-
sentations of analyzed fragments of music using strictly correlational approach based on Albrecht—
Shanahan’s profiles (A-S) where Rj;—the multiplicities of occurrences of individual pitch-classes;
Rp—the aggregate durations of individual pitch-classes.

Collection/Album Efficacy for Ry, Efficacy for Rp
J. S. Bach—The Well-Tempered Clavier (Book I) 88.5% 84.4%
F. Chopin—Preludes Op. 28 87.5% 88.4%
The Beatles—A Hard Day’s Night 80.8% 76.9%
All pieces 86.5% 84.4%

* Based on the results obtained for all of the sample selection criteria (i.e., Beginning, End, Beginning End, and Whole).

Taking into account all the experiments and comparing the outcomes observed for
the two types of pitch-class representation, slightly better results were noticed when using
the multiplicities of occurrences of individual pitch-classes (they were not better by more
than 3 pp). Figures 8-13 illustrate the key detection efficacies obtained for different collec-
tions of music, different ways of creating the pitch-class representations of the analyzed
fragments of compositions, and different approaches to the extraction of the analyzed
fragments. The bar plots indicate percentages of the pieces for which the key was correctly
recognized. Figures 8-10 present the results obtained for the scenarios implementing sam-
ple representations based on the multiplicities of occurrences of individual pitch-classes,
whereas Figures 11-13 summarize the results corresponding to scenarios with the samples
represented using the aggregate durations of the pitch-classes.

). S. Bach - The Well-Tempered Clavier (Book 1)

100.0
80.0
60.0
%

40.0
20.0

0.0

Beginning End Beginning_End Whole
W SF K-K T BAS

Figure 8. The key-finding efficacies obtained for the preludes of J. S. Bach, from The Well-Tempered
Clavier collection (Book I); the analyzed samples represented using the multiplicities of occurrences
of individual pitch-classes.
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F. Chopin - Preludes Op. 28
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mSF mK-K mT HA-S

Figure 9. The key-finding efficacies obtained for Preludes Op. 28 by F. Chopin; the analyzed samples
represented with the multiplicities of occurrences of individual pitch-classes.

The Beatles - A Hard Day’s Night
100.00

80.00

60.00

%
40.00
20.00
0.00

Beginning Beginning_End Whole
mSF mKK  mT  mAS
Figure 10. The key-finding efficacies obtained for the songs from the album A Hard Day’s Night by

The Beatles; the analyzed samples represented with the multiplicities of occurrences of individual
pitch-classes.

1. S. Bach - The Well-Tempered Clavier (Book I)
100.0

80.0
60.0
%
40.0
20.0
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Beginning Beginning_End Whole
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Figure 11. The key-finding efficacies obtained for the preludes of J. S. Bach, from The Well-Tempered
Clavier collection (Book I); the samples represented using the aggregate durations of individual
pitch-classes.

F. Chopin - Preludes Op. 28
100.00

80.00
60.00

%
40.00
20.00
0.00

Beginning Beginning_End Whole

uSF mK-K a7 HAS

Figure 12. The key-finding efficacies obtained for the Preludes Op. 28 by F. Chopin; the samples
represented with the aggregate durations of individual pitch-classes.
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The Beatles - A Hard Day’s Night
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Figure 13. The key-finding efficacies obtained for the songs from the album A Hard Day’s Night by
The Beatles; the samples represented with the aggregate durations of individual pitch-classes.

Figures 8-10 show large differences in the key detection efficacies obtained for the
given collections of music. The results depend on the selection of the analyzed fragments
of pieces, for example, the beginning or the end of the piece. In the case of J. S. Bach’s
preludes, this can be explained by the fact that many of the compositions, which are written
in minor keys, end in the relative major key. Such endings are found in preludes No. 6, 8,
10,12, 14, 16, 18, 20, 22, and 24.

When determining the key using samples obtained as the concatenation of the chords
located at the beginning and the end of a composition, the major character of the ending
chord is often masked by the minor sounding of the beginning and the ending chords just
before the final ending in a major key. This is reflected by an efficacy of about 90%. When
analyzing entire pieces of music (Whole), the efficacy obtained for the set of preludes by
J. S. Bach reached 100% both using the method implementing the signature of fifths and
using the strictly correlational approach based on 24 key-profiles of Albrecht-Shanahan. A
much lower efficacy (79.2%) was obtained in the case of the strictly correlational method
using Temperley key-profiles: incorrect keys were indicated for five preludes (Preludes No.
10, 14, 18, 20, and 24), all composed in minor keys.

In the collection of preludes by F. Chopin, the highest efficacies of key detection
were observed while analyzing the ending chords of pieces. The key was detected with
100% efficacy using the method based on the signature of fifths as well as utilizing the
strictly correlational approach with the Albrecht-Shanahan key-profiles. Significantly
lower efficacies (<80%) were observed while analyzing the initial fragments of the preludes
(Beginning). This can be explained by the uniqueness/originality of the beginning of many
preludes, which mask the true key of the overall composition. Good examples of such
pieces are preludes No. 2, 5, and 11. It is also worth noticing that the efficacy of the key
detection performed on entire pieces was lower (reaching about 80%) than the efficacy
corresponding to the analyses conducted on the beginning or the ending fragments (>87%).
This was undoubtedly caused by the unambiguous setting of the ending of the preludes in
the correct key but also due to the presence of pieces whose middle parts were composed
in a different key than the beginning and ending ones (e.g., Prelude No. 15).

As far as the songs by The Beatles are concerned, the worst results were obtained
when analyzing the initial fragments of pieces (Beginning). In other cases, the results were
slightly better.

The results obtained for the sample representations using the aggregate durations
of individual pitch-classes, illustrated in Figures 11-13, were in most cases very similar
to the ones obtained for the multiplicities of pitch-classes, illustrated in Figures 8-10. In
the case of J. S. Bach’s preludes, there was a rather significant discrepancy between the
key detection efficacies observed for the approaches with the multiplicities of occurrences
and the aggregate durations of individual pitch-classes, when analyzing the ending chords
(End) as well as the concatenation of the beginning and ending fragments of these pieces
(Beginning_End). This observation can be explained by the major chord endings of many
of the preludes written in minor keys (Preludes No. 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24). In
these cases, the final chords were usually relatively long, hence the chances of detecting a
major key were higher. Better results were obtained for the analysis of samples comprised
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of the concatenated beginning and ending fragments of pieces (Beginning_End). This is the
result of the temporal dominances of the minor parts of the beginning and the ending of
the analyzed pieces (e.g., Preludes No. 6, 16, and 22).

One of the purposes of the experiments we conducted was to find out whether it is
worth analyzing the entire piece of music in order to determine its key, or if it is enough to
analyze much shorter fragments. In general, determining the key based on the entire piece
should provide better results, however, the analysis of the entire piece may not always be
desired or possible. We decided to compare the different key detection approaches in terms
of various sample selection options (Beginning, End, Beginning_End, Whole), regardless
of the type of the sample’s pitch-class representation. The outcome of this comparison is
shown in Figure 14, which indicates that the most accurate way of determining the key was
achieved when the analysis was performed on the whole piece. The exception to this was
the approach using Temperley key-profiles, in which case the best results were observed
for the analysis of the concatenation of fragments located at the beginning and the end of a
given composition.

All analyzed music pieces
100.0

60.0
%
40.0
20.0
0.0
SF K-K T A-S

M Beginning MEnd M Beginning_End M Whole

co
o
o

Figure 14. The key-finding efficacies obtained for various sample selection options, regardless of the
type of the analyzed sample’s pitch-class representation (results for all the considered music pieces).

There are scenarios when one may wish to evaluate the key in a real-time manner.
In such cases, it is important to have an effective way of determining the key based on
the shortest possible fragment of music. Figure 14 clearly shows that the key detection
approach based on the signature of fifths gave the best results when the analysis was
performed on the initial fragments of music. In order to confirm the high efficacy of
the method utilizing the signature of fifths while dealing with short fragments of music,
additional experiments were performed.

Figure 15 illustrates the overall key-detection efficacies corresponding to the shortest
initial fragments of music for which the key was indicated in all considered approaches.

All analyzed music pieces
100.0
80.0

60.0
%
40.0
20.0
0.0
Ry Rp

mSF WK-K uT WA-S

Figure 15. The overall key-finding efficacies obtained for all the considered music pieces, correspond-
ing to the shortest initial fragments of music for which the key was indicated in all the examined
approaches, where Rj;—the multiplicities of occurrences of individual pitch-classes, Rp—the aggre-
gate durations of individual pitch-classes.

Algorithms using key-profiles indicate the key after analyzing any non-empty sample
fragment (with at least one occurrence of any tone). In the case of the method utilizing the
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signature of fifths, the decision can be made only after determining the main directed axis.
This requires at least two tones, but in most cases a larger number is needed to determine
the key. Figure 15 indicates that the method employing the signature of fifths leads to very
good results, especially when the analyzed samples are represented using the aggregate
durations of the pitch-classes. In this particular case, the results were the best (Figure 15).
The results yield some overall conclusions regarding the specifics of particular key-
finding approaches. We can confidently state the method based on the signature of fifths
does not make hasty decisions; additionally, once the key is determined it is generally not
prone to further changing. This is because of the way in which the main directed axis of the
signature of fifths is determined. In contrast, methods based strictly on the key-profiles are
more inclined towards changing their decisions. In order to make this clearer, let us inspect
two preludes by F. Chopin. First, we will consider the beginning of Prelude No. 4, Op. 28,
written in e-minor. The corresponding musical notation and the results of the key detection
process obtained using different approaches (SF, K-K, T, A-S) are presented in Figure 16.

M =
®—a &= |
ony . EEEFEEEF
SF - - e e e e e e e e
K—K B B b b b b b e e e
T b b b b e e e e e e
A-S B B e e e e e e e e

Figure 16. The music notation and key detection results obtained for the beginning of F. Chopin’s
prelude No. 4, Op. 28, written in e-minor, where: SF is the method using the Signature of Fifths and
K-K, T, and A-S are the strictly correlational approaches based on the Krumhansl-Kessler, Temperley
and Albrecht-Shanahan key-profiles, respectively (incorrectly detected keys are marked in red).

As we can see, the key-finding method using the signature of fifths (SF) indicated the
correct key (e-minor) after analysis of six notes, as in the case of the strictly correlational
approach implementing Albrecht-Shanahan key-profiles. Due to the dominance of the
note B in the initial fragment, the use of the strictly correlational method based on the
Krumhansl-Kessler and Temperley profiles (K-K, T) led to the detection of the b-minor key.

Detecting the key associated with a given fragment of music by relying only on
the correlations of its pitch-class representation with the key-profiles is prone to less
accurate decisions than detection using the signature of fifths. As an example, we will
consider the beginning of F. Chopin’s Prelude No. 7, Op. 28, in A-major. The musical
notation corresponding to this fragment, along with the key detection results obtained
when gradually increasing the number of analyzed notes, are presented in Figure 17. The
key-finding method using the signature of fifths (SF) indicated the correct key of A-major
after analysis of four notes and did not change the decision until the end of the fragment.
In the case of the strictly correlational approaches based on the Temperley and Albrecht-
Shanahan key-profiles the presence of E7 chords located in the second bar determined the
incorrect key of E-major.
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Figure 17. The beginning of F. Chopin’s prelude No. 7, Op. 28, in A-major, where SF is the
key-finding method using the signature of fifths and K-K, T, and A-S are the strictly correlational key-
finding approaches based on the Krumhansl-Kessler, Temperley, and Albrecht-Shanahan key-profiles,
respectively (incorrectly detected keys are marked in red).

The results of the experiments discussed in this paper can be summarized in a few points:

o  Generally, slightly better key detection efficacies are observed when representing the
analyzed samples using the multiplicities of occurrences of individual pitch-classes
than in the case of using the aggregate durations of the pitch-classes;

e In the scenario implementing the aggregate durations of individual pitch-classes,
based on the analysis of the shortest initial fragments of music for which the key
was indicated in all the considered approaches, the key detection efficacy obtained
with the method using the signature of fifths was greater than the efficacies obtained
with the strictly correlational approaches utilizing key-profiles (on average by 9.27 pp;
Figure 15);

e In the case of the scenario implementing the multiplicities of occurrences of individual
pitch-classes, based on the analysis of the shortest initial fragments of music for which
the key was indicated in all the considered approaches, the average efficacy obtained
with the strictly correlational approaches utilizing key-profiles was greater than the
efficacy achieved with the method using the signature of fifths (by 2.7 pp; Figure 15);

e  The key-finding method utilizing the signature of fifths is competitive with the strictly
correlational approaches implementing the key-profiles of Krumhansl-Kessler, Tem-
perley, and Albrecht-Shanahan, especially when one wants to detect the key by
analyzing a very short fragment of music;

e  The approach based on the signature of fifths usually needs a larger number of notes
to determine the key, but once the decision is made, it is most often correct and less
prone to further changing (as the number of analyzed notes increases) than the strictly
correlational methods based on the key-profiles.

4. Conclusions

The multi-criteria experiments performed on different key-finding approaches allowed
us to evaluate their strengths and weaknesses. It turned out that in the scenario imple-
menting the aggregate durations of individual pitch-classes, based on the analysis of the
shortest initial fragments of music for which the key was indicated in all the considered ap-
proaches, the key detection efficacy obtained with the method using the signature of fifths
was greater than the efficacies obtained with the strictly correlational approaches utilizing
key-profiles (on average by 9.27 pp). In the case of the analogous analysis carried out for
the scenario implementing the multiplicities of occurrences of individual pitch-classes, the
average efficacy obtained with the strictly correlational approaches utilizing key-profiles
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was greater than the efficacy achieved with the method using the signature of fifths (by
2.7 pp; Figure 15).

In the light of the above, representing the analyzed compositions with the aggregate
durations of individual pitch-classes seems more appropriate for the method utilizing the
signature of fifths. On the other hand, the use of the multiplicities of individual pitch-class
seems a better choice when one utilizes the other approaches.

It is evident that the method implementing the signature of fifths is a good alternative
to the strictly correlational key detection approaches based on the key-profiles. There is
no doubt that it is a computationally simpler technique that yields comparable results
and provides greater stability of the detected keys. The conducted experiments showed
that the method utilizing the signature of fifths was superior if the key detection process
was performed on the initial fragments of the analyzed pieces of music. This results from
the fact that the applied algorithm indicates the key only when the main directed axis
of the signature of fifths is determined. In other approaches, the key is indicated based
only on the values of correlation coefficients, which can be calculated for any number of
notes/chords comprising a given fragment of a composition. The problem is that in the
strictly correlational approaches, the keys detected based on the analysis of short fragments
of music are often incorrect. Additionally, it is difficult to determine the optimal length of an
analyzed fragment of music. In the case of the key detection method utilizing the signature
of fifths, the number of chords/notes needed to detect the key is chosen adaptively. The
key is pointed out only when there are enough notes to make a sensible decision.

The method based on the signature of fifths is well suited for real-time implementations
where the analyzed fragments of music need to be very short. In particular, it is suitable
for hardware applications in electronic musical instruments in which the musical notation
representing the piece being played is displayed on an LCD screen.

It is worth emphasizing that, for the purposes of the discussed study, in order to
visualize the signature of fifths, we used a normalization procedure so that the signature
of fifths inscribed in the circle of fifths had a unitary radius. In hardware applications,
though, this step is not needed because the main directed axis of the signature of fifths can
be determined without it. This leads to further simplification, which significantly reduces
the computational complexity of the method. Currently, we are focused on simplifying
the presented technique further to eliminate the need for calculation of two correlation
coefficients used for the final selection of one of two relative keys. This would make the
key detection process dependent only on the analysis of the signature of fifths.
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