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INTRODUCTION

The study of Western music has a long tradition and was performed by a
variety of disciplines throughout the centuries, such as, mathematics,
philosophy, physics, music theory, and psychology.

In ancient Greece,

Pythagoras and Aristoxenes (sp. 320 ВС) studied and described music from two
different approaches, respectively, based on mathematics and on how a listener
perceived music.

Boethius (524) expanded the Pythagorean approach of

describing the fundaments of music in terms of the possible intervals and tone
systems that could be derived mathematically. During that period, music was
one of the four disciplines of mathematics (i.e., the so-called quadrivium that
also included arithmetic, astronomy, and geometry), a tradition prolonged by
works of Euler (1739) and Helmholtz (1877). In later centuries, theories of
music became score based 1 and thus described the general compositional
practice in a certain time period.
However, one can argue that music only becomes music in the human
brain. The structures described by music theory are present in the score but it is
not evident that these structures, when a composition is performed, are also
perceived by a listener. In the world outside the human brain music is just a
stream of frequencies proceeding in time. From this ongoing stream of
frequencies a listener derives musical elements, such as, pitches, intervals,
melodies, and chords. For example, in order to derive a melody from a stream
of pitches, a listener has to store the relations between the pitches and later
combine these into one melody.

Because deriving structure from music

involves so many processes and functions of the human brain (such as, bottomup and top-down processes, memory, retrieval, attention) the perception of
music is of special interest to psychology (e.g., Deutsch, 1977; Krumhansl, 1983).
Although some perceptual studies of music were performed at the beginning of
the 20th century (Bingham, 1910; Lipps, 1905; Meyer, 1900; Révész, 1926;
Seashore, 1938), it was not until the development of cognitive and experimental

Our modem system of notation dates from the early 17th century (Apel, 1972).
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psychology that theories in music were tested in a musically more realistic
experimental setting or related to mental processes involved in the perception
of music.
In Western music, during the past 250 years, the concept of tonality or key
has played a particularly important role. Tonal melodies (i.e., melodies that can
be interpreted in a key) are better recognized and better remembered than
melodies that are not tonal (Croonen, 1995; Cuddy, Cohen, & Mewhort, 1981;
Dowling, 1991; Frances, 1958/1988, p. 174). A key can be regarded as a mental
frame of reference in which the elements of a key (often described by the 7
elements of a major or minor scale) have special interrelationships and all relate
to one central tone or one central triad ("Hauptklang," Riemann, 1902),
respectively, the tonic (the tone that names the key) or the tonic triad. The tonic
and the other elements of the tonic triad (mediant, dominant, respectively the
third and the fifth of the chord) are the most stable elements in a key of which
the tonic has the highest stability (e.g., Krumhansl & Kessler, 1982; Povel, 1996).
In addition, it was shown that chromatic tones (tones that do not occur in a
scale) relate to specific elements in a scale (Brown, 1992; Cooke, 1959). A key
can thus be expressed consisting of a set of elements differing in stability, but
can also be interpreted as a tension field in which less stable tones resolve to
more stable tones (Cooke, 1959; Krumhansl, 1979; Povel, 1996).
Different disciplines (such as, music theory, cognitive science,
mathematics, psychoacoustics) have produced explanations for the concept of
tonality. Révész (1926, 1944) argued that the relation between pitches can be
described by two dimensions: (1) a pitch height dimension, the frequency
distance between successive tones; and (2) a chroma dimension, describing the
similarity between tones based on the simplicity of the ratio of the frequency
between the tones, for example, two tones that are related by the proportion 1:2
(i.e., octave related tones) 2 . A two-dimensional helix results if pitches are
presented along these two dimensions (see, e.g., Révész, 1944; Shepard, 1982).

^Révész uses the terms Tone-quality for chroma and Tone-quantity for pitch height.
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Furthermore, it has been suggested that the concept of tonality is based on the
chroma dimension (Povel & Van Egmond, 1993).
Several scientists have tried to explain tonality from a psycho-acoustical
point of view (e.g., Parncutt, 1989; Schoenberg, 1922/1978; Terhardt, 1974;
Helmholtz, 1877). These theories explain tonality from the harmonic series of a
complex tone. This series contains the following proportions describing the
frequency relations between the successive harmonics: 1 : 2 : 3 : 4 : 5 : 6 , etc.
Parncutt (1989), who elaborated the model of Terhardt (1974), explained the
relation between chords from the principle of common toneness. Two chords that
have many harmonics in common are closely related, whereas chords that have
none or only a few harmonics in common are not related. The С major triad
and the G major triad have many harmonics in common, whereas the С major
triad and the CJt major triad have only a few harmonics in common. Parncutt
argues that the most important progressions in Western music are based on
chords that have many harmonics in common, such as a dominant to tonic
progression.
Several aspects of harmony cannot be explained from theories based on
the harmonic series.

First, triads other then the major triad cannot be

adequately explained by this approach. Second, the progression of major
chords С—>G is perceived musically different from the progression of the
major chords G—>C. The first sequence evoking an expectancy (to return to
G), whereas the second sequence is perceived as finished. However, the order
of the chords does not affect the harmonics they have in common. Third,
different instruments that have different harmonic series, or instruments that
produce tones containing inharmonics (such as a piano, see, e.g., Backus, 1977;
Fletcher, 1964) can evoke the same sense of tonality.
One might therefore conclude that listening to music involves more than
just the acoustical aspects of sound.

This was already suggested by

Riemann (1916), who stated: "Daß das Musikhören nicht nur ein passives Erleiden
von Schallwirkungen im Hörorgan sondern vielmehr eine hochgradige entwickelte
Betätigung von logischen Funktionen des menschlichen Geistes..." This statement is
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in line with the approach of cognitive psychology in which schemata play an
important role, Neisser (1976, p. 65) stated: "Perception is always an interaction
between a particular object or event and a more general schema". Thus, essential for
perception of music is a more general (mental) schema in which tones can be
interpreted. In addition, one can hypothesize that a well-structured general
schema will enhance the perception—the coding of objects or events—whereas
perception is incomplete or not accomplished if there is a badly structured
general schema.
Tonality provides this well-structured schema for the interpretation of
pitches. Moreover, the classical music between 1700 and 1900 (e.g., Dahlhaus,
1968/1990), pop-music (e.g., Middleton, 1990), and Jazz (Forte, 1995) are all
based on essentially the same harmonic progressions—especially dominant to
tonic progressions—that establish a tonality. The relatively low appreciation
and the difficulty subjects have in recognizing structure in atonal or serial
compositions (e.g., Frances, 1958/1988), can be understood if one considers that
for every composition a new unique "schema" is developed by the composer.
This schema has to be derived by a listener from the composition and also be
applied by the listener to interpret and understand the underlying structure
(e.g., the rows in serial compositions). In contrast, the schema of tonality can be
applied over compositions and over styles and can thus be much easier
acquired by a listener.
Another essential tool to bring structure in tonal music is the repetition
and variations of melodies, themes, and motives. For example, during the first
38 measures of the third part of Mahler's first symphony the main theme is 11
times exactly repeated in canon form. However, pure repetition of a theme will
mostly result in monotony, to avoid this monotony themes are varied.
Although melody is an important structuring principle in music (Epstein, 1987;
Reti, 1951; Schoenberg, 1967), actual models in music perception do not predict
which melodies are better remembered, and under which transformations
melodies remain perceptually invariant (Hülse, Takeuchi, and Braaten, 1992).
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Especially, this last aspect is important given the compositional practice to vary
themes and motives.
This thesis is divided in two parts. The first part describes a series of
experimental studies that investigate under which transformations a tonal
melody remains perceptually invariant, and to establish which mental code a
listener might use to determine this invariance. The second part presents a
categorization of the sets of tones that can occur in the three main diatonic
scales of the tonal system, major, harmonic minor, and ascending melodic
minor. These three scales are considered to be the main representatives of a key
and are the basis of models and theories of tonality induction (e.g., Browne,
1981; Longuet-Higgins & Steedman, 1976). Four points will be discussed in this
introductory chapter. First, important aspects from music theory and some
phenomenology are discussed. Second, three theories from music psychology
are discussed. Third, processes and possible mental representations that relate
to the similarity of melodies are described.

Fourth, an overview of the

Chapters 2 through 7 is presented in which the influence of transformations,
such as, transposition and alteration of the interval structure have been studied.
STRUCTURE IN MUSIC. M U S I C THEORETICAL DESCRIPTION

The main determinants of structure in tonal music are: melody 3 ; harmony;
rhythm. Although in most analyses timbre is not considered a structuring
principle in tonal music, it is essential in the understanding of orchestration
(Piston, 1978/1955).

Furthermore, it has been shown that timbre is an

important cue for untrained listeners to determine the perceptual similarity
between melodies (Wolpert, 1992). As the main focus in this thesis is primarily
directed towards pitch structures, I will not discuss the function of meter and
rhythm in the tonal system. Meter can be considered as the frame of reference
in which a rhythm is perceived. Changing the meter and keeping the rhythm
constant will cause a listener to not recognize the same rhythmic figure (Povel
& Essens, 1985). It is has been shown that rhythm plays an important role in
Melody is used here to identify only ordered pitches and not their rhythmic implications.
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the recognition of a theme (e.g., Jones, 1987; Jones, Summerell, Marshburn,
1987). For example, the overall structure in the first part of the Fifth Symphony
of Beethoven is in part based on the salience of the rhythmic aspect of the main
motive. The interval structure in the opening of the symphony is constantly
varied, while the rhythmic aspect remains constant. In this thesis only
isochronous pitch sequences are studied, consequently the aspect of rhythm can
be considered negligible.

First, some principles of harmonic tonality are

discussed, because tonality is one of the underlying principles in most of the
empirical studies. Second, two transformations of melodies are discussed.
Chords, Harmony, and Key
The basic chords in tonal music are named triads and consist of two thirds.
Figure 1 presents the four main triads in close position: С major triad; С minor
triad; С diminished triad; С augmented triad. Because octave equivalent tones
are considered to be equal (all C's whether it is Ci, C2, C3, C4 Cs^, etc., belong
to the same C) the positioning of the tones of a chord in other octaves does not
affect the identity of a chord. Thus, C3 E3 G3, E3 G3 C4, and G3 C4 E4, are all С
major chords in different inversions, respectively, root position, first inversion,
and second inversion.

The interval structure of the chords differs but the

chords belong to the same harmony, for example, all inversions of the С major
triad belong in the key of С major to the same tonic harmony.

Φ

Major
-m3~
ТЛЗ

Minor
RM3^
"*m3

Diminished
-mJ
m3

Augmented

=из=

*M3

Figure 1. The four main triads in tonal music presented in close position. M3 is a major third,
m3 is a minor third.

To fully understand and appreciate (tonal) music a listener should learn to
interpret tones in terms of chords (Riemann, 1916). Every tone in isolation can
be interpreted as the root, the third, and the fifth of a chord. Although chords
4 C4 corresponds to the middle С on the piano.
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are considered to be vertical entities, the elements of a chord do not have to
sound simultaneously in order to be considered as one chord. To demonstrate
these two different occurrences of chords in music, two examples are presented
in Figures 2 and 3. Figure 2 shows a fragment from a Chopin Waltz (opus 69),
in this part the chords are played completely in the left hand, and are explicitly
present.

^Ш

*

%

È

t

f

JLt

Figure 2. The use of chords in Chopin's Waltz (opus 69).
On the other hand, Figure 3 shows the opening measures of the Prelude of cello
suite IV of Bach (BWV 1010) in which the chords are presented as arpeggios.
All tones presented in measure 1 belong to the FJ» major triad. The sequence of
tones implies a chord, although this chord is not explicitly present. Apparently,
a listener is able to map this arpeggiated chord on one mental representation.
All intermediate forms of chordal presence can of course occur in real music.
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mΙ, ^ Ц Щ^| jLU Щ^.1 ^ Ц Щ^| ^ Ц
"·_·

"|·_|·

Ц

Figure 3. The use of arpeggiateti chords in the Prelude of Cello suite Г of Bach (BVW1010).

Certain progressions of chords result in the induction of a key. If the key has
been induced then a chord will have a function, such as, tonic, dominant, or
subdominant. The set of rules that describes the chord progressions and the
functions of chords is called harmony (e.g., Piston, 1987; Aldwell & Schachter,
1989; Schoenberg, 1922/1978). The most elementary of these progressions are
based on the chords of the diatonic scales. A diatonic scale contains 7 tones that
are indicated by their scale degrees which have different functions: Î , tonic; 2,
supertonic; з , mediant; î , subdominant; 5, dominant; б, submediant; 9, leading
tone. The chords that are built on these scale degrees are named after the scale
degrees, except for scale degree 9 which is considered to be a dominant chord.
The chords on the scale degrees î , Î , and 5 of the major scale are major triads;
the chords on the scale degrees 2 , 3 , and б are minor triads; the chord on scale
degree 9 is a diminished triad. The chords on the scale degrees 1, Î , and s have
the most important functions and are the main determinators of a key. The
other chords are considered as weaker representatives of the three main triads
(see, Dahinaus, 1968/1990; Riemann, 1902). The three main chords of the minor
key are built upon the scale degrees ι, 4, and s of the harmonic minor diatonic
scale and are respectively, a minor triad (e.g., С FJ" G), a minor triad (e.g., F A^
С), and a major triad (e.g., G В D). The functions of the scale degrees have the
same name in the harmonic minor as for the major system, the chords however
differ.
Bharucha (1987) modeled the principle of harmonic tonality in a network
approach. Tones evoke chords, chords evoke keys, and a key in its turn
activates chords. In this way, Bharucha found that the progression F —> G
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evoked the key of С major but also the С major triad. The input of the model is
based on block chords.
Melody

Ш

ШІ

Chord Progression in С major

1

И г i i
^

Р=Ш

^

Iï
m

m

p

Chord Progression Modulationg from С major to G major

j

PP

τ
Ι

Figure 4. Melody and two possible chord progressions accompanying the melody. The first
chord progression remains in С major. The second chord progression modulates from С major
to G major (Sloboda, 1985).
However, in melodies chords are never explicitly present and more than one
chordal interpretation can be given. If a melody is accompanied by chords, the
chords establish the local frame of reference for the melody tones, whereas a
chord progression determines the global frame of reference (i.e., a key). A nice
example of the enforcement of a functional interpretation of the tones of a
melody by a harmonic progression is given by Sloboda (1985) and is presented
in Figure 4. The melody is accompanied by two chord progressions: (1) a
progression in С major, in which the last G of the melody is interpreted as the
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fifth of the Tonic chord; (2) a modulating progression from С—>G, in which the
last G is interpreted as the root of the G major (tonic) chord. The establishment
of a global frame of reference, is essential for the chords to function as a local
frame of reference, then the tones of a melody will be interpreted in terms of
chords (Holleran, Jones, & Butler, 1995). However, it was also shown that not
all chords of a scale accompanying a melody will enforce the chordal
interpretation of a melody (Povel & Van Egmond, 1993).
Melody
In addition to the structure established by harmony, structure in music is also
accomplished by the repetition of melodies. Melodies that are used to bring
structure in musical composition are called themes. A theme mostly contains
several substructures that will function as "individual" entities in a composition,
called motives. In most compositions themes and motives are varied to prevent
monotony.

Variations of motives can be accomplished by changing, for

example, the underlying rhythm of the melody and/or the interval structure
(see for an overview, Epstein, 1987; Reti, 1951; Schoenberg, 1967).
Transposition of a melody is a variation that is often used in
compositional forms, such as, fugues or sonatas. A melody is transposed by
starting on another tone while keeping the interval structure equal to the
original melody. This type of transposition is named an exact transposition,
whereas a transposition in which part of the interval structure has been
changed is named an inexact transposition. The melody that is transposed is
shifted along the pitch height dimension. The pitch height dimension reflects
the discrete steps of the equal tempered system (Attneave & Olson, 1974;
Shepard, 1982). The magnitude of the shift, named pitch-distance, describes the
relation of the melody and its transposition. A transposition of a tonal melody
additionally results in a change of key, except for octave transpositions. The
relationship between the keys is represented on the circle of fifths (e.g., Apel,
1971, p. 171). The magnitude of the change in key is expressed on this circle
and is named key-distance.
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Figure 5 shows the theme of the fugue in С minor (Bach, WTK I, Fugue 2). Two
transpositions of this melody are shown: an exact upward transposition from С
to G (occurs actually in measure three of the fugue);

an exact downward

transposition from С to G. A transposition to a key can thus be accomplished
by different shifts on the pitch height dimension. In Figure 5 the upward
transposition from С minor to G minor was accomplished by a shift of 7
semitones, whereas the downward transposition was accomplished by a shift of
-5 semitones.
Theme

Upward transposition

Downward transposition

Figure 5. Theme of Bach fugue in С minor and two exact transpositions to G.

Besides the exact transposition, inexact transpositions also occur in
compositions. An inexact transposition starts on another tone but part of the
interval structure is changed. An inexact transposition that is often used in
music is the tonal transposition. In a tonal transposition all tones of the
transposed melody can be interpreted in the key of the original melody.
Figure 6 presents the motive, a tonal transposition of the motive, and an exact
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transposition of the motive of a string quartet Beethoven (Opus 132, part 3).
The tonal transposition actually occurs in the composition, whereas the exact
transposition does not occur.

The fourth and the fifth tone of the exact

transposition do not fit the key of D major (indicated by the accidentals for the
tones).

The fourth and the fifth tone of the tonal transposition can be

interpreted in the key of D major. However, the interval structure is changed.
It has been shown that tonal transpositions are judged as very similar to the
original melody (e.g., Bartlett St Dowling, 1980).

Motive

-7

+5

-1

-2

-2

Tonal transposition

-7

+5

-2

-2

-1

Exact transposition

-7

+5

-2

-2

-1

+2

+2

+1 +2

+2

+2

Ψ І
Figure 6. Motive, tonal transposition, and exact transposition of Beethoven String Quartet
Opus 132 Movement three in D major.
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M E N T A L

R E P R E S E N T A T I O N

O F

M E L O D I E S

To judge if a melody is similar to another melody, it is usually assumed that a
listener compares representations of the melodies that (s)he has stored in
memory. Figure 7 shows a schematic representation of the processes involved
in the comparison of two melodies. Each melody is coded and stored in
memory after which the codes (the mental representations of the melodies) are
compared. The similarity of the codes will determine a listener's judgment of
the similarity between the two melodies. Evidently, if the first stage in this
process is not successful then the input for the second stage of the process will
be incomplete. Consequently, the melodies cannot be properly compared.

Melody 1

Melody 2

Coding

Coding

Comparing
Figure 7. Schematic representation of the two-stage-process of comparing two melodies.

In Figure 8 the memory processes involved in the coding of music are
schematically represented. In this discussion I will especially focus on the
coding of melodic sequences. Echoic memory (Neisser, 1976) contains the
veridically stored pitch information5. Our emphasizes will however be on the
role of working memory and long term memory. The structure of an incoming
piece of music will be derived in working memory. To process the incoming
5

Pitch in this discussion will be assumed to relate to pitches heard in patterns, that is, in the
temporal context of one another.
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pitches knowledge from the long term memory must be retrieved in order to
derive structure or to compare the new structure with previously stored
musical events. Two forms of musical knowledge can be discerned in long
term memory: abstract and specific musical knowledge. Abstract musical
knowledge contains the abstract schemata of keys, cadences, formation rules,
style rules, etc., necessary to encode music. Schemata are essential in the
coding of music. This knowledge will be "loaded" into working memory in
order to encode music. Furthermore, abstract musical knowledge is not only
essential to interpret novel musical events but is also needed for the coding of
any musical event. As stated by Jackendoff (1987, p. 244): "Thus, the processor
must be chugging away computing structure even for a known piece, in order to make
sure that it is still the known piece". On the other hand, specific musical
knowledge is not essential for the interpretation of novel music. It contains
specific melodic material (total melodies or fragments), chordal schemes, total
songs or texts. This specific musical knowledge will be retrieved when a
specific melodic event occurs, for example, a familiar melody that occurs in a
symphony.
For our discussion it is important to note that a melody will be coded in
terms of a key, because this type of melody is better remembered. However,
this code will not contain veridical pitch information because one can start to
sing a tonal familiar melody on any given pitch or recognize a familiar tune
independent of the pitch it starts on (e.g., Attneave & Olson, 1971).
Consequently, some kind of code will be used as a mental representation, that
contains a structure, a key, and a starting pitch.

In Figure 8 the code

((Structure); key; reference element) is used which is the general representation
of the Deutsch & Feroe code (1981) described below. In long term memory, this
code contains no veridical pitch information. This pitch information will be
filled in the working memory by assigning a pitch just heard and preserved in
echoic memory.

On the other hand the coding and comparing of novel

melodies will occur completely in working memory. Melodies will be coded in
terms of a key but in some way veridical pitch information can be used and
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must be stored in working memory. Otherwise a listener could not judge the
similarity on basis of the relationship between keys or distances on the pitch
height dimension (e.g., Cuddy, Cohen, Mewhort, 1981; Dowling, 1986; Van
Egmond, Povel & Maris, in press). Some of the possible codings of melodic
sequences will now be discussed in the light of the previous discussion of
storing melodies and findings of similarity judgments in literature.

Echoic Memory
Veridical pitch information

1.
2.
3.
4.

Working Memory
Coding
Storing, temporarily
Retrieving
Comparing

Long Term Memory
Abstract Musical Knowledge
1. Keys
2. Chords
3. Progressions (cadences)
4. Style rules
5. Formation rules
6

Specific Musical Knowledge
1. Fragments or total melodies
coded in relative key-information
(((Structure); Key; Scale degree)
2. Chord schemes
3. Texts
4. Fragments or total compositions
5

Figure 8. Schematic representation of the memory processes involved in music perception.
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An Overview of Possible Codes
The coding of a melody should reflect that strong tonal melodies are better
remembered than melodies that cannot be interpreted in a key (see, Cuddy,
Cohen & Mewhort, 1981; Dowling, 1991; Frances, 1958/1988). Contour, the
pattern of up ups and downs between the successive pitches, is an important
aspect used by a listener in the coding of short melodic lines, whereas for long
melodic lines the intervals are more important (Dowling, 1978; Dowling &
Bartlett, 1981; Dowling & Fujitani, 1971; Edworthy, 1983,1985). The findings of
these studies show that a listener can detect if the direction between two tones
has been changed from upward into downward, or vice versa. However, it
seems unlikely that a listener only uses this directional coding without taking
into account the magnitude of the interval between the two tones. For example,
it is highly unlikely that an ascending minor second and an ascending major
sixth are mentally represented as the same. Therefore, a more complete code
should also include the aspect of distance between two tones. Dowling (1978)
suggested that a possible code should incorporate the aspect of key and contour
by describing a melody as steps along a diatonic scale.
Figure 9 presents a fragment from Frère Jacques starting on С (melody A),
two exact transpositions of the fragment (melodies B, and C), and one inexact
transposition of the fragment (melody D). The melodies В and С are
respectively transpositions to the keys of G and Fit. Fragment D can be
considered as a transposition from С major to D minor. In addition, the
fragments В and D can also be conceived as shifted along the scale of С major,
thus as tonal transpositions of fragment A.
A

Ш

B

C

D

^m

Figure 9. Melody A is a fragment from Frère Jacques. Melodies В and С are exact
transpositions of melody A. Melody D is an inexact transposition.
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In Table 1 the codes of the fragments of Figure 9 are presented in terms of
pitches, intervals, scale degrees (Do, Re, Mi), and in terms of the Deutsch &
Feroe (1981) code. To capture the ambiguity in interpretation of fragments В
and D that can be interpreted as transpositions to another key (codes Bl and
Dl) or as tonal transpositions (codes B2 and D2) two different codes for this
sequence are presented. If these codes reflect the mental representation they
should be able to explain the perceptual similarity between melodies. First, if
the melodies would be represented mentally by their pitches (second column of
Table 1), it is obvious that no predictions concerning the similarity between all
these fragments can be made, other than that the melodies would be judged as
being dissimilar. Second, the coding of the melody in terms of intervals (third
column of Table 1), could explain the similarity between the fragments A, B,
and C, but cannot explain the similarity between fragments A and D. The latter
is a tonal transposition of which it has been shown that it is judged as being
very similar to the original melody (Bartlett & Dowling, 1981, Dowling, 1978;
Takeuchi & Hülse, 1992; Van Egmond & Povel, 1994). In addition, interval
coding cannot provide an explanation for the finding that tonal melodies are
better remembered than non-tonal melodies, because the code does not contain
any key-information.

A code incorporating key-information is the Do Re Mi-

code presented in column 4 of Table 1 and could be a realistic representation of
the mental code. Fragments A, B, and С would be judged as similar using this
code. However, this code does not explain the similarity between fragments A
and D (tonal transposition). Furthermore, the code is independent of pitch
height, and therefore contour independent. Consequently, the code would
predict the same similarity judgment for melodies with the same pitch content
but with different contour. However, it has been shown that for so-called
octave scrambled transpositions, in which tones of a melody are randomly
presented in an octave such that the contour changed, are not recognized (e.g.,
Deutsch, 1972, 1979). Thus, this code cannot predict the similarity perceived
between melodies.
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Table 1
Codes of Melodies Presented in Figure 9
Melody

Pitches

Intervals

Do Re Mi

D&F

A

CDEC

+2+2-4

Do Re Mi Do

{(*,2п/Р2);СД}

Bl

GABG

+2+2-4

Do Re Mi Do

{(*,2n,p2);G,î}

B2

GABG

+2+2-4

So La Ti So

{(*,2n,p2);C,S}

С

FUG» A« Fl

+2+2-4

Do Re Mi Do

{(*,2n,p2);F«,î}

Dl

DEFD

+2 +1 -3

Do Re Me Do

|(*,2n,p2);d,î}

D2

DEFD

+2 +1 -3

Re Mi Fa Re

{(*,2n,p2);C,2)

NOTE. Melodies Bl and B2 and melodies Dl and D2 relate to respectively melodies В and D in
Figure 9.

The last column contains the codes according to the Deutsch & Feroe model.
The general form of this code was: ((Structure); Key, Reference Element). If the
codes of the melodies are compared, it can be seen that the codes differ in
alphabet or in reference element, while the structure code remains equal.
Consequently, because a large part of the code remains similar the code can
explain why the melodies are perceived as being very similar. Furthermore,
tonal melodies and non-tonal melodies can be distinguished in this code using
different alphabets, respectively, diatonic scale and chromatic scale. The code
also enables a judgment of similarity based on the key relationship between
melodies. The key of melody A is С and the key of melody В is G resulting in a
key-distance of 1, whereas the key-distance between melodies A and С is 6.
The code of melody A and the codes of the tonal transpositions B2 and D2 are
also very similar. These latter two tonal transpositions are correctly expressed
in the Deutsch & Feroe-code, as seen in the changing of the reference element
while both structure and key remain the same. Because two components of the
code remain the same (structure and key), it is understandable that tonal
transpositions are perceived as very similar to the original

melody.

Consequently, for tonal transpositions the perceived similarity does not result

20

Introduction

from the distance between keys but from the shift within the same key. This in
contrast to the similarity between melody A and the transpositions В and D
(codes Bl and Dl) of which the key determines the similarity. Predictions
derived from the model of Deutsch and Feroe are tested in the experiment of
Chapter 5 of this thesis.
Theories in Music Perception
Three theories that relate to the research presented in this thesis will now be
discussed.
Deutsch & Feroe Model
The model of Deutsch & Feroe (1981) for the internal representation of pitch
sequences offers a framework in which pitch sequences are described within an
alphabet.

The description or code employs three components, structure,

alphabet, and reference element. The general form of a sequence in the Deutsch
& Feroe-code can be presented as follows:
{((Structure); Alphabet} Reference Element}
The structure in a pitch sequence is described using the elementary operators: s
(same), repetition of the previous element; η (next), the next step in an alphabet;
ρ (predecessor), the previous step in an alphabet. A structure always contains
the symbol * that provides a reference point for the elementary operators.
Alphabets used are linearly ordered sets of pitches, such as: chromatic scale;
major scale; major chord. The alphabets are defined over all octaves or
registers.

Thus, each alphabet starts in the lowest octave and ends in the

highest octave. For example, the С major triad alphabet is: Co Eo Go ... C4 E4
G4~.Cn E n Gn· The reference element replaces the symbol * in the structure
and determines on which element in an alphabet the code starts. The reference
element can be a pitch, a scale degree, or a chord on a scale degree. The
combination of reference element, alphabet, and elementary operators describes
a pitch sequence. For example, an arpeggiated major triad starting on C4 using
the С major triad alphabet (Ctr) can be coded as: {(*, n, n); Ctr} C4}; or {(p, p, *);
Ctrl G4}. If an operator is repeated this may be indicated by placing the
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number of repetitions before the operator. Thus, in the above examples the
code can be rewritten into: {(*, 2n); Ctrl C4}; or {(2p, *); Ctrl G4 }. An element
positioned more than one step away from the previous element is described by
a superscript following an operator. The sequence C4 G4 C4 can be coded in
the alphabet of the С major triad as: ((*, n 2 , p 2 ); Ctrl C4}.
Sequences can also be combined using one of or a combination of the
following four sequence operators: pr (prime); ret (retrograde); inv (inversion);
alt (alternation). The general form of two combined sequences is:
S = A [sequence operator] B,
in which A and В are sequences. The prime operation (the only sequence
operator I will discus in this section) combines sequences without altering their
structure code. Figure 10 presents a melody that can be described by the
sequences.
A = {(*,3p);I}
B = {(»,p,n);Cr}
S = (A[pr]B;l)G

,

in which I corresponds to the tonic triad, Cr corresponds to the chromatic
alphabet, G indicates the main alphabet of G major, and 1 is the reference
element.

ij'

r

''

r

J

'1'

\ ^ ^

Figure 10. Melody generated by the Deutsch & Feroe-code by combining sequences: A = ((*,
3p); I), and В = {(*, ρ, η); Cr) into one sequence S = {А[рг]В; 1} С. (Deutsch, 1980).
Three hierarchical levels result from combining sequences A and B.

These

levels can be graphically represented by a tree as shown in Figure 11. The
highest hierarchical level corresponds to the reference element, the middle
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hierarchical level corresponds to sequence A, and the lowest hierarchical level
corresponds to the sequence S, which is a combination of sequence A and B.

G

G

D

В

G

G—F#—G

D—C#—D

B—A#—В

G—F#—G

Figure 11. Hierarchical levels generated by the Deutsch & Feroe code describing the structured
melody in Figure 10.

The Deutsch & Feroe model is probably one of the best formalized perceptual
models for music perception. However, the model was never elaborated or
extensively tested. Only one perceptual study (Deutsch, 1980) is presented in
the literature that tested the model to some extent.
Lerdahl & Jackendqff
The "Generative Theory of Tonal Music" (Lerdahl & Jackendoff, 1983) attempts
to describe the possible mental representation of the structure of a tonal piece of
music in 4 distinct hierarchical levels, which are derived from the so-called
musical surface.

This musical surface can be considered as the mental

representation of the pitches as they are represented in a musical score. The
four hierarchical levels are: (1) Grouping structure; (2) Metrical structure; (3)
Time span reduction; (4) Prolongational reduction. The theory proposes rules
that act on each hierarchical level: (1) The well-formedness rules, determine
which substructures can be derived from the musical surface; (2) The preference
rules, determine which of these derived structures are the most stable or the
most likely. Grouping structure is based on repeated rhythmic, melodic, and
harmonic structures in a composition. The metrical structure is composed of a
metrical grid as the smallest unit and accents superposed on this grid. In
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general, the metrical grid and the accents are determined, respectively, by the
smallest note duration and by the time signature of a composition (see,
Jackendoff, 1987, p. 221). The derivation of the grouping structure and of the
metrical structure precedes the time-span reduction and prolongational
reduction. The time-span reduction is determined by the rhythmic framework
of the grouping structure and by the metrical structure. The prolongational
reduction is based on a harmonic analysis that closely resembles a Schenkerian
analysis (Jackendoff, 1987, p. 229; West, Howell & Cross, 1985, p. 39).
In order to derive the hierarchical levels the theory relies on the implicit
music theoretical knowledge of the analyst (West, Howell & Cross, 1985, p. 39).
The theory might be considered to represent a formalized approach to musical
analysis, using explicit rules to form the hierarchical levels incorporating the
aspects of meter, rhythm, melody, and harmony. This in contrast to most music
analyses that focus on one aspect of a composition, for example, harmony or
melodic structure.
Jones
Jones (1987,1993) describes a theory of dynamic pattern structure in music, in
which the term dynamic refers to "...the integration of temporal relationships
with other aspects of musical patterns structure" (1987, p. 612). In two parallel
and independent processes accented events in the rhythmic and pitch structure
of a melody are derived. The rhythmic and melodic accents are combined on a
higher hierarchical level into one joint accent structure. According to the theory
if melodic and rhythmic accents coincide, these joint accented events have a
high attentive value. The joint accent structure determines two inter-melodymeasures, dynamic pattern similarity and dynamic pattern simplicity. Here, I
will only discuss dynamic pattern similarity because this principle could relate
to the experiments presented in this thesis. Dynamic pattern similarity is a
measure of the similarity between themes and their variations, whether these
variations change the rhythmic structure, the interval structure, or both accent
structures.
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Three types of melodic accents are discerned: (1) Contour based accents result
in from a change in contour; (2) Pitch interval based accents result from an
interval larger than 4 semitones; (3) Tonal melodic based accents (named
harmonic accents in Jones & Boltz, 1989) result from the resolution of an
expectancy implied by the key of the melody (e.g., leading tone —> tonic
resolution, in which the tonic receives the accent). The rhythmic and temporal
accents are determined by the duration of the tones and pauses between the
tones.
Jones, Summerell, and Marshburn (1987) found that variations of melodies
that resulted in changes of the interval structure or the rhythmic structure were
less noticed if the changes did not affect the melodic and temporal accents.
Furthermore, a variation of a melody was judged more dissimilar to the
original melody by a change in the rhythmic structure than by a change in the
melodic structure.

The theory is not applied in this thesis because no

predictions can be made concerning the similarity between a melody and an
exact transposition, because both have exactly the same melodic and rhythmic
accents.
OVERVIEW OF THE RESEARCH

This thesis contains two parts. The first part describes a series of experiments
in which the perceptual similarity between tonal melodies and transformations
of these melodies was studied. The transformations employed resulted in: (1)
shifts along two perceptual dimensions, the pitch height dimension and the
key-dimension;

(2) changes of the intervallic structure of the transposed

melodies. The second part describes a categorization of all possible subsets that
can be derived from the three main diatonic scales used in tonal music: major,
harmonic minor, and ascending melodic minor.
The first transformation studied was the exact transposition, which is a
transformation commonly used in compositions. A melody that is transposed
starts on another tone while the interval structure remains equal.

The

magnitude of the shift along the pitch height dimension is named pitch-distance.
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If the melody is a tonal melody a transposition may also cause a change in key.
The magnitude of the change in key is expressed in steps on the circle of fifths
and is named key-distance.

One specific key-distance may be realized by

moving clockwise or counterclockwise along the circle of fifths. For example, if
the original melody is in С major, a transposition with key-distance 1 can be
created in the key of F major or in the key of G major. This variable will be
indicated by direction on the circle of fifths.
Although transpositions of both tonal and non-tonal melodies result in a
shift along the pitch height dimension, the variable pitch-distance was never
systematically varied. Several studies did investigate the role of key-distance
on the perceived similarity between a melody and its transpositions (Bartlett &
Dowling, 1980; Cuddy, Cohen &: Mewhort, 1981; Takeuchi & Hülse, 1992;
Trainor & Trehub, 1993). In order to determine the relative contribution of
pitch-distance and key-distance, a number of experiments were performed in
which the two variables were systematically varied.
Another variable that acts on the pitch height dimension is the melodic
range of a melody, which is the distance between the lowest and highest tone of
a melody. To determine if an interaction exists between the variable pitchdistance and melodic range (both defined on the pitch height dimensions), two
experiments were performed in which transpositions of melodies that differed
in melodic range were employed.
The second transformation studied was the inexact transposition. Besides a
shift along the pitch height dimension, part of the interval structure in an
inexact transposition is changed. Two types of changes of the interval structure
were used: (1) A diatonic alteration, in which the altered tone(s) can be
interpreted in the transposition key; (2) A chromatic alteration, in which the
altered tone(s) cannot be interpreted in the transposition key. A special type of
inexact transposition is the tonal transposition. In a tonal transposition, the
transposed melody starts on another tone and the interval structure is modified
such that all tones can be interpreted in the key of the original melody. In other
words, a tonal transposition can be conceived as being shifted along the scale of
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the original melody (see, p. 18). It has been shown that tonal transpositions are
judged as being very similar to the original melody (e.g., Bartlett & Dowling,
1980).
Table 2
Overview of the Variables Studied in Chapters 2 through 7
Melodic Structure Transformation
Alteration
Dimension
Intervallic Structure
Paradigm
Transformation
StC
PC
PD
KD
Dir
Chap
MelR
TT
Chrom
Diät
2
X
Χ
Χ
χ
Χ
χ
Χ
X
Χ*
Χ*
3
Χ
Χ
4
X
Χ
X
Χ
χ
Χ
Χ
Χ
5
χ
χ
χ
6
X
Χ
χ
7
X
χ
Χ
χ
NOTE. Abbreviations stand for: Chapter (Chap); Standard comparison paradigm (StC); Paired
comparison (PC); Pitch-distance (PD); Key-distance (KD); Direction on the circle of fifths (Dir);
Melodic range (MelR); Tonal transposition (TT); chromatic (Chrom); Diatonic (Diat). "In
Chapter 3 overlap which is the combined variable of pitch-distance and melodic range is
discussed.
Table 2 presents an overview of the variables studied in Chapter 2 through 7 of
this thesis.

In Chapter 2 the similarity between a melody and its exact

transpositions was studied using a similarity paradigm, which is a variant of
the paired comparison paradigm (Thurstone, 1927). The transpositions were
constructed by varying the variables pitch-distance, key-distance, and direction
on the circle of fifths. In Chapter 3 the same variables were manipulated using
two melodies differing in melodic range. The paradigm employed in this study
was a standard-comparison paradigm. In Chapter 4 the role of melodic range
on the perceptual similarity between a melody and its transpositions was
studied using the similarity paradigm. Two melodies differing in melodic
range but equal in interval structure and pitch contents were transposed to
various keys using different levels of pitch-distance. In Chapter 5 the model of
Deutsch & Feroe was employed to derive a qualitative measure of similarity
between a melody and a number of exact and inexact transpositions. The
inexact transpositions were variants of the exact transpositions, such that, one
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tone in the inexact transpositions was chromatically or diatonically altered.
Part of the chromatic altered transpositions resulted in tonal transpositions.
Chapter 6 and 7 contain two analyses of a study of Takeuchi & Hülse and offer
an alternative explanation for their results. In Chapter 8 a categorization of
subsets of the three main diatonic scales (major, harmonic minor, and
ascending melodic minor) is presented.
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The Influence of Height and Key
on the
Perceptual Similarity of Transposed Melodies

Van Egmond, R., Povel, D.J., & Maris, E. (in press). Perception & Psychophysics.

ABSTRACT

In two experiments the perceptual similarity between a strong tonal melody
and various transpositions was investigated using a paradigm in which
listeners compared the perceptual similarity of a melody and its transposition
with that of the same melody and another transposition. The paradigm has the
advantage that it provides a direct judgment regarding the similarity of
transposed melodies. The experimental results indicate that the perceptual
similarity of a strong tonal melody and its transposition is mainly determined
by two factors: (1) the distance on the height dimension between the original
melody and its transposition, named pitch-distance; (2) the distance between
keys as inferred from the circle of fifths, named key-distance. The major part of
the variance is explained by the factor pitch-distance, whereas key-distance
only explains a small part.

Influence of Height and Key

INTRODUCTION

Transposition is a frequently used transformation on melodies in musical
compositions. In an exact transposition each tone of a melody is shifted by the
same number of semitones on the height dimension. The height dimension
reflects the logarithmic musical scale that listeners use to represent melodies
(Attneave & Olson, 1971; Shepard, 1982). The magnitude of the shift on the
height dimension is named pitch-distance. A transposition applied to a tonal
melody (a melody that induces a key) entails a key change, except in case of an
octave transposition. The magnitude indicating the relationship between keys
is named key-distance (see, e.g., Takeuchi & Hülse, 1992). Pitch-distance and
key-distance figure as the main variables in this study in which similarity
judgments of transposed melodies are investigated.
Relation between Key-distance and Pitch-distance in Transposed Melodies
In Figure 1 the 12 major keys-indicated by their most common names-are
presented on the circle of fifths. In this figure, the two sets of numbers adjacent
to the key-names represent: (1) Outside the circle. For each key its key-distance
(in steps on the circle of fifths) relative to the key of С major; (2) Inside the
circle. For each key the minimal pitch-distances, corresponding to the
downward and upward transpositions, respectively notated on the 2 sides of
the slash, from С major to that key. For example, the transposition of a melody
from С major to G major can be realized with the pitch-distances 5 and 7,
respectively a downward transposition (from C 3 ->G2) and an upward
transposition (from C3->G3).
Three important properties can be derived from this figure. First, a step
clockwise or counterclockwise on the circle of fifths results in the same keydistance, so that only 6 different key-distances are possible. Second, within the
range of an octave a transposition to a specific key can be realized by two
different pitch-distances (e.g., Сз->Сг; Сз~>Сз), indicating that key-distance
and pitch-distance are to some extent related and cannot be varied entirely
independently.

Third, for a given pitch-distance (e.g., 5 semitones)
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transpositions to 2 different keys that are situated on opposite sides of the
original key (in Figure 1 the key of С major) are possible (in the present
example C->G and C->F); both transpositions involving the same key-distance.
In conclusion, the individual contribution of the variables pitch-distance and
key-distance can be properly investigated only when a given key-distance is
combined with different degrees of pitch-distance.
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Figure 1. The circle of fifths representing the twelve major keys. On the outside of the circle,
key-distance relative to the key of С major is presented. Inside the circle, for each key two
pitch-distances left and right of the slash are presented, respectively corresponding to a
downward pitch-shift and an upward shift from С major to that key.
Similarity Judgments on Transposed Tonal Melodies
Although pitch-distance is the basic characteristic of transpositions of both
tonal and non-tonal melodies, its influence and, if applicable, its interaction
with key-distance has hardly been investigated systematically. However, a few
studies have reported that similarity judgments between a melody and its
transposition are greatly influenced by the pitch-distance between a melody
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and its transposition and not by key-distance (Frances, 1958/1988, p . 177;
Hershman, 1994; Van Egmond & Povel, 1994b, in press).
As regards key-distance, several studies reported that transpositions to
near-keys (keys at nearby positions on the circle of fifths) are perceived as more
similar to the original melody than far-key transpositions are (e.g.. Cuddy,
Cohen & Mewhort, 1981; Cuddy, Cohen & Miller, 1979; Takeuchi & Hülse,
1992; Trainor & Trehub, 1993). In addition, part of the results obtained in
research on transposition is obscured by two confounding factors, discussed
below.
One factor concerns the fact that key-distance effects depend on how
strongly a melody actually induces a key in the listener. One might assume
logically that key-distance effects would depend on how strongly a melody
actually induces a key in the listener.

Several characteristics in melodic

sequences have been shown to play a role in key-induction: (a) the presence of
the tones of a diatonic scale (Bartlett & Dowling, 1980; Dowling, 1978, 1991;
Krumhansl, 1990); (b) presence of rare intervals, like the tritone (Brown &
Butler, 1981; Butler, 1983,1989); (c) order of the tones (Bartlett & Dowling, 1980;
Bharucha, 1984b; Brown, Butler & Jones, 1994; Deutsch, 1984); (d) underlying
harmony (Croonen, 1991; Croonen & Kop, 1989; Cuddy, Cohen & Mewhort,
1981).
A second factor is related to the possibility that a transposition may be
perceived as a shift on the scale of the original melody, which will be referred to
as a tonal transposition. A tonal transposition may either be exact (same
interval structure) or inexact (changed interval structure). For example, if the
sequence С D E (in the key of C) is shifted to G A B, this transposition-having
the same interval structure as the original melody-may be perceived as a tonal
transposition within the original key of С instead of a transposition involving a
key-change to G. But if the sequence С D E is shifted to E F G the interval
structure changes, resulting in an inexact tonal transposition. Both exact and
inexact tonal transpositions are perceptually similar to the original melody
(Bartlett & Dowling, 1980; Dewitt & Crowder, 1986; Dowling, 1978, 1986; Van
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Egmond & Povel, in press). In some cases, tonal transpositions, which do not
yield a change in key, have been used to provide evidence concerning keydistance effects (Takeuchi & Hülse, 1992; Van Egmond & Povel, 1994a).
To avoid the discussed interactions, we used in this study only strong
tonal melodies and transpositions that cannot be interpreted as tonal
transpositions. The perceptual similarity between a strong tonal melodic
sequence and various transpositions is studied by systematically varying the
factors pitch-distance and key-distance. To study this perceptual similarity we
have chosen a similarity comparison paradigm, in which subjects compared
two consecutive combinations of two melodies and indicated in which
combination the melodies were more similar (see Figure 2). As shown in the
figure, the combinations comprise the same standard melody but different
transpositions, while both combinations are preceded by the same cadence to
induce the key of the standard melody. A pair thus consists of two uniquely
coupled combinations.

Pair

Cad.

ι

1

Combination 1
ι
1

Combination 2
ι
1

Stand.

Transp. 1

Cad.

Transp. 2
]

Start
750 1500 750 2500 500 2500

Stand.

2000 1500

Respons

750 2500 500

t(ms)
Figure 2. Display of the paradigm used in the experiments. A pair consists of two combinations
that contain the same standard melody but different transpositions (comparison melodies).
Standard melodies are preceded by a V-I cadence. Numbers indicate the duration of the
different parts and pauses in a trial (in ms).

We believe that this paradigm, which has not been used before for studying
transpositions, has a distinct advantage compared to the standard-comparison
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paradigm often used in transposition studies (Bartlett & Dowling, 1980; Cuddy,
Cohen & Miller, 1979; Dewitt & Crowder, 1986; Dowling, 1978; Frances,
1958/1988, p. 177; Hershman, 1994; Takeuchi & Hülse, 1992; Trainor & Trehub,
1993; Van Egmond & Povel, 1994b). In the latter paradigm (in which the
comparison melody may be either transposed or not) a subject indicates
whether the standard and comparison melodies are identical. To make the task
not completely trivial, part of the comparison melodies (often 50%) is altered by
substituting one tone for another (the so-called lures). As a result this paradigm
is only able to indicate how transpositions interfere with the subject's judgment
of the structural identity of the melodies, that is, it provides only indirect
information regarding the effect of transposition on the perceived similarity.
Moreover, the introduction of an altered tone introduces an additional variable
that may strongly influence a listener's judgment, depending on the position of
the altered tone in the melody and the type of (diatonic or chromatic) alteration
(see, e.g., Bharucha, 1984a; Trainor & Trehub, 1994; Van Egmond & Povel, in
press). In contrast, the similarity comparison paradigm used in this study does
not have to introduce lures (and consequently an additional variable), but
obtains a direct estimate of the similarity between different transpositions that
are created by manipulating the variable(s) under investigation.
EXPERIMENT l

The perceptual similarity between a strong tonal melody and various
transpositions was studied. Transposition factors pitch-distance and keydistance were varied independently as far as possible, by combining three
pitch-distances with three key-distances.
Method
Subjects
Twenty subjects, graduate and undergraduate students of the University of
Nijmegen, participated in the experiment. Fifteen subjects received course
credits and five were volunteers. The median age of the subjects was 24 years.
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None of the subjects was a professional musician and none had received formal
musical ear training. All of them had played or were playing an instrument for
several years, with an average of 6 years.
Apparatus
Stimulus presentation and response collection were managed by a special
program written on an Atari 1040 STf Computer. The sounds were presented
using a Roland Rhodes 760 synthesizer controlled by the Atari computer
through MIDI (Musical Instrument Digital Interface). The melodies were
presented using a harpsichord sound (Harpsichord 3) and the cadence using a
piano sound (Acoustical Piano 1). The different instruments were used to
facilitate the distinction between melody and cadence. The relative loudness of
the two instruments was left to the standard setting of the device. The stimuli
were presented through a loudspeaker (Kawai, KM-20) at a comfortable
listening level that could be adjusted by the subjects.
Stimuli
Cadence and standard melody. The cadence preceding the standard melody
consisted of a V-I chord progression constructed using standard voice-leading
rules (see, e.g., Aldwell & Schachter, 1989). As the goal was to study how
perceived similarity varied with the transposition factors pitch-distance and
key-distance, it was decided to keep the structure of the original melody
constant, that is, to use only one standard melody. The standard melody (see
Figure 3) had the following characteristics: (1) all major diatonic scale tones
occurred in it; (2) it had a strong tonal structure.

Tf4

/ к y—ι— -*<SP4
, . _ι

-J-

-Φ-

-#4 -

i

Ψ -

Figure 3. The standard melody (presented in the key of C-major) used in Experiments 1 and 2.
The melody is based on the chorda! progression I, II, V, I.
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The first characteristic guarantees that irrespective of the key to which the
melody is transposed all elements of the new key are present. The second
characteristic was added to enhance key-induction as discussed in the
Introduction. The melody used can be conceived of as a sequence of broken
chords (Ι, Π, V, I) and is based on the characteristics of strong tonal melodies as
described by Cuddy, Cohen & Mewhort (1981).
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0
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Figure 4. A graphical display of the transpositions used in Experiment 1. The default direction
is indicated with a 0, the other two transpositions with -12 and +12, respectively indicating the
downward and upward octave shift. For each transposition, key-distance (KD) and pitchdistance (PD) are given.
Comparison melodies. The transpositions (comparison melodies) were
constructed by combining three pitch-distances with three key-distances in the
following way. A (default) upward transposition to the positions 1, 3, and 5
steps clockwise on the circle of fifths (e.g., from the key of С to G, A, and В
respectively) resulted in three pitch-distances, 7, 9, and 11 respectively. Two
additional pitch-distances for each key-distance were obtained by shifting the
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default transposition one octave up and one octave down. Figure 4 shows a
complete description of the used pitch-distances and key-distances. Each
transposition is thus characterized by a given change in key (factor keydistance) and by a given shift in height (factor pitch-distance).
Pairs of standard and comparison melodies. Each standard melody plus a
transposition (Combination 1 in Figure 2) were combined with the same
standard melody and all other transpositions (Combination 2 in Figure 2). With
these 9 stimuli, combination of a standard and a transposition, 36 pairs were
formed. As each pair was presented twice in two successive sessions, subjects
received 72 trials. The order of presentation of the trials and the order of the
two combinations within a trial were randomized per subject.
Procedure.
The subject's task was to indicate in which combination (s)he perceived the
transposition as more similar to the standard (see Figure 2). After each trial the
subject could either choose to answer immediately or to repeat the trial (the
number of repetitions was left to the subject). Before starting the experiment
proper, subjects were familiarized with the procedure using 6 practice trials. No
feed-back was given during these trials. Subjects answered by clicking the
mouse on buttons appearing on the screen.
In each trial the key for cadence and standard melody was randomly
selected out of twelve possible keys, with the first tone of the standard melody
ranging from G4 to Fits. The lowest tone (tonic) of the cadence was always two
octaves below the lowest tone of the standard. The key of the comparison
melody was, of course, varied relative to the selected key for the standard
melody.
Timing and order of cadences, standard, and comparison melodies are
shown in Figure 2. The timing was determined in such way that no conflict
could occur with the (implied) meter of the original melody (see Figure 1). A
trial began 750 ms after a start button was pressed. Only the inter onset interval
(ΙΟΙ) of the tones was controlled, the decay in tone-amplitude during the ΙΟΙ
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was left to the default setting of the synthesizer. The tones of the cadences had
an ΙΟΙ of 750 ms. Between cadence and standard was a pause of 750 ms. All
tones of standard and comparison melodies had an ΙΟΙ of 250 ms. Between
standard and comparison melodies was a pause of 500 ms and between
comparison melody 1 and the next cadence was a pause of 2000 ms.
Method of Analysis
Consistency percentage. For each pair (combinations of standard and
transposition melodies) a preference score was obtained, based on the
individual judgments (preferences). As each pair was judged twice a
consistency measure could be derived for each subject, indicating the
percentage of pairs that were judged the same when offered the second time.
Thus, if a subject scored 100% consistency (s)he gave exactly the same answer to
all the pairs. Those subjects that had a consistency score equal or lower than
50% were discarded from further analysis.
Analysis of preference scores using the BTL-model. To analyze the preference
scores we used the BTL-model developed by Bradley & Terry (1952) and Luce
(1959). The BTL-model is a variant of the model of comparative judgment of
Thurstone (1927) and amounts to a one dimensional Thurstonian analysis with
a logistic distribution. The BTL-model yields a scale value (b¡) for each stimulus
estimated by means of the method of least squares. To explain the application
of the BTL-model in the analysis of preference scores, we use an example of
three stimuli presented in Table 1. The table comprises different sub-tables
(matrices), in which rows are indicated with i and columns with j.
The cells in the first matrix in Table 1 present the number of times (Fij)
stimulus i is preferred over stimulus j for 100 hypothetical 'subjects'. In the
second matrix the 'observed' preference proportions (p¡j,) are derived by
dividing Fjj by the number of measurements per pair (N=100), resulting in a
number between 0 and 1. This proportion corresponds to the chance that
stimulus i will be preferred over j . For i=j it is assumed that pij = .50.
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The BTL-model assumes the following relation between рц and the difference
between the scale values (b¡-bj) to be obtained:

In the BTL-model the difference between the scale values, b¡-bj, also indicated
as Bij, is computed using the inverse of Equation 1:

Bij^i-b^ln^

The differences between the scale values (Bij) are presented in the third matrix
of Table 1. The scale values (bj) are then derived by summing rows and
dividing this sum by the number of stimuli. For every stimulus this results in В
i· = bj -Ъ, in which bj is the scale value of stimulus i and b is the mean of all
scale values. The mean of the row,"Ц., thus equals the scale value of stimulus i
in terms of its deviation from the mean of all scale values. Because b is a
constant and scale values are unique up to a translation, b can be taken to be
zero and thus the mean of the rows equals the scale values.
To determine the tenability of the model a matrix of predicted values, bjbj, is composed by subtracting all scale values from each other. Using Equation
1 the predicted values, bi-bj, are then transformed into predicted preference
proportions (7Cij). The observed and predicted proportions are used in a Chisquare goodness of fit test (yielding in this case: χ 2 (1) = .55, ρ = .46). A non
significant value of Chi-square means that the observed and predicted
proportions do not differ significantly, and consequently indicates that the use
of the BTL-model is appropriate.
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Results
Fourteen subjects scored a consistency higher than 50%, and were included in
the final analysis. The preference scores of these subjects were analyzed using
the BTL-model, resulting in scale values for each transposition. A chi-square
goodness of fit test shows that the BTL-model for these data cannot be rejected
(χ2(28) = 29.4,ρ = .39).
Figure 5 shows for each transposition the perceived similarity (in scale
values) as a function of pitch-distance. The graph shows a strong relation
between similarity and pitch-distance, similarity decreasing with increasing
pitch-distance. The key-distance values of the transpositions are indicated near
the data points in the graph. Comparing the similarity scores for the three keydistances, a trend is found to judge transpositions to a near-key (key-distance 1)
as more similar than those to a far-key (key-distance 5), key-distance 3 taking
an intermediate position. However, the difference between key-distance 3 and
5 is larger than the difference between key-distance 1 and 3 for pitch-distances 9
and 21.
Pitch-distance and key-distance are practically uncorrelated (r = .0711).
The correlation between pitch-distance and similarity is -.977 (p = .0001) and the
correlation between key-distance and similarity is -.255 (p = .51). Pitch-distance
is the first variable used in the regression analysis because this factor has the
strongest relation (the highest correlation) with similarity.
Multiple regression performed on the scale values, taking into account the
independent variables pitch-distance and key-distance, confirm the relations
inferred from the graph. The results of the multiple regression analysis show
that the total amount of explained variance is 98.9% (F(2,6) = 261, ρ = .0001), of
which 95.4% (F(l,6)=487, p « . 0 0 1 ) is attributable to pitch-distance and 3.36%
(given by the semi-partial coefficient of determination, F(l,6) = 17.8, ρ <.01) to
key-distance. The estimated regression function is:
Similarity = .69 + -.05 Pitch-distance -.045 Key-distance
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The coefficients of both pitch-distance and key-distance are negative, indicating
that an increase in pitch-distance or in key-distance results in a decrease of
similarity.
1.0 η

Parameter: key-distance
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Figure 5. Similarity measures (scale values) obtained in Experiment 1. Similarity is plotted
against pitch-distance. The key-distance values of the stimuli are printed near the data points.
The connection lines are added to improve readability only.

Discussion
The presented analysis has shown that both factors significantly affect the
perceived similarity of standard and transposed melodies, although the
contribution of the factor pitch-distance is far greater than that of the factor keydistance. Pitch-distance explains 95.4% of the variance, key-distance only 3.36%.
These findings confirm earlier studies that also reported a major influence of
pitch-distance on the perceived similarity, if this factor and key-distance are
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varied (cf., Frances, 1958/1988, p. 177; Hershman, 1994; Van Egmond & Povel,
1994b). The findings also indicate that if a melody is transposed to a specific
key (e.g., C->G), perceived similarity is greatly dependent on whether the
transposition is upward (Сз~>Сз) or downward (C3~>G2). Although keydistance is only a minor factor in this study its effect is in the expected
direction: an increase in key-distance is accompanied with a decrease in
perceived similarity.
Because in this experiment the factor pitch-distance was varied at 9
different levels and the factor key-distance only at 3 different levels, it might be
argued that the listener's judgment has mainly been influenced by the more
salient factor pitch-distance. In order to obtain a more balanced view of the
importance of the factor key-distance, in the next experiment we increased the
number of levels of the variable key-distance while keeping the variation of
pitch-distance minimal.
EXPERIMENT 2

Method
This experiment used the same paradigm and the same standard melody as
Experiment 1, but different transpositions were included. The transposition
factors key-distance and pitch-distance were each varied at five levels, and in
addition each key-distance was selected at two different positions on the circle
of fifths, one clockwise (e.g., C->G) and one counterclockwise (e.g., C—>F), that
is, transpositions were made to both sharp and flat keys. Furthermore, pitchdistance was restricted in such manner that for each key-distance the minimum
possible pitch-distance was obtained. This minimized the effect of pitchdistance on key-distance enabling an unbiased assessment of the key-distance
effect.
Subjects
Twenty-six subjects, graduate and undergraduate students of the University of
Nijmegen, participated in the experiment. All subjects received payment for
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their participation. The median age of the subjects was 24 years. None of the
subjects were professional musicians and none had received formal musical ear
training. All of them had played or were playing an instrument for several
years, with an average of 6.5 years.

PD

KD
Standard
F (GHStandard
D
Standard
Ah

Et IStandard
E |

Α ι, ι

1
Standard
B ι

Figure 6. A graphical display of the transpositions used in Experiment 2. Foi each transposition
key-distance (KD) and pitch-distance (PD) are given. Each key-distance is associated with two
directions on the circle of fifths, here indicated by key-names relative to the key of C.
Stimuli
The standard melody was the same as in Experiment 1. Five values for keydistance were used (1,2,3,4, and 5 steps on the circle of fifths), each selected at
two positions on the circle of fifths (clockwise and counterclockwise), resulting
in ten transpositions. The values of pitch-distance were determined in such a
way that the variation over key-distances was minimized while the size was
minimal for each key-distance, thus limiting the possible influence of this factor
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on the similarity judgments. The standard melody and the 10 resulting
transpositions are shown in Figure 6.
Pairs of standard and comparison melodies. With the 10 stimuli, combination
of a standard and a transposition, 45 pairs were formed. As each pair was
presented twice in two successive sessions, subjects received 90 trials. The same
apparatus and procedure were used as in Experiment 1.

Results
Twenty-one subjects scored a percentage consistency higher than 50%, and
were included in the final analysis. The preference scores of these subjects were
analyzed using the BTL-model, resulting in scale values for each transposition.
A chi-square goodness of fit test shows that the BTL-model for these data
cannot be rejected (χ2(36) = 35.0 with ρ = .51).
Similarity (in scale values) is shown as a function of pitch-distance in
Figure 7 for each transposition. We observe the same relation between
similarity and pitch-distance as in Experiment 1: similarity decreasing with
increasing pitch-distance. But the relation is not as clear as in Experiment 1.
Key-distance does not seem to influence perceived similarity in a systematic
way. A trend may be discerned to judge transpositions to sharp keys (clockwise
on the circle of fifths) as more similar to the original melody than transpositions
to flat keys (counterclockwise on the circle of fifths).
Pitch-distance and key-distance are intercorrelated to some extent (r =
-.60). As similarity was more highly correlated with pitch-distance (r = -.74)
than with key-distance (r = .12), pitch-distance was entered as the first variable
in the regression analysis. Because direction is uncorrelated both with pitchdistance and key-distance, the order of introduction of direction is irrelevant.
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Figure 7. Similarity measures (scale values) obtained in Experiment 2. Similarity is plotted
against pitch-distance. The key-distance values of the stimuli are indicated between data-points
of the same key-distance. The direction of the key-distance values on the circle of fifths,
clockwise (sharp: S) or counterclockwise (flat: F), is indicated near the data points. The
connection lines are added to improve readability only.
Multiple regression performed on the scale values taking into account the
independent variables pitch-distance and key-distance, as well as the additional
factor direction confirms the relations in the graph. The total amount of
explained variance is 80.9% (F(3,6)= 8.49, ρ = .01) of which 54.1% (F(l,6) = 21.7,
p<. 005) is attributable to pitch-distance, 16.2% (given by the semi-partial
coefficient of determination, F(l,6) = 5.11, p<.10) to key-distance, and 10.5%
(F(l,6) = 3.32, p<.15) to direction. The estimated regression function is:
Similarity = .97+ -.WPitch-distance -.10 Key-distance -AWirection
The coefficients of both pitch-distance and key-distance are negative, indicating
that an increase of pitch-distance or key-distance results in a decrease of

51

Chapter 2

similarity. The negative coefficient for direction indicates that transpositions to
sharp keys are perceived as more similar than transposition to flat keys.
Discussion
Analysis of the results of Experiment 2 shows that pitch-distance is the only
factor that significantly affects the perceived similarity of standard and
transposed melodies. The contribution of the factor pitch-distance to the
explained variance is however smaller than in Experiment 1: 54.1% versus
95.4%. This decrease is understandable as the variation of pitch-distance was
minimal in this experiment.
Although not significant, the contribution of the factor key-distance is much
higher than in Experiment 1: 16.2% versus 3.6%. Inspection of Figure 7 reveals
no systematic relation between key-distance and perceived similarity: only for
key-distances 2, 3, and 4 we see the expected decrease in similarity, but the
similarity measure associated with key-distance 1 is too low, that for keydistance 5 too high. At present we do not have an explanation for this
phenomenon. But if this finding appears to be replicable, it casts doubt on the
assumed inverse relation between key-distance (as represented by the circle of
fifths) and perceptual similarity.
Also, the third factor varied in Experiment 2, direction (i.e., the selection of
sharp or flat keys), appeared not to be significant factor in the multiple
regression analysis. Direction explains 10.5% of the variance. The graph in
Figure 7 shows a trend to judge transpositions to sharp keys as more similar to
the original melody than transpositions to flat keys are judged. This holds for
four of the five key-distances used; for key-distance 4 the reverse effect is
found. Especially for key-distance 1 the transposition to the sharp key (e.g., C—
>G) is greatly preferred over that to the flat key (e.g., C~>F). This preference
may be the result of the average listener's adaptation to the common practice in
music to modulate to the dominant rather than to the sub-dominant (Rosen,
1976, p.33; Schoenberg, 1922/1978, p. 166). A similar effect when transposing to
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the dominant or sub-dominant has also been reported in studies by Cuddy &
Thompson (1992) and Thompson & Cuddy (1989).
Summary and Conclusions
The combined results of the two experiments may be summarized as follows.
Given a tonal melody that strongly induces a key, the similarity between
various transpositions and this melody is determined mainly by pitch-distance.
Key-distance and direction on the circle of fifths are less important variables
that explain only a small part of the variance. The degree of variance explained
by the factor key-distance increases slightly if the variation of pitch-distance is
minimized (as was done in Experiment 2), but is statistically not significant.
This main effect of pitch-distance is also confirmed by another study in which
the perceived similarity between a (different) melody and the exact and inexact
transpositions of that melody was investigated using the similarity paradigm
(Van Egmond & Povel, in press).
Thus, the results presented in this study are in contrast with those of
previous studies that reported effects of key-distance in the judgment of
transposed melodies (e.g., Cuddy, Cohen & Mewhort, 1981; Cuddy, Cohen &
Miller, 1979; Takeuchi & Hülse, 1992; Trainor & Trehub, 1993). Since these
previous studies all used a standard-comparison paradigm with lures one
might suppose that the results of the present study are mainly due to the
different experimental paradigm used. We do not believe this to be the case,
because a number of earlier studies, using a standard-comparison paradigm, in
which pitch-distance was varied also showed a relatively large effect of pitchdistance in judging transpositions (Frances, 1958/1988, p. 177; Hershman, 1994;
Van Egmond & Povel, 1994b). In Van Egmond & Povel (1994b) a major
diatonic scale was transposed to all major keys using upward and downward
transpositions. It was found that the perceived similarity was affected by pitchdistance and not by key-distance. Furthermore, the results showed that only
the size and not the direction of the pitch-shift affects the recognition. For
example, a transposition with a pitch shift -11 (e.g., from С major to D flat
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major) affected the recognition score to the same extent as the pitch shift +11
(from С major to В major).
As we have argued in the Introduction, the variables key-distance and
pitch-distance are to some extent interdependent. Thus, in order to obtain
insight in the individual contribution of these two variables in the recognition
of transpositions, key-distance variation must be combined with different levels
of pitch-distance. Previous studies have usually varied key-distance without
considering the concomitant pitch-distance. Such studies found that keydistance is the predominant factor in determining the perceived similarity of
transpositions. On the other hand, the results of the present study and those of
Van Egmond & Povel (in press), in which key-distance and pitch-distance are
systematically varied, indicate that the perceptual similarity of transposed
melodies is mainly determined by pitch-distance and only to a small extent by
key-distance.

It may be concluded that both factors play a role in the

perception of transposed melodies, but that their exact interaction is still not
quite clear. Therefore, in future research, we plan to study the interaction of the
variables pitch-distance, key-distance, direction on the circle of fifths, and the
tonal strength of melodies in more detail using the similarity paradigm
employed in this study.
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ABSTRACT

A central topic in music psychology concerns the question under which
transformations a melody remains perceptually invariant. A transformation
that has been studied rather extensively is the transposition, i.e. a melody starts
at a different tone while the intervallic structure stays equal. In tonal music a
transposition may lead to a change in key. It is commonly assumed that the
perceptual similarity between the original and the transposed melody decreases
with an increase of the distance of the respective keys on the circle of fifths,
although no explanation for this effect has been offered. Most studies in the
literature have used a limited number of keys and have not taken into account
the possible effect that overlap in height (register) may have on the perceptual
similarity of transposed melodies. In this study we report the outcomes of an
experiment in which key-distance and register-overlap have been varied
independently.

Overlap and Key-distance

INTRODUCTION

A central topic in music psychology concerns the question to what extent a
melody remains perceptually invariant when it is transposed in pitch (Hülse,
Takeuchi, & Braaten, 1992). The relation between a tonal melody and its
transposition is usually described in terms of the key-relationship between the
two melodies. The measure indicating the key-relationship, called key-distance,
is expressed as steps on the circle of fifths. In Western tonal music 6 keydistances are discerned, and five of these key-distances are associated with two
positions on the circle of fifths, one clockwise (sharp keys) and the other
counter-clockwise (flat keys). Generally it is assumed that the perceptual
similarity between a melody and its transposition decreases with an increasing
key-distance. However, Frances (1958) showed that besides key also register
plays a role in determining the perceptual similarity between a melody and its
transposition. Unfortunately, Frances used only a limited number of keys, and
did not combine every key with the same register variation.
In the here reported experiment the perceptual similarity of transposed
melodic sequences was investigated, using all twelve keys, which were
combined with a systematic variation of height. The relation between a melodic
sequence and its transposition will be described using two variables. The first
variable key-distance indicates the relation between keys expressed as steps on
the circle of fifths. The second variable, overlap, indicates the amount of
semitones in the shared pitch region of the melodic sequence, and its
transposition. As transposition to a new key always involves a shift in height,
key-distance and overlap are to some extent confounded.
METHOD

The influence of the two experimental variables, overlap and key-distance, on the
recognition score was studied using a standard-comparison paradigm (Figure
1). In this type of paradigm part of the comparison melodies are modified.
Often only one tone in the comparison melody is altered, as a result of which
two intervals are changed. The importance of contour (Croonen, 1994; Dowling,
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1978; Dowling & Fujitani, 1971; Edworthy, 1985) in the recognition of melodies
makes it essential that the contour of the altered melody is preserved. Thus, two
types of transpositions are used in this paradigm, i.e., exact and inexact
(interval structure is changed) transpositions. The subject has to indicate if the
comparison melody is equal or unequal in intervallic structure to the standard
melody.
Start

Γ

•_J

Respons
Standard

Comparison
-IIt(ms)

Figure 1. The paradigm used in the experiments.

Subjects
Nineteen subjects, graduate and undergraduate students of the University of
Nijmegen, participated in the experiment. They received course credits for their
participation. The mean age of the subjects was 22 years. None of the subjects
were professional musicians or had received any Solfeggio training. All subjects
played an instrument for several years (average 6 years).
Apparatus
Stimulus presentation was managed by a special program written on an Atari
1040 STf Computer. The sounds were presented using a Roland Rhodes 760
synthesizer controlled by the Atari computer through MIDI (Musical
Instrument Digital Interface). The melodies were presented using a piano
sound (Acoustical Piano 1). The relative loudness of the instrument was left to
the standard setting of the device. The stimuli were presented through a
loudspeaker at a comfortable listening level.
Stimuli
Standard. Two tonal melodies were used: (1) an ascending major scale (Figure
2); (2) a fragment from Frère Jacques (Figure 3). The two melodies differ in
interval structure and in the used scale degrees. The Scale melody consists of all
scale degrees, whereas the sub-mediant and the leading-tone are not present in
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the Frère Jacques melody. Nevertheless the two melodies have also two
fragments in common, see Figures 2 and 3.
В

Ί. " - ' ' '
I

A

I

Figure 2. The ascending diatonic major scale, here presented in the key of С major. The
fragments of the melody indicated with A and В are common with the Frère Jacques melody.
В

ι

ι
А

Figure 3. The fragment from Frère Jacques, here presented in the key of С major. The fragments
of the melody indicated with A and В are common with the Scale melody.
Exact Transpositions. Each melody was transposed to all 12 keys in an upward
and a downward direction. For example, a melody starting on C3 was
transposed both to G3 and to G2- Consequently, the two different
transpositions for each key result in a total of 24 transpositions for each melody.
Although the transpositions for both melodies are exactly the same, the values
for overlap differ due to the different melodic range of the two melodies. For
example, in Figures 4 and 5 the overlap is shown for both the Scale and the
Frère Jacques melody for respectively key-distances 1 and 5. It can be seen in
these figures that the same transposition always results in a larger overlap for
the Scale melody than for the Frère Jacques melody. Furthermore, the overlap
value for the upward transposition with key-distance 1 (Figure 4) is
approximately equal to the downward transposition, this in contrast to the
upward and downward transpositions with key-distance 5 (Figure 5).
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Key-distance 1
Scale
G3 ι

Frère Jacques
1 G4

G3 ι

ШШ.6
ι C4

СЗ ι

il
ι G3

СЗ ι

штжъ

G2 I

т.ъ

1 G3

G2 I

1 D4

1 D3

Figure 4. The different overlap values for upward and downward transpositions with keydistance 1 for the Scale and Frère Jacques melody. The standard melody is indicated with a bold
line (here presented in the key of C). The length of the line corresponds to the melodic range of
the melody. Transpositions (relative to ) are indicated with thinner lines. Overlap is presented
by the shaded area between the standard and its transposition, the amount of overlap in
semitones is presented next to the shaded area.
Key-distance 5
Scale
B3 |

Frère Jacques
| B4

B3 |

g 2
СЗ ι

тжжж
Β2 I

1 С4
η
IB3

| F#4

-3
СЗ ι

шж
B2 I

1 G3
7
1 ВЗ

Figure 5. The different overlap values for upward and downward transpositions of key-distance 5
for the Scale and Frère Jacques melody. The standard melody is indicated with a bold line (here
presented in the key of C). The length of the line corresponds to the melodic range of the
melody. Transpositions (relative to C) are indicated with thinner lines. Overlap is presented by
the shaded area between the standard and its transposition, the amount of overlap in semitones
is presented next to the shaded area.
Table 1 presents for the two melodies the overlap values. The key-distances 1, 2,
3,4, and 5 can be realized in two different ways depending on the direction on
the circle of fifths (e.g., С to G versus С to F), whereas key-distances 0 and 6 are
associated with only one key. Table 1 also shows that overlap depends on the
span of the melody: the smaller the span the smaller the overlap. Transpositions
with the same key-distance but located at the left or right half of the circle of
fifths (e.g., F versus G), result in the same overlap if one is transposed upward
and the other is transposed downward.
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Table 1
Overlap of the Melodies as a Function of Key-Distance, Direction on the Circle
of Fifths, Melody-Type and Transposition Direction
Melody-type
Key-distance
Steps
0
1
1
2
2
3
3
4
4
5
5
6

Direction
U
L
R
L
R
L
R
L
R
L
R
U

Scale
Upward
13
8
6
3
11
4
10
9
5
2
12
7

Downward
1
6
8
11
3
10
4
5
9
12
2
7

Frère Jacques
Upward
8
3
1
-2
6
-1
5
4
0
-3
7
2

Downward
-4
1
3
6
-2
5
-1
0
4
7
-3
2

NOTE. Key-distance is measured in steps on the circle of fifths. Direction on the circle of fifths is
indicated with: U (undetermined), L (Left), or R (Right). Upward and Downward indicate
transposition direction.

Inexact Transpositions. For each exact transposition a transposition was added in
which one tone was chromatically altered, chromatic alteration being necessary
to preserve contour of the Scale stimuli. Alterations were located at (randomly
assigned) positions 3, 4 or 7 in the Scale stimuli and at (randomly assigned)
positions 3,4,5 or 6 in the Frère Jacques stimuli, see respectively Tables 2 and 3.
The combination of 48 exact and 48 inexact transpositions led to a total of 96
stimuli.
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Table 2
Altered Scale Transpositions as a Function of Key-Distance, and Transposition
Direction

Altered Scale Transpositions
ICD
0

1

2

3

4

5
6

Downward Transposed

Upward Transposed

U

С

D

E

fît G

A

В

С

С

D

E

F

G

A

B> С

R

G

A

В

С

D

Ö

Fl G

G

A

B> С

D

D

Fl G

L

F

G

A

ë>

С

D

F> F

F

G

А> В^

С

D

E

F

R

D

E

F« G

A

В

Q

D

E

Fl G

A

В

£

D

L

ΒΙ С

D

Et F

G

Δ1, ВЬ

Bt С

D

F

G

A

B^

R

Α

ci

D E

Ftt

G

A

A

В

С« О E F» Gl A

L

F> F

G

Δ

Bt С

D F>

tf

F

G

R

E

В

Ώ. E

E

Fl

Gl A

L

АІ- ВІ» С

G

A^

Al-

R

В

В

В

L

E* F> F

Q

Al- Bl-

с ϋ>

D^ #

U

Fl

В

Cf Dl

El Fl

Fl

В

Ftt G« A

cl

D

Dl E

Gl Δ

Cl

Ú F

Ff Gl Δ

D

# С

E

А^ Bl· С

D

Cl Dl E
F}

d-

Gl Al В

В

Cl

D> F>
D

E

F> F

G

Al-

Fl

Δ

В

Gl

Ab В^

с ϋ>

Cl Dl

Ε

Fl

NOTE. The chromatically altered tones in the transposed melodies are underscored. Keydistance is presented in steps and direction on the circle of fifths. Direction: U is undetermined;
R is to the right (sharp keys) on the circle of fifths; L is to the left (flat keys) on the circle of fifths.
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Table 3
Altered Frère Jacques Transpositions as a Function of Key-Distance, and
Transposition Direction
Altered Frère Tacques Melodies
Upward Transposed
Downward Transposed

ICD
0
1

2

3

4

5

6

U

С

D

E> С

E

F

G

С

D

F> С

E

F

G

R

G

A

В

G

В

Ci D

G

A

fij G

В

С

D

L

F

G

Δ» F

A

ΒΙ С

F

G

At F

A

ßt С

R

D

E

E

D

Fl

Ο

A

D

E

Fl

D

E

G

L

ßt

С

D

fi

D

É> F

ΒΙ С

D

fi

D

F> F

R

A

В

С»

Α

A

С« D E

L

F> F

С« D E
Al·
F> G> Al- ßt

R

E

E

E

L

Al- Bi Ü

R

В

L

С* El- F

r>

U

F« GI A* E

G

F» Q

ci

Gl A

Al· С

B

Γ> F>

D* B* D» E

В С

F> F
Fl

G» E
Q

At Bi С

ci

E

&

A

At ßt

G« A В

At С

F»

В

F> G

Aï-

E» F> F

D> F

Al В

Ci

F« Gl Δ

Fi

D Et

Di fi« Di E

Fl

G Àt

Al В Cl

NOTE. The altered tones in the transposed melodies are underscored. Key-distance is presented
in steps and direction on the circle of fifths. Direction: U is undetermined; R is to the right
(sharp keys) on the circle of fifths; L is to the left (flat keys) on the circle of fifths.

Procedure
The trials were presented in a randomized order in two successive
group-sessions. Each trial consisted of a standard stimulus, with a key
randomly selected out of the twelve possible keys and a starting tone between
F3 and E4, followed by a transposition.
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Each tone had an Inter Onset Interval of 400 ms. Consequently, the total
duration of the Scale melody is 3200 ms and of the Frère Jacques melody 2800
ms. Between the standard and comparison melody was a pause of 800 ms.
Subjects had to answer two questions: (1) Is the standard stimulus equal to
its transposition (yes or no); (2) How sure are you of your answer (on a five
point scale). The answers were given on an answer sheet. Each session was
preceded by 6 training trials.
M E T H O D OF ANALYSIS

The recognition score is defined as the proportion of correct answers given to
the various transpositions. A correct answer is defined as an equal answer to an
exact transposition and an unequal answer to an inexact transposition, whereas
an incorrect answer is defined as an unequal answer to an exact transposition
and an equal answer to an inexact transposition. The answers are binary
responses (0 equals incorrect; 1 equals correct). This type of responses can be
analyzed with the method of logistic regression (DeMaris, 1992; Neter,
Wasserman, Kutner, 1989, Chap. 16). The fitted values of the regression
correspond to the probability that a subject will respond equal or unequal.
The method of maximum likelihood is used to estimate the parameters of
the logistic regression function. Two test statistics are used to judge the
applicability of the logistic regression function. First, the likelihood ratio test
indicates if the logistic regression model in which only a constant is added
(reduced model, indicated with R) and the logistic regression model in which
the independent variables are added (full model, indicated with F) differ
significantly. This test can be compared to the overall F-test for a linear
regression and has the form of:

L(R) is the value of the likelihood function of the reduced model and L(F) is the
value of the likelihood function for the full model. X 2 is distributed
2
approximately as a χ with dfR-dfp degrees of freedom.
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If this test indicates that the logistic regression function is appropriate, and thus
the test has a significant value, a Pearson Chi-square test is conducted for every
level of the independent variables overlap and key-distance. This yields a chisquare test for the factor overlap over 13 levels, and the factor key-distance over 7
levels for each of the melodies. A significant chi-square test would show that
the observed proportions and the predicted proportions differ significantly, and
implies that the logistic model does not fit very well. This chi-square test has
the form:

j=lk=0

l

J

k

in which OJO is the sum of the correct observed responses on the level j , Pjo is
the sum of the correct predicted responses on the level j , Ομ is the sum of the
incorrect observed responses on the level j and Ρμ is the sum of the incorrect
predicted responses on the level j . The maximum number of levels for each of
the independent variables is indicated with the number с X 2 follows
approximately χ 2 distribution with c-2 degrees of freedom for a moderately
large sum (5 or larger) of predicted responses at each level (Neter, Wasserman,
Kutner, 1989, p. 614).
A second set of tests was conducted using the sure responses, that were
measured on a five-point scale. These scores were analyzed using the method of
linear regression.
RESULTS

Analysis of the Recognition Score
The recognition score is presented in proportion correct. Overall the subjects
performed well, which is reflected in the mean recognition score. The mean
recognition score is .87 for the unaltered and .89 for the altered Scale stimuli.
For the Frère Jacques stimuli the mean recognition score is .96 for the unaltered
stimuli and .98 for the altered stimuli. This indicates that there is an overall
better performance for the Frère Jacques stimuli than for the Scale stimuli.
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Because of the very high recognition score for the Frère Jacques stimuli, little
effect of the experimental variables is to be expected in the further analysis.
Scale: overlap factor. Both the observed proportion correct (filled circles) and
the fitted values (open circles) for the unaltered Scale stimuli are presented in
Figures 6A and 6B as a function of overlap. The observed proportions are equal
in Figures 6A and 6B, but the fitted values differ (see caption). The observed
proportions show a tendency of decreasing with an increasing overlap. It
appears that the maximum overlap value 13 (exact repetition) can be conceived
as a discontinuity in the relation between overlap and recognition score (the
recognition score is perfect: 1). Therefore two logistic regression fits are
determined. Figure 6A shows the fitted values for the exact repetition and
octave transposition, whereas the responses to these transpositions are omitted
in determining the fitted values of Figure 6B.

-
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о
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— η — ι ι ι ι — ι ι ι ι — I I I
1 2 3 4 5 6 7 8 9 10111213
1 2 3 4 5 6 7 8 9 10111213
Overlap
Overlap
Figure 6. Recognition score (proportion correct) as a function of overlap for the Scale stimuli.
The fitted values, calculated by means of logistic regression, are presented by open circles, the
observed proportions by filled circles. Figure 6A shows the fitted values for all overlap values.
Figure 6B shows the fitted values that were calculated excluding repetition and octave
transposition (i.e., overlap 1 and 13).

Table 3 summarizes the logistic regression fit for the recognition score of the
unaltered Scale stimuli. Two different fits corresponding to Figures 6A and 6B
are presented. Because maximum likelihood estimates are influenced to a lesser
degree by extreme values than least squares estimates are, the fitted values of
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the two figures do not differ much. Both show a significant relation (likelihood
ratio test) between overlap and recognition score. An increase in overlap results
in a decrease in the recognition score, reflected in the negative coefficient.
Because the logistic regression fit results in probabilities, the interpretation of
the regressor (here overlap) is not straightforward. The logistic regression
function can be rewritten in the odds that an event occurs. The odds indicate
the ratio of the probability that an event will occur to the probability that it will
not occur. The Odds Ratio now indicates the increase (Odds Ratio >1) or
decrease (Odds Ratio<l) of the odds. Thus, the Odds Ratio of Table 3 indicates
a decrease of the odds with an increase of overlap. A comparison of the two
different fits reveals, that a better fit is accomplished if the recognition score for
the overlap values 13 and 1 are removed from the analysis. This is also reflected
in the Pearson Chi-square test, that is based on the predicted and observed
values (All Values: χ 2 (11)=15.1, p=.18; Overlap Values 13 and 1 excluded,
χ2(9)=9.90,ρ=.36).
Table 3
Logistic Regression Analysis of Recognition Score of the Unaltered Scale
Stimuli as a Function of Overlap
All Overlap Values
Variable
Overlap
Constant

Coefficient
-.1134

S.E.
.0420

Overlap Values 13 and 1 Excluded

Odds Ratio

Coefficient

.8928

-.1568

2.778
.3645
Likelihood ratio, χ2(1)=7.6, p<.01

S.E.
.0480

Odds Ratio
.8549

3.031
.4148
Likelihood ratio, χ2(1)=11.4, p<.001

Scale: key-distance factor. Figures 7A and 7B show the observed proportion
correct (filled circles), and the fitted values of the logistic regression function, as
a function of key-distance for the unaltered Scale stimuli. It can be readily seen
that no systematic relation exists between recognition score and key-distance. If
key-distance 0 (overlap 1 and 13) is omitted from the regression analysis,
different fitted values result. In Figure 7A the predicted values decrease with an
increase of key-distance, whereas the predicted values in Figure 7B increase with
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key-distance. Table 4 summarizes the results for both logistic regression fits. The
likelihood ratio test is not significant for both fits, indicating that no systematic
relation exists between key-distance and recognition score.
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Figure 7. Recognition score (proportion correct) as a function of key-distance for the scale
stimulus. The fitted values, calculated by means of logistic regression, are presented by open
circles, the observed proportions by filled circles. Figure 7A shows the fitted values for all keydistance values. Figure 7B shows the fitted values that were calculated excluding key-distance
0.

Table 4
Logistic Regression Analysis of Recognition Score of the Unaltered Scale
Stimuli as a Function of Key-distance
All Key-distance Values
Variable
Key-distance
Constant

Coefficient

S.E.

Odds Ratio

-.0250

.0790

.9753

2.002

.2796

Likelihood ratio, χ 2 (1)=.10, p=.75

_

Key-distance 0 Excluded

Coefficient

S.E.

Odds Ratio

-.0681

.0896

1.0705

1.627

.3160

Likelihood ratio, χ 2 (1)=.58, p=.45

Frère Tacques. The proportion correct (filled circles) for the Frère Jacques
stimulus are presented in Figure 8 as a function of respectively overlap and keydistance. Because no apparent discontinuities are present, the results are
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presented with only one fit of the logistic regression function. Figure 8 shows
clearly that there is no systematic relation between overlap and recognition
score. The relation between proportion correct and key-distance appears to be in
the expected way. An increase of key-distance seems to result in a decrease of the
recognition score.
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Figure 8. Recognition score (proportion correct) as a function of overlap and key-distance for the
Frère Jacques stimulus. The fitted values, calculated by means of logistic regression, are
presented by open circles, the observed proportions by filled circles.

Table 5 summarizes the logistic regression analysis of the recognition score for
the unaltered Frère Jacques stimuli with overlap and key-distance as predictors.
The regression analysis confirms that there is no systematic effect of overlap on
the recognition score. The effect of key-distance on the recognition score is in the
expected direction (negative coefficient), but is not significant.

73

Chapter 3

Table 5
Logistic Regression Analysis of Recognition Score of the Unaltered Frère
Jacques Stimuli as a Function of Overlap and Key-distance
Key-distance

Overlap
Variable

Coefficient

S.E.

Odds Ratio

Coefficient

S.E.

Odds Ratio

.9605

-.2601

.1468

.7710

4.129

.6018

Regressor

-.0403

.0713

Constant

3.341

.3028
2

Likelihood ratio, χ (1)=.32, p=.57

2

Likelihood ratio, χ (1)=3.32, p=.07

Altered Stimuli. In the following analysis only the factor overlap is used as a
predictor. The use of the chromatic alterations prohibits the determination of
key-distance, because the interaction of the new tone with the key of the
transposed melody is not predictable. Figure 9 shows the recognition score as a
function of overlap for the Scale and Frère Jacques stimuli. Again no systematic
relation is present between overlap and recognition score for the Frère Jacques
stimuli, whereas the recognition score for the Scale stimuli decreases with
overlap.
If Figure 9 is compared with Figure 6 for the unaltered Scale stimuli and
with Figure 8 for the unaltered Frère Jacques stimuli, some interesting
differences between the graphs of the altered and unaltered stimuli can be
found. The recognition score fluctuates less for the altered Frère Jacques stimuli
than for the unaltered Frère Jacques stimuli. The relation between overlap and
the recognition score of the altered Scale stimuli is analogous to that of the
unaltered stimuli, but is less apparent. One especially interesting point should
be remarked concerning the inexact repetition (overlap 13). The recognition
score is clearly decreased in comparison with the exact repetition, 1.0 for exact
repetition and .84 for the inexact repetition. This finding can be explained if the
type of alteration is taking into account. The sub-dominant of the inexact
repetition was raised a half tone (e.g., F to Fit in the key of C). Bharucha (1984)
showed that if a chromatic alteration is anchored to a more stable tone in a key
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(in this case the G), the change is hardly noticed. This would explain the
relatively high equal response to this inexact transposition.
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Figure 9. Recognition score in proportion correct as a function of overlap for scale stimulus and
the Frère Jacques stimulus). The fitted values, calculated by means of logistic regression, are
presented by open circles, the observed proportions by filled circles.

Table 6 summarizes the logistic regression analysis of the recognition score for
the altered Scale and Frère Jacques stimuli with the predictor overlap. This table
shows that there is no significant relation between overlap and the recognition
score for both types of melodies.
Table 6
Logistic Regression Analysis of Recognition Score of the Altered Scale and Frère
Jacques Stimuli as a Function of Overlap
Scale
Variable
Overlap
Constant

Frère Jacques

Coefficient

S.E.

Odds Ratio

Coefficient

-.0690

.0436

.9333

.0209

.1024

2.600

.3660

3.986

.3994

Likelihood ratio, χ 2 (1)=2.5, p=.ll

S.E.

Odds Ratio
1.0212

Likelihood ratio, χ 2 (1)=.04, p=.84
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Analysis of the Sure Responses
The Sure responses were given on a 5-point scale, on which the value 5
corresponded with sure and the value 1 with not sure. On average the subjects
were very sure in their responses. The mean sure response was 4.28 for the
unaltered Scale stimuli and 4.49 for the altered Scale stimuli. For the Frère
Jacques stimuli the mean Sure response was 4.60 for the unaltered stimuli and
4.89 for the altered stimuli. Analogous to the means of the recognition score,
subjects scored higher sure responses for the Frère Jacques stimuli than for the
Scale stimuli.
Overlap as Predictor for Sure Responses. Figure 10 shows the sure responses
for the Scale and Frère Jacques stimuli as a function of overlap. The Sure
responses for the Scale stimuli show the same relation to overlap as the
recognition score in Figure 6 did. Analogous to the perfect recognition score of
the exact repetition (overlap 13) of the Scale melody, the Sure response has
almost the maximal value of 5 (only one subject answered not sure, 1). For the
exact repetition (overlap 8) of the Frère Jacques melody the maximal value of 5
has been obtained. The Sure responses to the Frère Jacques stimuli seem to
decrease with an increase of overlap, this in contrast to the recognition score that
showed no systematic effect (compare Figure 10 with Figure S).
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Figure 10. Averaged score on the 5-point sure scale as a function of overlap for the Scale
stimulus and the Frère Jacques stimulus.
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Table 7 presents the linear regression fits for the Scale and Frère Jacques stimuli
with the predictor overlap. No significant relation is found between overlap and
Sure responses for both melodies if all overlap values are included. Table 8
summarizes the linear regression fit for the stimuli omitting the exact repetition
and the octave transposition from the regression analysis. Now both melodies
show a significant relation between overlap and Sure responses, although the
increase of significance is larger for the Scale melody. Both coefficients are
negative and confirm the described relation between overlap and Sure
responses: an increase in overlap leads to a decrease in the Sure responses.
Table 7
Linear Regression Analysis of Sure Responses of the Unaltered Scale and Frère
Jacques Stimuli as a Function of Overlap
Frère Jacques

Scale
Variable
Overlap
Constant

Coefficient

S.E.

-.0265

Coefficient
.0142

4.46

S.E.

-.0171

.0110

4.63

F(l,454)=3.50, p=.062, R=.087

F(l,454)=2.42, p=.12, R=.073

Table 8
Linear Regression Analysis of Sure Responses of the Unaltered Scale and Frère
Jacques Stimuli as a Function of Overlap, Overlap 13 and 1 Excluded
Scale
Variable
Overlap
Constant

Coefficient
-.0524

Frère Jacques
S.E.
.0160

4.63
F(l,416)=10.7, p=.Q01, R=.16

Coefficient
-.0270

S.E.
.0130

4.62
F(l,416)=4.30, p=.039, R=.1Q

Key-distance as a Predictor. Figure 11 shows the Sure responses as a function of
key-distance. It can be readily seen from this figure that there is no systematic
relation between key-distance and Sure responses. Tables 9 and 10 summarize
respectively, the linear regression analysis for all key-distance values, and the
regression analysis in which key-distance 0 has been excluded. The regression
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analysis confirms that there is no systematic relation between key-distance and
Sure responses for both melodies.

Scale
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1 2
3
4
Key-distance

5

0

6

1 2
3
4
Key-distance
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6

Figure 11. Averaged score on the 5-point sure scale as a function of key-distance for the Scale
stimulus and the Frère Jacques stimulus (FJ).

Table 9
Linear Regression Analysis of Sure Responses of the Unaltered Scale and Frère
Jacques Stimuli as a Function of Key-distance
Scale
Variable
Overlap
Constant

Coefficient

Frère Jacques
S.E.

-.0305

.0278

4.37

Coefficient
-.0173

S.E.
.0216

4.65

F(l,454)=1.20, p=.27, R==.051

F(l,454)=.64, p=.42, R=.038

Table 10
Linear Regression Analysis of Sure Responses of the Unaltered Scale and Frère
Jacques Stimuli as a Function of Key-distance, Key-distance 0 Excluded
Scale
Variable
Key-distance
Constant

Coefficient
-.0184

Frère Jacques
S.E.
.0321

4.32
F(l,416)=.33, p=.57, R= .028
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Coefficient
.0143

S.E.
.0259

4.52
F(l,416)=.31, p=.58, R=.027

Overlap and Key-distance

Altered Stimuli. Like the analysis of the recognition score of the altered stimuli,
only overlap is used as a predictor for the Sure responses. Figure 12 displays
the averaged Sure responses as a function of overlap for the Scale and Frère
Jacques stimuli. No systematic relation between overlap and Sure responses for
the Frère Jacques stimuli can be seen. For the Scale stimuli a tendency appears
to be present of the Sure responses to decrease with an increase of overlap. The
relations described are confirmed by the regression analysis presented in Table
11. A significant relation between Sure responses and overlap exists for the
Scale stimuli, and no significant relation for the Frère Jacques stimuli. It is
worthwhile to note that in contrast to the recognition score, the Sure responses
to the inexact repetition remain maximal, compared to the exact repetition.
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Figure 12. Averaged score on the 5-point sure scale as a function of overlap for the altered Scale
stimulus and the Frère Jacques stimulus.

Table 11
Linear Regression Analysis of Sure Responses of the Altered Scale and Frère
Jacques Stimuli as a Function of Overlap
Scale
Variable
Overlap
Constant

Coefficient
-.0256

Frère Jacques
S.E.
.0116

4.67
F(l,454)=4.85, p=.028 R=.1Q3

Coefficient
-.0023

S.E.
.0056

4.89
F(l,454)=.17, p=.68, R=.020
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DISCUSSION

Three main findings are reported in this study. First, no significant effect of keydistance on the recognition score was found for both melodies. Second, overlap
has a systematic (significant) relation with the recognition score of the Scale:
increasing overlap results in a lower recognition score. Third, a difference is
found in recognition score between both melodies: the averaged scores for Frère
Jacques were significantly higher than the scores for the Scale melody.
Dowling & Bartlett (1981) also showed that no effect of key-distance was
found for familiar tunes, this contrast to several other studies which used no
familiar tunes (e.g., Cuddy & Cohen, 1976; Cuddy, Cohen & Mewhort, 1981;
Dowling & Harwood, 1986; Takeuchi & Hülse, 1992; Trainor & Trehub, 1993).
This finding can be explained if one considers that a familiar tune in contrast to
an unfamiliar tune readily evokes a key, and consequently no effect of keydistance will occur.
Overlap only affects the recognition score of the Scale. This differential
effect for the two melodies can be explained by considering the differences in
overlap of the two melodies for the same transposition. Table 1, Figures 4 and 5
show that overlap is dependent on the melodic range of the melody. The
melodic range of the Scale is larger than the melodic range of Frère Jacques,
resulting in a larger overlap for the Scale than for the Frère Jacques. In 37.5% of
the transpositions of Frère Jacques there is no overlap at all, and consequently
no effect of this factor may be expected.
The influence of overlap on the recognition score can be tentatively
explained if the activation of the tones of the melody and its transposition is
considered. The judgment of the perceptual similarity of a melody and its
transposition is dependent on comparing two codes: the mental representation
of the original melody and that of its transposition. The generation of the code
of each melody depends on the actual activation of the individual tones. The
results of our experiment show that the activation of the tones of the
transposition will be disturbed if the original melody and its transposition
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partly share the same pitch region (i.e., overlap). This disturbance results in a
poorer code and consequently in a lower recognition score.
Concluding, key-distance effects reported in the literature may, at least in
part, be due to the overlap factor as key-distance and overlap have not been
systematically separated. Future research will be directed at separating the
effects of these two variables and evaluating the contribution of both in the
recognition of transposed melodies.
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The Role of Melodic Range
on the
Perceived Similarity of Transposed Melodies

Van Egmond, R., & Povel, D.J. (submitted)

ABSTRACT

The influence of melodic range (i.e., the distance in semitones between the
lowest and highest note of a melody) on the perceptual similarity between a
melody and its transpositions was studied. Two melodies that differed in
melodic range were transposed to three different keys combining each keydistance with three levels of pitch-distance. The melodic range of the first
melody comprised 14 semitones (melody A), that of the second melody
comprised 6 semitones (melody B). Both melodies, which differed only in
contour, contained the same intervals and pitches. The two melodies and their
nine transpositions were presented in two separate sessions using a similarity
comparison paradigm, which is a variant of the well-known paired comparison
paradigm. Analysis of the results shows that the perceived similarity between
melody A and its transpositions was mainly determined by pitch-distance,
whereas the perceived similarity between melody В and its transpositions was
mainly determined by key-distance. This leads to the conclusion that the
salience of the pitch-shift relative to that of the key-change depends on the
activation of the pitch height dimension.

Melodie Range

INTRODUCTION

Music analysis has shown that motives and their variations are frequently used
to create structure in compositions. For example, in the ninth symphony of
Beethoven four main motives and several variations of these motives are used
to create a coherent structure for the five symphony parts (see, Reti, 1956,
chapter 1). Specifically, the descending minor chord (D4 A3 F3 D3) is an
important motive. This chord is presented in the context of the D minor key in
the Allegro movement and is the kernel of the motive of the Adagio theme,
which is in the key of B-flat major. In other words, the melody is transposed
from D minor to B-flat major. Another example of a transposition is found in
the exposition of the Sonata. Especially in Haydn Sonatas, the main theme of
the Sonata is transposed from the tonic key in the first half of the Exposition to
the dominant key in the second half of the Exposition (Rosen, 1988). These
music analytical descriptions are all score-based and one may thus wonder
whether a listener actually recognizes all these variations or perceives the
themes and motives differently or equally when they are presented in a
different key. Dowling (1971,1972) has shown that different variations of a
melody (i.e., inversion, retrograde, and retrograde inversion) are not equally
well recognized. Nevertheless, transpositions of melodies are recognized even
if there are intervened by other melodies (e.g., Dowling, 1986,1991; Dewitt &
Crowder, 1986).
A transposition of a tonal melody (i.e., a melody that is interpreted in a
key) may involve changes on two perceptual dimensions: (1) Pitch height
dimension, represented by a rectilinear scale formed by successive discrete
steps of the equally tempered system (i.e., 12 steps per octave that are equal in
log frequency) (Shepard, 1982); (2) Key dimension, represented by the circle of
fifths on which the keys of the tonal system are situated (e.g., Schoenberg,
1922/1978, p. 155). A change on either dimension affects the perceived
similarity between a melody and its transposition (see, e.g., Cuddy, Cohen &
Mewhort, 1981; Trainor & Trehub, 1992,1994; Van Egmond, Povel & Maris, in
press). Two aspects determine to what extent a change on a perceptual
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dimension affects the perceived similarity: (1) the magnitude of the activation
of the perceptual dimension; (2) the magnitude of the change on the perceptual
dimension.

Below we shall discuss these two aspects, first for the key

dimension and then for the pitch height dimension.
Activation and Change on the Key dimension
In tonal music the tones of a melody are interpreted as the elements of a key. A
transposition of a tonal melody may involve a change of key. If the key
changes a listener will have to access a new frame of reference, that is, a new
key. The extent in which the old key differs from the new key influences the
perceived similarity, often referred to as the key-distance effect (Bartlett &
Dowling, 1981; Cuddy et al., 1981; Takeuchi & Hülse, 1992). Two variables that
relate to the key dimension have shown to play a role in perceptual judgments
on transpositions of tonal melodies: (1) the tonal strength of the melody, that is,
the amount in which the melody evokes a key; (2) key-distance, that is, the
relation between the key of the original melody and the key of the
transposition, expressed in steps on the circle of fifths.
Tonal strength also affects the memory for melodies: transpositions of
strong tonal melodies are better recognized than transpositions of melodies
with a less clear tonal structure (Croonen, 1995; Cuddy et al., 1981; Dowling,
1991). In addition, transpositions of strong tonal melodies to so-called nearkeys (i.e., keys closely positioned on the circle of fifths) are better recognized
than transpositions to far-keys (Cuddy et al., 1981) and are also judged more
similar than transpositions to far-keys (Van Egmond et al., in press).
Conversely, transpositions of weak tonal melodies to far-keys are better
recognized than transpositions to near-keys are (Cuddy et al., 1981). These
findings show that there is an interaction between tonal strength and keydistance.

Therefore in explaining the perceptual (dis)similarity of

transpositions the extent in which a melody evokes a key should be considered.
Cuddy et al. (1981) defined strong tonal melodies as melodies with a clear
underlying cadential progression, especially sequences based on a V7-I chord
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progression. Dowling (1991, p. 308) defined tonal strong melodies as "...started
and ended on the tonic, that constituted clearly tonal patterns in the keys, and
that were 'melodious' in the sense of using relatively small pitch intervak..."
(see, also, Dowling, 1978). Croonen (1995) has shown that both above
definitions of tonal strength of melodies yield the same recognition score.
However, to date no models are available that predict to what extent a key is
evoked by a melodic sequence.
Activation and Change on the Pitch height dimension
The pitch height dimension can be conceived as the mental representation of
the categorized discrete pitch-steps of the well-tempered system that listeners
use to represent incoming pitches (Attneave & Olson, 1972; Shepard, 1982).
Each tone of a melody will be represented on this dimension, after which
further abstractions from the relations between tones are made, for example,
intervals and keys (see, e.g., Bharucha, 1984; Deutsch, 1969). A shift on the
pitch height dimension will occur for every type of melody that is transposed,
whereas a change in key can only occur if a tonal melody is transposed.
Although every melody that is transposed will shift along the pitch height
dimension, this variable was not systematically varied in most research on
transposition. Those studies that did systematically vary changes on the pitch
height dimension showed that the pitch-shift affects the perceptual similarity
between a melody and its transpositions considerably (Frances, 1958/1988; Van
Egmond & Povel, 1994, in press; Van Egmond et al., in press).
Analogous to the interaction between the key change and the tonal
strength of a melody (i.e., activation of the key dimension), one might assume
that a similar interaction exists between a shift on the pitch height dimension
and the activation of that dimension. On this assumption, a large activation of
the pitch height dimension results in a large effect for pitch-distance, whereas a
small activation results in a small perceptual effect. Activation of the pitch
height dimension can be accomplished by the manipulation of two variables:
(1) the number of different tones; (2) the melodic range of a melody, which is
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the distance in semitones between the lowest tone of the melody and the
highest tone of the melody. For example, a shift of a two tone sequence on the
pitch height dimension should result in a smaller perceptual effect than a shift
of a sequence of ten tones. However, changing the number of different tones in
a melody will also change the structure of the melody, and will consequently
affect the tonal strength of the melody. As we want to keep the tonal strength
of the sequences constant, we have not change the number of tones in the
melody. Van Egmond & Povel (1994) reported that pitch-distance affected the
recognition score of a melody with a large melodic range (an ascending major
scale consisting of 8 tones and a melodic range of 12 semitones), whereas no
such effect was found for a melody with a relatively small melodic range (a
fragment from Frère Jacques consisting of 7 tones and a melodic range of 7
semitones). However, it could not be concluded that the amount of activation
was responsible for these different results, because the two melodies also
differed in structural aspects.
To study this pitch height activation hypothesis, melodies have to be used
that: (1) differ in melodic range; (2) have the same tonal strength; (3) contain the
same number of different tones. In Figure 1 two melodies are shown that
comprise exactly the same (octave equivalent) tones and exactly the same
interval sizes, but differ in contour at one position. The interval sizes (in
semitones) of the two melodies are presented below the tones and the contour
(indicated by + upward and - downward) above the tones. The one contour
change results in a relatively large difference in melodic range between the two
melodies. The melodic range of melody A is 14 semitones and the melodic
range of melody В is 6 semitones. Consequently, a larger area of the pitch
height dimension is activated for melody A than for melody B. If the activation
of the pitch height dimension would influence a listener's judgment the effect of
the pitch-shift will be larger for melody A than for melody B. Both melodies
contain the tritone and start and end on the tonic, variables important in the
induction of key (cf., e.g., Butler & Brown, 1984; Dowling, 1978, 1991).
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Therefore we can safely assume that both melodies evoke the same key to the
same extent.
Melody A

Melody В

L. · ' ' ' ' '4> . -" -.
2

3

6

3

2

2

3

6

3

2

Figure 1. Melodies A and В contain the same octave equivalent tones and equal intervallic
structure. The intervallic structure is presented under the melody; the contour is presented
above the melody. The melodic range of melody A is 14 semitones; the melodic range of
melody В is 6 semitones.

Interactions between Changes on the Pitch Height and Key Dimensions
As shown, the similarity between a tonal melody and its transposition is
affected by both perceptual dimensions, key and pitch height. In studies in
which both factors were varied, it was found that changes on the pitch height
dimension affected the perceived similarity more than changes on the key
dimension (Frances, 1958/1988; Hershman, 1994; Van Egmond & Povel, 1994,
in press; Van Egmond et al., in press). However, Van Egmond et al. (in press)
also reported that when the size of the shifts on the pitch height dimension was
restricted, the changes on the key dimension became more salient (although the
effect was not significant). We therefore suggested that a listener will direct his
or her attention to that dimension on which the largest changes occur expressed
as a function of the amount of activation and the magnitude of the shift.
Furthermore, one could hypothesize that when the pitch height dimension
is less activated, using a melody with a smaller melodic range, a shift on this
dimension becomes less noticeable and a shift on the key dimension becomes
more salient. In this study, the hypothesis will be tested by letting listeners
judge the perceptual similarity of two melodies that are equal in intervallic
structure, and thus in tonal strength, but that differ in melodic range.
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METHOD

In this experiment the perceived similarity between two tonal melodies, which
differed in melodic range, and various transpositions was studied. Each
melody was transposed with nine pitch-distances, which resulted in three
different key-distances. The nine transpositions were presented in a similarity
comparison paradigm.
Participants
Twenty-one graduate and undergraduate students of the University of
Nijmegen served as participants. The mean age of the participants was 22
years. All participants played or had played an instrument for an average of 8
years. The subjects received course credits for their participation.
Material
Cadence and Standard Melodies
A cadence preceded the standard melodies and consisted of a V-I chord
progression composed with standard voice leading rules. The lowest tone of
the cadence (i.e., the tonic) was always two octaves below the first tone of the
standard melody (i.e., the tonic). The standard melodies A and В are shown in
Figure 1. The two melodies are identical in interval-size and octave equivalent
tones, but differ at one position in interval direction. As a result, the melodic
range of the two melodies is different that of Melody A is 14 semitones, that of
Melody В is 6 semitones. Both melodies start and end on the tonic and both
contain the tritone. Factors that contribute to an unambiguous perception of
key.
Transpositions
Each melody was transposed to three keys situated 1, 2, and 3 steps
clockwise on the circle of fifths. A transposition to a key was accomplished by
three pitch shifts: (1) a downward shift; (2) an upward shift; (3) an upward shift
plus an octave. Thus, resulting in nine transpositions for each melody. Table 1

90

Melodie Range

displays the values for pitch-distance as function of key-distance and the three
types of transposition. These values are exactly the same for the two melodies.
Table 1
Pitch-distance as a Function of Key-distance and Transposition Direction
Key-distance
Transposition
Direction

1

Upward

7

9

11

Downward

5

3

1

Upward +
Octave

19

21

23

3

5

Apparatus
Stimulus presentations and response collection were managed by a program on
an Atari 1040 STf computer. The program controlled a Roland Rhodes 760
synthesizer through MIDI (Musical Instrument Digital Interface). The MIDI
velocity, which determines the (relative) loudness, was 60 for the melody tones
and 20 for the individual chord tones. The cadences and the melodies were
presented using a piano sound (Acoustical Piano 1).

The stimuli were

presented through a loudspeaker at a comfortable listening level that could be
adjusted by the participants.
Design and Procedure
The melodies A and В were presented in two separate trial-sets. The order of
the two trial-sets was different for each subject. Thus, one subject performed
the experiment first with melody A and then with melody B, whereas the other
subject performed the experiment first with melody В and then with melody A.
The cadence, the original melody, and the transpositions were presented in a
similarity comparison paradigm. Figure 2 presents a graphical representation
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of this paradigm. The original melody is always followed by a transposition,
together called a combination. A cadence precedes the original melody to
induce the key and to make a clear separation between combination 1 and
combination 2. As shown in the figure two combinations form a pair. Because
each transposition is combined with the original melody, 9 different
combinations result. Consequently, the 9 combinations formed 36 pairs, which
corresponds to 36 trials per melody and a total of 72 trials per subject.
A participant indicated in which combination (s)he perceived the
transposition as more similar to the original melody. After each trial the
participant could either choose to answer immediately or to repeat the trial (the
number of repetitions was left to the participant). The experiment was started
after a participant was familiarized with the procedure using 6 practice trials
for each melody, in which no feed-back was given.
The order of presentation of the trials and the order of the two
combinations within a trial was randomized per participant. The key of the
cadence and of the standard melody was selected randomly out of twelve
possible keys, with the first tone of standard melody ranging from G4 to FÍ5.
The lowest tone (tonic) of the cadence was always two octaves below the lowest
tone of the standard. The key of the comparison melody was, of course, varied
relative to the selected key for the standard melody.
Pair
1

1

Combination 1
1

Start

Cad.

St.

Combination 2

1

1

Tl

Cad.

St.

1

u

T2 1

Respons

750 1500 750 1500 500 1500 1250 1500 750 1500 500 1500
t(ms)

Figure 2. Graphical display of the similarity comparison paradigm. The duration of the
Cadence (Cad.), Standard (St.), Transposition 1(T1), and Transposition 2 (T2) is indicated in ms.
A pair consist of two combinations that each contain the same standard melody but differ in
transposition. The cadence is a V-I chord progression.
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Figure 2 presents the timing and order of the cadences, standard melody, and
transpositions. A trial began 750 ms after a start button was pressed. Only the
inter onset interval (ΙΟΙ) of the tones was controlled, the decay in toneamplitude during the ΙΟΙ being determined by the synthesizer. The tones of
the cadences had an ΙΟΙ of 750 ms. Between the cadence and the standard
melody was a pause of 750 ms. All tones of the standard melody and the
transpositions had an ΙΟΙ of 250 ms. There was a pause of 500 ms between
standard and comparison melodies and a pause of 1250 ms between
Transposition 1 and the next cadence.
RESULTS

The data were analyzed in two steps. First, the results obtained were analyzed
with the BTL-model (Bradley & Terry, 1952; Luce, 1959). This model is a
variant of the Thurstone model of comparative judgment (Thurstone, 1927),
being based on a logistic distribution function, whereas the Thurstone model is
based on the normal distribution. The BTL-model is a one-dimensional scaling
model and yields scale values for each stimulus. A scale value indicates the
relative similarity between the original melody and it transposition. Second, a
regression analysis on the scale values was performed to derive the individual
contribution of the variables key-distance and pitch-distance.
All subjects indicated that the task was easier to perform for melody В (the
melody with the small melodic range and one contour change) than for melody
A. A chi-square goodness of fit test applied to test the applicability of the BTLmodel indicated that the BTL-model was tenable both for melody Α (χ^(28) =
2

20.55, ρ > 0.84), and for melody Β (χ (28) = 23.21, ρ > 0.72).
Figures За and 3b present similarity (in scale values) for each transposition
as a function of pitch-distance for respectively melodies A and B. The value of
key-distance for each transposition is presented above the scale values. Figure
3a shows a systematic relation between pitch-distance and similarity for
melody A: an increase in pitch-distance results in a decrease of similarity.
Figure 3b does not show a systematic relation between pitch-distance and
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similarity for melody B, whereas the scale values for each key-distance are
approximately the same (except for the transposition of pitch-distance 21, keydistance 5). The latter finding suggests indicates that key-distance and the scale
values might have a systematic relation. A further regression analysis is
applied to derive the individual contribution of the variables key-distance and
pitch-distance.
In
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VV

Melody А
Parameter KD

Melody В
Parameter KD
υ
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rt
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С
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1

1—

10
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20
25
25
10
15
20
Pitch-distance
Pitch-distance
(semitones)
(semitones)
Figures 3a and 3b. Similarity values plotted as a function of pitch-distance for respectively
melodies A and B. Above the data points key-distance is indicated. Lines ate added to increase
readability only.
Table 2 presents the correlations and intercorrelations between pitch-distance,
key-distance, and similarity for melodies A and B. As can be readily seen in
this table:
1. Pitch-distance and key-distance are practically uncorrelated. Therefore no
part of the variance explained by pitch-distance is also explained by keydistance and visa versa.
2. Melody A. Similarity and pitch-distance are significantly correlated and the
correlation is negative: indicating that an increase in pitch-distance results in
a decrease of similarity. Furthermore, similarity and key-distance are not
significantly correlated.
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3. Melody В. Similarity and key-distance are significantly correlated and the
correlation coefficient is negative: indicating that an increase in key-distance
results in a decrease of similarity. Furthermore, similarity and pitch-distance
are not significantly correlated.
Pitch-distance explains 77% (p<.005) of the variance for melody A, whereas no
significant relation is found between similarity and key-distance (R2=.06, p>.5).
Key-distance explains 53% (p<.03) of the variance for melody B, and no
significant relation is found between similarity and pitch-distance ( R 2 = . 1 8 ,
p>.2).
Table 2
Correlation Table for Melody A and Melody В with Independent Variables
Pitch-distance, Key-distance, and Dependent Variable Similarity
Melody A
Variables

Melody В

Pitch-

Key-

Pitch-

Key-

distance

distance

distance

distance

Pitch-

—

—

distance
Key-distance
Similarity

.07

—

.07

—

-.88"

-J2A

^43

-.73*

*p<.03. **p<.005.
DISCUSSION

The different results obtained for melody A and melody В show that melodic
range determines which factor, key-distance or pitch-distance, affects the
perceived similarity. The perceived similarity between melody A, which has a
large melodic range, and its transposition is significantly affected by pitchdistance: an increase in pitch-distance resulting in a decrease of similarity. This
effect is conform studies in which the similarity between melodies and their
transpositions was studied (cf., Van Egmond & Povel, in press; Van Egmond et
al., in press). For melody B, which has a small melodic range, no effect of pitch-
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distance was found but now key-distance significantly affected the perceived
similarity between this melody and its transpositions. The effect of keydistance was in the expected direction: an increase in key-distance resulted in a
decrease of similarity. This effect is conform other studies that investigated the
effect of key on the perceived similarity between a melody and its
transpositions (Cuddy et al., 1981; Trainor & Trehub, 1993; Van Egmond et al.,
in press).
Consequently, for a melody with a large melodic range (i.e., a large
proportion of the pitch height dimension is activated) a change on the pitch
height dimension will be a more salient factor for a listener and determines the
perceived similarity. However, for a melody with a small melodic range, which
activates only a small proportion of the pitch height dimension, a change on the
pitch height dimension will not be the most salient factor for a listener to
determine the perceived similarity but key-distance is. Van Egmond et al. (in
press) found that when the shifts on the pitch height dimension were restricted
to only small shifts, pitch-distance became less salient and key-distance became
more salient. Furthermore, if Figures 3a and 3b are compared it can be seen
that for shifts larger than an octave (i.e., pitch-distances 19,21,23) the similarity
between melody A and its transposition is to the same extent affected as the
similarity between melody В and its transposition. This indicates that a very
large shift on the pitch height dimension still affects the perceived similarity.
Only small shifts on the pitch height dimension do not result in any perceptual
effects for melody В (small melodic range). Therefore we conclude that there is
an interaction between the activation of the pitch height dimension and the shift
on this dimension.
The first stage in several models of music perception (Bharucha, 1987;
Deutsch, 1969) is the identification of pitches in terms of the pitch height
dimension after which further abstractions are made, like intervals, chords, and
keys. Thus, according to these models the key dimension can only be evoked
after the first stage. Furthermore, both stages will also be influenced by topdown processes that will implement musical knowledge to: (1) categorize
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pitches on the pitch height dimension; (2) derive key information from the
relation between the pitches. Our results now indicate that if in the first stage
large changes occur, resulting from the interaction between the activation of the
pitch dimension and the shift on the pitch dimension, the later stage in which
key is derived is probably not even accessed. However, if a small proportion of
the pitch height dimension is activated then only large shifts will affect the
perceived similarity and the stage in which key is derived will become more
important in judging the perceptual similarity.
The melodies used in this study were exactly equal in intervallic structure
and therefore should evoke a key to the same extent. However, if large shifts
are used or if the melody activates a large portion of the pitch height
dimension, the relation between the key of the original melody and the key of
its transposition is not a salient factor (see, also Van Egmond & Povel, 1994). In
addition, key-distance is limited in its range (only 6 key-distances are discerned
in music theory) whereas pitch-distance can be varied to a larger degree.
Consequently, if the differences in key between melodies are the subject of a
perceptual study or should play a role in a composition, the size of pitchdistance should be small, the number of tones in the melody restricted, and the
melodic range limited. These three factors will decrease the influence of the
pitch height dimension on the perceptual similarity. In addition, the melody
should maximally evoke a key to become a salient factor. In future research we
will investigate the interaction of tonal strength with the activation of the pitch
height dimension and the shifts on the pitch height dimension.
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ABSTRACT

The purpose of this study was to investigate the perceived similarity between a
melody and the exact and inexact transpositions of that melody. Exact
transpositions, which preserve the interval structure of the original melody,
were formed by manipulating the variables key-distance and pitch-distance.
Inexact transpositions, having a different interval structure than the original
melody, were created by altering one tone of the exact transpositions. Two
types of alteration, retaining the contour of the original melody, were used: (1)
a chromatic alteration of one tone fitting the key of the original melody; (2) a
diatonic alteration of one tone fitting the key of the transposed melody. The
coding model of Deutsch and Feroe (1981) was used as a qualitative predictor
of the perceived similarity. The resulting predictions were tested using a paired
comparison paradigm. Results indicate that both pitch-distance and alteration
explain a significant part of the variance, whereas key-distance does not
contribute significantly. It was also found that exact transpositions are
perceptually more similar to the original melody than inexact transpositions,
and that chromatically altered transpositions are perceptually more similar to
the original melody than diatonically altered transpositions. These results are
broadly in accordance with the applied coding model.

Exact and Inexact Transpositions

INTRODUCTION

Making variations on a melody is a powerful technique in music composition.
In each variation, some aspects of the original melody or theme remain
unchanged while other aspects are modified. Variations or transformations may
take various forms like changing the rhythm of the melody, changing the
metrical basis, changing the harmonization, ornamenting the melody, or
elaborating it in all sorts of ways (see, Reti, 1951). These transformations are
usually applied in such a way that at least the competent listener will be able to
recognize the original melody. Still there are large differences in this respect if
we compare, for instance, Mozart's variations on "Ah, vous dirai je Maman" (К.
265, more familiar under the name "Twinkle Twinkle Little Star"), with Bach's
"Goldberg Variations" (Klavierübung Teil Г , BWV 988). In the former example
the theme can easily be recognized in the majority of the variations, whereas in
the latter this is often very difficult or even impossible. One might thus assume
that a productive way of studying music perception is by examining to what
extent transformed melodies remain perceptually invariant (Hülse, Takeuchi
and Braaten, 1992).
A transformation not yet mentioned is the transposition in which the
melody is shifted up or down on the pitch height dimension. Transposition is
the most common transformation used in music and forms the subject of this
study. Two types of transposition were investigated: (1) exact transpositions, in
which a melody starts on another tone but the intervals, the distances between
the tones, remain the same; (2) inexact transpositions, in which a melody starts
not only on another tone but also some of the intervals are altered. In tonal
music, that is, music composed in a key (e.g., С major, a minor), a transposition
will result not only in a shift on the pitch height dimension but may also entail
a shift in key. The relationship between the keys in tonal music is represented
by the so-called circle of fifths (see Figure 1) and is named key-distance. One
step clockwise or counterclockwise on this circle results in the same keydistance (see, e.g., Piston, 1941/1987, p. 6). Furthermore, each key is, per
definition, related to another key by its shortest possible distance on this circle.
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For example, the keys С and F are related by a key-distance of 1 step
counterclockwise, and are not related by a key-distance of 11 steps clockwise.
Consequently, the maximum distance on this circle is 6 steps (e.g., from С to
Fft/d»).
F ^ -

С
·

~ \

G

F#/Gt
Figure 1. Circle of fifths used to represent the relation between the major keys. Every step on
this circle corresponds to an increase in key-distance. A step to the left results in a flat key; a
step to the right results in a sharp key.
Exact Transpositions of Tonal Melodies
As stated above, a tonal melody that is transposed along the pitch height
dimension may also change in key. Examples of this are presented in Figure 2.
This figure presents a melody in the key of С major (indicated "Original
Melody"), which has been composed using all seven tones of the major scale.
Melodies 1 to 4 are exact transpositions of the original melody formed by
varying both key-change and pitch-shift. The melodies 1 and 2 are transposed
respectively 7 semitones upward and 5 semitones downward, both resulting in
a key-change to G major (i.e., one step clockwise on the circle of fifths). The
melodies 3 and 4 are transposed 11 semitones upward and 1 semitone
downward, respectively, both resulting in a key-change to В major (i.e., five
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steps clockwise on the circle of fifths). The magnitude of the key-change was
above expressed by key-distance. Similarly, the magnitude of the pitch-shift is
expressed by pitch-distance. Consequently, the examples of the exact
transpositions may be specified by the variables pitch-distance and keydistance, that are confounded to some extent.
Both variables have been shown to influence the perceptual similarity
between a melody and its transpositions. The perceptual effect of a key-distance
caused by a transposition, the so-called key-distance effect, has been reported in
several studies (Bartlett & Dowling, 1980; Cuddy & Cohen, 1976; Cuddy, Cohen
& Mewhort, 1981; Cuddy, Cohen & Miller, 1979; Takeuchi & Hülse, 1992;
Trainor & Trehub, 1993; Van Egmond, Povel, & Maris, in press). The effect of
pitch-distance has been the subject of only a few studies. Interestingly, research
indicates that, for well-structured tonal melodies, the perceived similarity is
much more influenced by pitch-distance than by key-distance (Frances,
1958/1988, p. 177; Hershman, 1994; Van Egmond & Povel, 1994b; Van Egmond,
Povel, & Maris, in press).
Inexact Transpositions of Tonal Melodies
In Figure 2, melodies 5 to 12 are examples of inexact transpositions. These
inexact transpositions are derived from the exact transpositions (melodies 1 to
4) by altering one tone of the exact transpositions. Consequently, the change in
key as well as the shift along the pitch height dimension of the inexact
transpositions is identical to that of the exact transpositions. In the examples in
Figure 2, two types of alteration are used to create the inexact transpositions
from the exact transpositions: (1) a diatonic alteration, is realized by changing
one tone into another tone that belongs to the key of the (transposed) melody;
(2) a chromatic alteration, is realized by changing one tone into a tone that does
not belong to the key of the (transposed) melody. In Figure 2, the altered tones
are indicated with arrows and are chosen such that the contour of the melody
remains unchanged. Diatonically altered transpositions (i.e., melodies 5 to 8)
are created by shifting the fifth tone of the exact transpositions a major second
downward. Chromatically altered transpositions (i.e., melodies 9 to 12) are
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created by lowering the pitch of the sixth tone of the exact transpositions a half
step.
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Thus, inexact transpositions are characterized not only by a change in key and a
shift on the pitch height dimension, but also by a change of the interval
structure. Several studies have shown that a change in the interval structure of
a melody greatly influences similarity judgments, and that the judged
(dis)similarity depends on the type of change (e.g., Bharucha, 1984; Croonen,
1994; Edworthy, 1983, 1985; Trainor & Trehub, 1992, 1994). In particular,
chromatic alterations — which do not fit the transposition key — lead to a
judgment of dissimilarity (Trainor & Trehub, 1992,1994).
It should be noted, however, that some chromatically

altered

transpositions contain only tones of the original key, and can therefore be
interpreted in the key of the original melody. Such transpositions are
exemplified by the melodies 9 and 10 shown in Figure 2. The combination of
transposing to G-major and then changing the Ff into an F, leads to a
transposition of which all tones can be conceived in the key of C-major. These
inexact transpositions are called tonal transpositions and are judged as being
very similar to the original melody (e.g., Dewitt & Crowder, 1986; Dowling,
1978,1986; Takeuchi & Hülse, 1992; Van Egmond & Povel, 1994a). In contrast,
the same alteration (lowering the sixth tone of the melody a half step) in
combination with a transposition to B-major results in an inexact transposition
that cannot be interpreted in the key of C-major (i.e., the melodies 11 and 12).
This latter transposition is not perceived as similar to the original melody (see,
Bartlett & Dowling, 1980). In brief, research indicates that similarity judgments
of transposed melodies are dependent on the change in key, the shift on the
pitch height dimension, and the type of alteration.
Modeling the Similarity of Exact and Inexact Transpositions
In this paragraph we present a formalized approach, based on the model of
Deutsch and Feroe (1981), to predict similarity ratings of transposed melodies.
The coding model of Deutsch and Feroe (1981) represents melodic sequences in
terms of structural descriptions of the elements from an (pitch) alphabet and
takes the form: {{(Structure); Alphabet}; Reference Element). In tonal music, the
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alphabet is often a diatonic scale and the reference element is that element of
the scale at which the structural description starts.
Using this model, the original melody in Figure 2 can be coded as:
{((*/П3,2р,п4,2(п,р2),п4); С}; 14}. In this code the capital С corresponds to the С
major diatonic scale, and the Î indicates the first tone of the scale (i.e., the first
scale degree). The subscript 4 indicates the specific octave placement of the
scale degree (where C4 corresponds to the middle С on a piano). The
combination of scale degree, subscript, and key thus uniquely specifies a tone
(in this example the tone C4). The structure part of the code contains the
operators n, and p, that respectively denote: next element in the alphabet and
previous element in the alphabet, while the * indicates the location of the
reference element in the code. A superscript denotes the argument of the
operator in terms of number of steps in the alphabet (thus n 3 means move 3
steps upward in the alphabet). A number preceding an operator indicates the
number of times the operator is applied (thus 2p equals p, p).
In a similar fashion, the codes of the transpositions in Figure 2 can be
derived. These codes are presented in Table 1, in which those parts of the codes
that are different from the original melody are underscored. By comparing the
codes of the transpositions with those of the original melody, the differences
can be inferred. For example, the upward transposition of the melody (to the
key of) G-major (melody 1 in Figure 2) results in: reference element, I 4 ;
alphabet, G, that is, the melody starts on G4 (see Table 1, example 1). For this
case, the pitch-distance between the original melody and the transposition
equals the distance between C4 and G4, being: 7.
Besides pitch-distance three additional differences can be inferred from
the comparison of the codes of the original melody and their transpositions,
these are: (1) the difference in scale degree, which is independent of octave
placement; (2) difference in alphabet, that is, key-distance; (3) structural
differences between the melodies as expressed in the differences between the
structural part of the codes. Examples of these differences can be found in Table
1. This table shows that the codes of the different transpositions vary as follows:
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The exact transpositions (i.e., codes 1 to 4), apart from a difference in pitchdistance, differ in only one aspect of the code as compared to the original
melody, namely in the alphabet (indicating the key-distance). The codes of the
diatonically altered transpositions (i.e., codes 5 to 8) differ in six aspects compared
to the original code: (1) the structure, 5 changes; (2) the alphabet, 1 change. The
codes of the inexact chromatic transpositions (i.e., codes 9 and 10) differ only in
the reference element (i.e., scale degree), but not in the alphabet, thus yielding
one change. This in contrast to the codes of the chromatically altered
transpositions (i.e., codes 11 and 12) that change in reference element (scale
degree) and alphabet, thus yielding two changes. The latter two transpositions
have been coded in the key of Ε-major, because the (altered) tone A is not found
in B-major.
These codes may now be used to make predictions concerning the
perceptual (dis)similarity of a melody and its transpositions. In particular, it is
hypothesized that the more differences there are between the code of the
original melody and that of the transposed melody, the more dissimilar the two
melodies will appear to be. This leads to the following predictions:
(1) The exact transpositions (i.e., melodies 1 to 4) should be judged as most
similar to the original melody because their codes differ only with respect to
one aspect of the code: key.
(2) The chromatically altered transpositions are divided in two groups: (a)
melodies 9 and 10, the tonal transpositions; (b) melodies 11 and 12, which are
not interpretable in the key of the original melody. Like the exact transpositions
the tonal transpositions also differ with regard to only one aspect of the code (in
this case reference element) and would therefore be judged as equally similar to
the original melody as the exact transpositions. The melodies 11 and 12,
however, differ with respect to two aspects of the code (i.e., key and reference
element) and will thus be judged as more distinct from the original melody
than the comparable exact transpositions and tonal transpositions.
(3) The diatonically altered transpositions (i.e., melodies 5 to 8) should be
judged as the most dissimilar from the original melody because their codes
differ with respect to 6 aspects: key; 5 structure operators.
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Exact and Inexact Transpositions

In the experiment reported below we have studied the perceived similarity
between a melody and different exact and inexact transpositions using a paired
comparison paradigm. In this paradigm a listener compares a combination of a
melody and a transposition with another combination of the same melody and
a different transposition and indicates in which combination the transposition
is more similar to the original melody. The advantage of this paradigm over the
commonly used standard-comparison paradigm is that it allows a more direct
estimate of the similarity between a melody and a transposition.
METHOD

In this experiment the perceived similarity between a tonal melody and various
exact and inexact transpositions was studied. The melody was transposed using
two different key-distances each combined with two pitch-distances. From each
exact transposition two additional inexact transpositions were created, using a
diatonic and a chromatic alteration of one tone in the melody. This resulted in a
total number of 12 transpositions, which were presented combined with the
original melody in a paired-comparison paradigm.
Participants
Thirteen graduate and undergraduate students of the University of Nijmegen
served as participants. The mean age of the participants was 22 years. All of
them had played or were playing an instrument for several years, with an
average of 9 years. They received course credits or money for their
participation.
Stimuli
The original melody and the 12 transpositions are shown in Figure 2. The
transpositions were constructed by combining two key-distances, two pitchdistances, and three levels of alteration. A cadence, containing the chords V and
I of the original key, preceded the original melody to induce its key.
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Apparatus
Stimuli were presented using a Roland Rhodes 760 synthesizer controlled by an
Atari 1040 STf computer through MIDI (Musical Instrument Digital Interface).
Different instruments were used to enhance the perceptual separation between
cadence and melodies: the cadences were presented using a piano sound
(Acoustical Piano 1), and the melodies using a harpsichord sound (Harpsichord
3). The relative loudness of the two instruments was left to the standard setting
of the synthesizer. The stimuli were presented through a loudspeaker at a
comfortable listening level that could be adjusted by the participants. Stimulus
presentations and response collection were controlled by a program on the
Atari computer.
Design and Procedure
The cadence, the original melody, and the transpositions were presented using
a paired-comparison paradigm. A graphical representation of this paradigm is
shown in Figure 3, showing one experimental trial. The original melody is
always followed by a transposition, together this is called a combination. As
shown in the figure two combinations form a pair. Because each transposition is
combined with the original melody, 12 different combinations result.
Consequently, the 12 combinations formed 66 pairs, which corresponds to 66
trials
The participant's task was to indicate in which combination (s)he
perceived the transposition as more similar to the standard (see Figure 3). After
each trial the participant could either choose to answer immediately or to
repeat the trial (the number of repetitions was left to the participant). The
experiment was started after a participant was familiarized with the procedure
using 6 practice trials, in which no feed-back was given.
The order of presentation of the trials and the order of the two
combinations within a trial was randomized per participant. In each trial the
key for cadence and standard melody was randomly selected out of twelve
possible keys, with the first tone of the standard melody ranging from G4 to F%.
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The lowest tone (tonic) of the cadence was always two octaves below the lowest
tone of the standard. The key of the comparison melody was, of course, varied
relative to the selected key for the standard melody.

Pair
Combination 1
ι

Cad.

Stand.

Combination 2

1

Transp. 1

ι

Cad.

Stand.

Start

1

Transp. 2

ι

750 1500 750 2500 500 2500

2000 1500

750

2500

1

R
es
Respons

500

t(ms)
Figure 3. Graphical representation of the used paired comparison paradigm. A pair consists of
two combinations that contain the same standard melody but different transpositions
(comparison melodies). Standard melodies are preceded by a V-I cadence Numbers indicate
the duration of the different parts and pauses m a trial (in ms).
Timing and order of cadences, standard melody, and transpositions are shown
in Figure 3. A trial began 750 ms after a start button was pressed. Only the inter
onset interval (ΙΟΙ) of the tones was controlled, the decay in tone-amplitude
during the ΙΟΙ being determined by the synthesizer. The tones of the cadences
had an ΙΟΙ of 750 ms. Between the cadence and the standard melody was a
pause of 750 ms. All tones of the standard melody and the transpositions had
an ΙΟΙ of 250 ms. There was a pause of 500 ms between standard and
comparison melodies and a pause of 2000 ms between Transposition 1 and the
next cadence.
M E T H O D OF ANALYSIS

For each of the 66 pairs a preference score per participant was obtained. The
mean of the preference scores for all participants reflects the chance that within
a pair one stimulus is preferred over the other stimulus. The proportions were
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analyzed by means of the BTL-model (Bradley & Terry, 1952; Luce, 1959),
yielding scale values for each type of transposition. The BTL-model is a variant
of the model of comparative judgment of Thurstone (1927). A scale value
represents a relative measure of similarity for a stimulus (standard and
transposition). The individual contributions of the factors pitch-distance, keydistance, and alteration, describing the relation between the original melody and
its transposition, were subsequently determined by applying multiple
regression analysis to the scale values.
RESULTS

To begin, the applicability of the BTL-model was tested using a Pearson Chisquare test for goodness of fit. Results indicated that the BTL-model was
tenable (χ2(55) = 66.7, ρ > 0.10).
Figure 4 shows the obtained scale values as a function of pitch-distance. In
the figure, for each data point, the key-change and the type of transposition has
been noted. The following trends may be inferred from the data displayed in
the figure. First, an important general trend is that similarity decreases with
increasing pitch-distance (similarity decreases moving from left to right in the
figure). Second, key-distance (C—>G versus С—>B) appears to have a minimal
effect on similarity judgments. Third, for each level of the variable pitchdistance, similarity decreases as function of transposition type in the following
order: exact transposition, chromatically altered transposition, diatonically
altered transposition. Fourth, the two chromatically altered transpositions that
are conceivable as tonal transpositions (i.e., those combined with a key change
from С to G, indicated with Ch(T) in Figure 4) are judged as being much more
similar to the original melody than the two chromatically altered transpositions
that cannot be conceived as tonal transpositions (i.e., those combined with a key
change from С to B, indicated with Ch in Figure 4). In fact the tonal
transpositions are judged as having almost the same similarity value as the
exact transpositions.

114

Exact and Inexact Transpositions

Parameter Transposition Type
Exact (E)
Inexact: Chromatic (Ch)
Inexact: Tonal transposition (Ch (T))
Inexact: Diatonic (D)

!..
С4-»Вз
E
C4- • G 3
Ch

E

Ch(T)
C4 —» G4

•Г я)

lot 0 - 1
il

(И

Ch(T)
E

C4-»B4
f Б

й

ID

Ch

-1

-1

10

12

Pitch-distance
Figure 4. Similarity values plotted as a function of pitch-distance. Above the data points the
specific transposition is indicated. Besides each point the type of transposition is presented:
exact transposition (E); chromatically altered transposition (Ch); tonal transposition (Ch (T));
diatonically altered transpositions (D). Lines are added to improve readability only.
The partial effect of each independent variable (i.e., pitch-distance, keydistance, alteration) on the dependent variable (i.e., similarity) was determined
using a multiple regression analysis. Table 2 presents the intercorrelations of
the independent variables and the correlations between the independent
variables and the dependent variable. As none of the independent variables are
(inter)correlated, these variables could be entered in any specific order in the
regression analysis. As key-distance only had a small, insignificant correlation
with similarity (r=-0.16, F(l,10)=0.32, p>0.50) it was not entered in the
regression analysis.
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Table 2
Intercorrelations Between Independent Variables and Correlations Between
Independent Variables and Dependent Variable
Pitch-distance

Key-distance

Alteration

Dependent variables
Pitch-distance

—

Key-distance

0.00

—

Alteration

O00

O00

—

Independent variable
Similarity

-0.80

-0Л6

-0.49

The three levels of the variable alteration were coded as: none (0); chromatic (1);
diatonic (2). These values and the values of pitch-distance (i.e., 1,5,7,11) were
entered in the regression analysis, of which a summary is shown in Table 3. The
overall F-test shows a significant (regression) relation between the two
independent variables and the dependent variable. The total amount of
explained variance is 88%, of which pitch-distance explains the major part
(63%) and alteration explains an additional smaller part (24%). Coefficients for
both pitch-distance and alteration differ significantly from zero (indicated by
the partial F-tests). Because these coefficients are negative, an increase in pitchdistance or in alteration (from 0 to 2) results in a decrease of similarity, which is
consistent with the relation between the independent variables and dependent
variable shown in Figure 4.
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Table 3
Multiple Regression Analysis on the Scale-values
Individual Contributions of Variables
Variable

Coefficient

SE

Partial F

P-value

Partial R2

Intercept

0.95

Pitchdistance

-0.11

0.02

45.91

0.0001

0.63

Alteration

-0.30

0.07

17.56

0.0023

0.24

Total Contribution
F(2,9)=31.74, p=0.0001 R2=0.88
NOTE. Independent variables: Pitch-distance and Alteration. Dependent variable: Similarity,
based on BTL-model.
DISCUSSION

Two main topics were investigated in this study: (1) the influence of the
experimental variables key-distance, pitch-distance, and alteration

on the

perceived similarity between a melody and its transposition; (2) the
applicability of the model of Deutsch and Feroe (1981) in predicting the
similarity between a melody and its transpositions. In the following paragraphs
we shall discuss these two topics in succession.
The findings observed with respect to the effect of the variables keydistance, pitch-distance, and alteration may be summarized as follows. (1) Keydistance has a minimal effect on similarity judgments. (2) Pitch-distance has the
largest effect on the similarity judgments, in the sense that an increase in pitchdistance resulted in a decrease of similarity. (3) Six out of the eight altered
transpositions are judged as less similar to the original melody than the same
unaltered transpositions. (4) Type of alteration has a systematic effect on
similarity judgments: a chromatically altered transposition was always judged
more similar to the original melody than a comparable diatonically altered
transposition. (5) Tonal transpositions (transpositions that can be conceived in
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the key of the original melody) are judged as being similar to the exact
transpositions. (6) Chromatically altered transpositions having the same
interval structure as tonal transpositions, but that cannot be interpreted in the
key of the original melody are judged as being quite different from the exact
transpositions. The different results for the two chromatically altered
transpositions (having the same interval structure but transposed to different
keys, discussed above in points 5 and 6) show that there exists an interaction
between key-distance and alteration, but the overall effect of key-distance for
all transpositions is minimal.
These findings confirm earlier findings in the literature, that have shown
that: (a) Pitch-distance has a larger effect on the perceived similarity between a
melody and its transposition than key-distance (Frances, 1958/1988; Hershman,
1994;Van Egmond, Povel & Maris, in press); (b) Tonal transposition are judged
as almost similar to the exact transpositions (e.g., Dewitt & Crowder, 1986;
Dowling, 1978,1986; Takeuchi & Hülse, 1992; Van Egmond & Povel, 1994a) (c)
Type of alteration determines to what extent the perceived similarity will be
affected (e.g., Bharucha, 1984; Croonen, 1994; Edworthy, 1983,1985; Trainor &
Trehub, 1992,1994).
The second topic concerned the predictions derived from the model of
Deutsch and Feroe(1981), applied both to the original melody and to the
transpositions. We previously suggested that, for a given pitch-distance, the
number of differences between the code of the original melody and that of the
transposed melody will determine the perceived similarity: the more
differences, the more dissimilar a transposition would be judged compared to
the original melody.
The code of the exact transpositions changed in only one aspect (i.e.,
alphabet). Our findings indicate that these transpositions were judged as more
similar to the original melody than most of the comparable inexact
transpositions. The code of the tonal transpositions also changed with regards to
one aspect (i.e., reference element). These transpositions were perceived as
almost similar to the comparable exact transpositions. Consequently, these
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almost equal similarity values of the exact transpositions and tonal
transpositions show that if a listener's similarity judgment is based on the code
described in this study, these judgments are equally influenced by a change in
key (i.e., alphabet) or a change in scale step (i.e., reference element). The other
chromatically altered transpositions change in two aspects of the code (i.e.,
alphabet and reference element). These transpositions — having the same
interval structure as the tonal transpositions ~ were clearly judged as more
dissimilar to the original melody than the comparable exact transpositions (the
latter being changed on only one aspect of the code). Thus, this result shows
that a change in one aspect of the code affects the perceived similarity less than
a change in two aspects of the code. The code of the diatonically altered
transpositions changes in 6 aspects of the code (i.e., 5 in structure and 1 in key).
These transpositions were judged as the most dissimilar to the original melody
than comparable other transpositions. These findings are consistent with our
prediction that the more aspects of the code are changed the more dissimilar
the transposition will be judged.
In conclusion, our findings show that the variables pitch-distance and
alteration together explain the major part of the perceived similarity between a
melody and its transposition, whereas key-distance did not affect a listener's
similarity judgment. Comparison of the differences between the Deutsch and
Feroe-codes of the original melody and its transpositions resulted in predictions
that were consistent with the findings of our experiment. However, although
differences between the resulting codes indicate which transposition will be
judged more similar to the original melody than another transposition, but
these differences do not, as of yet, permit to make predictions concerning the
size of the effect. Furthermore, it was found that the paired-comparison
paradigm allows to collect similarity judgments of melodies differing in
transposition and in structure. In this way, it should be possible to derive
classes of melodies that are perceptually similar to one another. In future
research we plan to investigate the possibility to derive such a measure of
similarity using the herein described paradigm and coding model.
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Factors in the Recognition of Transposed Melodies:
A Comment on Takeuchi & Hülse

Van Egmond, R. & Povel, D.J. (1994). Music Perception, 12,137-142.

ABSTRACT

In an analysis of the melodies used in the experiments reported by Takeuchi
and Hülse (1992), it is shown that in different experiments a different number of
melodies occur that are conceivable as tonal transpositions. Based on this
analysis an alternative explanation of the reported results is proposed in which
both tonal transposition and key-distance play a role.

Factors in the Recognition of Transposed Melodies

INTRODUCTION

In their article, "Key-distance effects in melody recognition reexamined,"
Takeuchi & Hülse reported three experiments in which the recognition of
transposed melodies was studied by using a standard-comparison paradigm.
Several factors were varied, including (1) key-distance between standard and
comparison melody (no transposition, near-key transposition, far-key
transposition); (2) key induction, by varying the cadences preceding standard
and comparison melodies. The results of the experiments led to the following
main conclusions:
1. "As in Experiments 1 and 2, Experiment 3 produced no evidence to support
Dowling's hypothesis that key-distance discrimination effects are due to
subjects' interpreting comparison melodies in near keys as being shifted in
scale step, rather than transposed in key." (p. 20)
2. Recognition of near-key transpositions of the same melody is influenced by
whether the near-keys transpositions are up or down in the circle of fifths,
(pp. 19-20)
3. "Key-distance effects in melody recognition, if they exist at all, may simply be
due to a more general effect of context on melody perception." (p. 20)
This reply deals with the data on which these conclusions were based and
shows that part of the results can alternatively be explained by assuming that
some comparison melodies are perceived as shifted in scale-step, that is, as
tonal transpositions, not recognized as such in the original study. Before going
into this explanation, we first review in some detail the paradigm and the
relevant conditions used, the predictions, and the results.

Paradigm and Conditions
In the three reported experiments, a standard-comparison paradigm was used.
In all experiments, the standard melody was preceded by a cadential
progression inducing the key of the standard melody. A cadential progression
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consisted of a I-IV-V-I chord-sequence. In three conditions, different contexts
preceded the comparison melody. In Condition 1, no cadence was played. In
Condition 2, a cadence was played that evoked the key of the comparison
melody. These two conditions were only used in Experiment 1. In Condition 3,
used throughout all experiments, the comparison melody was preceded by the
same cadence that was played before the standard melody, thus re-inducing the
key of the standard. Two sets of melodies, called A and B, were used in the
experiments. In each series of trials the same melody was presented both as a
transposition and as a transposition in which one tone was chromatically
altered, which was called a lure. Thus, the sets of stimuli contained 50%
transpositions and 50% lures. In all experiments, the same melodies were used
(although in Experiments 2 and 3, one melody was omitted), and the keydistances in terms of steps on the circle of fifths were identical, although the
near-key transpositions for Experiment 2 differed from those of Experiments 1
and 3 in that they were selected on opposite sides on the circle of fifths (e.g., С
—> G, versus С —> F). The actual key assignments for the near-key
transpositions in the three experiments are shown in Table 1. Far-key
transpositions were always to a key 6 steps away on the circle of fifths (e.g.,
C->Fl).
Predictions
Condition 3 (in which the comparison melody was preceded by the cadence of
the standard melody) was introduced to induce subjects to perceive near-key
comparison melodies in the same key as the standard melody, that is, as a tonal
transposition. It was predicted that in this condition, near-key transpositions
will be more difficult to discriminate from lures than far-key transpositions
would be, leading to a higher false alarm rate for the near-keys.
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Table 1
Transpositions Used in the Experiments of Takeuchi & Hülse (1992) to Form the
Comparison Melodies in the Near-Key Condition
Set A
Set В
Exp. 1 and 3 Exp. 2
Melody
Exp. 1 and 3 Exp. 2

1
2
3
4
5
6

P4
P5
P5
P4

P5
P4
P4
P5

—

—

P4

P5

P4
P5

P5
P4

—

—

P4
P5
P4

P5
P4
P5

NOTE. Dashes indicate melodies not used in Experiments 2 and 3. P4 and P5 indicate
respectively one step counterclockwise (e.g., C—>F) and one step clockwise (e.g., C—>G) in the
circle of fifths.
Results
The results related to Condition 3 for the three experiments are shown in Figure
1. In Experiments 1 and 3, the recognition scores for the near-key transpositions
are much higher than those for the far-key transpositions, whereas in
Experiment 2, the scores for near- and far-key transpositions are virtually
identical. Thus, in Experiments 1 and 3, near-key transpositions were better
recognized than far-key transpositions.
These results, together with those observed in the other conditions, led to
the first two conclusions mentioned above, which respectively state that (1)
there is no evidence supporting the view that tonal transpositions play a role in
the recognition of transposed melodies and (2) the recognition of near-key
transpositions is affected by whether the keys are up or down in the circle of
fifths.
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Figure 1. The results of Condition 3 in the three experiments. The y-axis represents the area
under memory operating curve (MOC), with 0.5 representing chance performance and 1.0
perfect performance, near = near-key transposition; far = far-key transposition.

Alternative Explanation of the Results
Below we present an analysis of the stimuli used in Condition 3 in the three
experiments, after which we offer an alternative explanation for the observed
results which follows from this analysis. Table 2 presents a detailed description
of the stimuli used in the experiments. It shows the standard melodies used in
the different experiments as well as the comparison melodies, which are
divided into (real) transpositions and transpositions in which one tone was
altered, called lures. Because lures were formed by a chromatic alteration of one
tone of the transposed melodies, which could either be the fourth or seventh
scale step (and which could be located at any serial position except the first or
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the last), the resulting lure melodies depended on the key to which the standard
melody was transposed. As different near-key transpositions were used in the
different experiments as shown in Table 1, this resulted in different stimuli for
Experiments 1 and 3 versus Experiment 2.
Consider for example melody 1 of Set A, and the way near-key
transpositions and lures were constructed. In Experiment 2, in which the
comparison melody is transposed from С to G, the tone С in the fourth position
of the transposed melody is altered to CD to form the lure. In Experiments 1 and
3, in which the comparison melody is transposed from С to F, the tone Bün the
fourth position is changed into a B. Note that the latter lure-melody contains
only tones fitting in the key of the standard melody. Given the fact that in
Condition 3 the comparison melody is preceded by the standard cadence, it
follows that this latter lure-melody could easily be conceived as the standard
melody shifted in scale-step, that is, as a tonal transposition. Analyzing all
melodies used in the different experiments in the same way, we find several
melodies that can be conceived as tonal transpositions. These are indicated by
an asterisk in Table 2. It can be verified in this table that in Experiments 1 and 3
there are only 2 lures conceivable as a tonal transposition, whereas in
Experiment 2 there are not less than 8 lures conceivable as tonal transpositions.
The finding that there are four times as many tonal transpositions in the
lures of Experiment 2 than in the lures of Experiments 1 and 3, suggests that
this might have been the cause of the difference between the results of
Experiment 2 versus those of Experiments 1 and 3. This is indeed the case if it is
assumed that a lure which is heard as a tonal transposition, that is, as the same
melody shifted in scale step in the original key, is judged as being equal to the
standard melody and thus gives rise to a false-alarm. Now it follows that the
relatively high number of tonal transpositions in Experiment 2 raises the falsealarm rate, resulting in the lower recognition score that was observed for nearkey transpositions.
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Factors in the Recognition of Transposed Melodies

DISCUSSION

After having shown that the different results found in Experiment 2 versus
Experiments 1 and 3 can be explained by the different number of tonal
transpositions occurring in those experiments, it follows that the results should
not be ascribed to the difference in the selection of the key for the near-key
transpositions, namely as up or down on the circle of fifths. It should be noted
that the latter explanation is not very likely to be correct since the choice of the
direction of the near-key transposition does not systematically vary between
Experiment 2 versus Experiments 1 and 3. The explanation might have worked
if all near-key transpositions were, for instance, from С to G in Experiment 2
and from С to F in Experiments 1 and 3, but this is clearly not the case, as can be
verified in Table 1.
Further, we want to point out that the results shown in Figure 1 indicate
an effect of key-distance insofar as the near-key comparison melodies yield
higher recognition scores than the far-key comparisons in both Experiments 1
and 3. That a similar result has not been found in Experiment 2 can be
understood as resulting from the higher occurrence of tonal transpositions in
the altered comparison melodies in that experiment, as explained above.
In sum, on the basis of these considerations, we would like to propose that
the results of Takeuchi and Hülse show that in the recognition of transposed
melodies both key-distance effects and tonal transpositions play a role and that
the manner in which these variables operate needs further examination.
REFERENCE

Takeuchi, A. H., & Hülse, S. H. (1992). Key-distance effects in melody
recognition reexamined. Music Perception, 10,1-23.
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The Influence of Tonal Transpositions on the Perceptual Similarity
of Melodies:
A Response to Takeuchi

ABSTRACT

A careful interpretation of the newly provided data by Takeuchi (1994)
regarding the experiments reported in Takeuchi & Hülse (1992) shows that
these data do not, as she argues, contradict the alternative explanation offered
by van Egmond & Povel (1994), but actually support this explanation.

Tonal Transpositions and Perceptual Simitority

INTRODUCTION

In our reply (Van Egmond & Povel, 1994) to the article of Takeuchi & Hülse
(1992) we have argued that tonal transpositions and key-distance play a role in
the recognition of the melodies used in their experiments. In reaction to this
reply Takeuchi (1994) has presented additional data concerning the false alarm
rates and hit rates observed in their experiments, not provided in the original
article. She claims that these data are in contradiction with our proposed
explanation. Below we shall briefly review these new data and show that they
actually confirm the role of tonal transpositions and thus support our
explanation.
The newly provided data by Takeuchi (1994) are displayed in Figure 1. For
each of the three experiments the hit rates found for near- and far-key targets as
well as the false alarm rates for near- and far-key lures are shown. Before
attempting an interpretation of these data we should point out that the design
of Experiment 1 differed from the design used in Experiments 2 and 3. Sixteen
subjects participated in Experiment 1 and eight subjects in Experiments 2 and 3.
In Experiment 1 the stimuli were assigned in a different way than in
Experiments 2 and 3. Also the number of trials per standard melody differed (8
versus 12) as did the number of standard melodies (12 versus 10). As a
consequence, only the results of Experiments 2 and 3 can safely be compared,
whereas a comparison between the results of Experiment 1 with Experiments 2
or 3 may be biased by the differences in design, and should thus be treated with
caution.
If we still compare the results of Experiments 1 and 3, we see the same
relative difference between the hit rates and false alarm rates for near- and farkey conditions. The false alarm rates in Experiment 1 are higher than those in
Experiment 3 (probably caused by the differences in design), whereas the hit
rates are almost equal. The fact that the higher fake alarm rates in Experiment 1
are not accompanied with higher hit rates may be the result of a ceiling effect
for the targets.
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Figure 1. Percentage same responses to near-key and far-key targets (hits) and to near-key and
far-key lures (false alarms). Data from Takeuchi (1994). near = near-key transposition;
far = far-key transposition.
If we now compare the results of Experiments 2 and 3 (in which the same
design was used), we note that the difference of the false alarm rates for nearkey lures in Experiments 2 and 3 is much bigger than the false alarm rates
between the far-key lures of these two experiments. The higher false alarm rate
for near-key lures in Experiment 2 as compared to that of Experiment 3 is, in
our opinion, the result of the fact that the lures in Experiment 2 comprised
8 tonal transpositions as compared to only 2 tonal transpositions occurring in
the lures of Experiment 3 (see Table 2 in van Egmond & Povel, 1994). Thus this
finding is perfectly in line with our proposed alternative explanation in which
an important role is assumed for tonal transpositions in the judgment of the
similarity of melodies.
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Interestingly, the higher observed hit rates for near-key targets in
Experiment 3 as compared to those of Experiment 2 can be explained along the
same lines. Inspection of the target stimuli used in Experiments 2 and 3 (see
Table 2 of Van Egmond & Povel, 1994) shows that none of the targets in
Experiment 2 are tonal transpositions of the standard melodies, whereas 4 of
the target stimuli of Experiment 3 are actually tonal transpositions of the
standard melodies. On the assumption that tonal transposition increases the
perceptual identity of two melodies, one would indeed expect to find a higher
hit rate if tonal transpositions occur, as is the case in Experiment 3.
DISCUSSION

The interpretations given above of the additional data provided by Takeuchi
(1994) support the alternative explanation proposed by van Egmond & Povel
(1994), in which tonal transpositions are assumed to be an important factor in
the recognition of melodies. We are, of course, aware of the post-hoc nature of
the presented interpretations which therefore should be regarded with some
caution. On the other hand, it should be noted that the assumed role of tonal
transpositions in melody recognition is supported by several studies in the
literature (e.g., Bartlett & Dowling, 1980; Dewitt & Crowder, 1986; Dowling,
1978,1986). In sum, we believe that the serious doubts that Takeuchi & Hülse
(1992) have expressed concerning the role of tonal transposition and keydistance in the judgment of the perceptual similarity of melodies are not
justified. More systematically controlled experimental studies are needed to
establish the precise role these factors play in melody recognition.
REFERENCES

Bartlett, J. C , & Dowling, W. J. (1980). Recognition of transposed melodies: A
key-distance effect in developmental perspective. Journal of Experimental
Psychology: Human Perception and Performance, 6,501-515.
Dewitt, L. Α., & Crowder, R. G. (1986). Recognition of novel melodies after brief
delays. Music Perception, 3,259-274.
Dowling, W. J. (1978). Scale and contour: Two components of a theory of
memory for melodies. Psychological Review, 85,341-345.
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CHAPTER 8
Key and Mode Connotations of Pitch-class Sets

Van Egmond, R. & Butler, D. (submitted).

ABSTRACT

A complete description is given of the key and mode connotations of all pcsubsets of the three main diatonic sets (i.e., major, harmonic, and ascending
melodic minor). To facilitate the application of pcset theory to descriptions of
tonal pitch relations, a small number of new terms are introduced to retain
characteristic intervallic relationships in tonal music that are typically not found
in discussions of atonal pitch-class relations.

Key and Mode Connotation

INTRODUCTION

On the face of it, a description of pitch relations in tonal music would seem to
have little to gain by using techniques developed in the area of pitch-class set
theory. Pitch-class studies involve operations and notational systems that
carefully sidestep tonally loaded nomenclature, and that neutralize references
to registrai context that could taint the tonality-free environment in which these
descriptions necessarily exist. It might be the case, however, that these neutral
representations of pitch-class relations closely resemble the interpretations of
tones necessarily made by skilled listeners who, not possessing the perceptual
capacity of absolute pitch, are confronted with tonal music. This is simply
another way of re-stating the truism that pitch relations within the tonal idiom
are neither tightly nor universally bound to absolute pitch values. Modulo-12
labels enable us—indeed, force us—to describe a hypothetical listener's tonal
inferences through the faculty of relative pitch.

Following this line of

reasoning, the goal of this essay is to describe those intervallic properties of
pitch-class sets that may transmit important identifying cues about tonal center
and mode to the listener.
There do exist in the literature of pitch-class theory several studies (such
as Clough, 1979; Clough & Myerson, 1985; Rahn, 1991; Regener, 1974) of the
diatonic properties of septachords and smaller sets 6 . Other studies have dealt
with the tonal implications of pitch-class sets as they might be encountered by
the listener Longuet-Higgins & Steedman, 1971, p. 223; Browne, 1981). Browne

" Clough distinguished between diatonic and chromatic supersets, proposing that the diatonic
superset determines the generic size of pitch intervals, whereas the chromatic set determines
specific size. For example, C-Ε and D-F relate to the same generic size of 3, whereas the
specific size is respectively 4 and 3. Rahn (1991) used different supersets to determine the
generic size of a set: all subsets of the chromatic set can be supersets that will determine the
generic size. There are also sets with the same specific size but differ in generic size (Rahn,
1991). For example, the tritones F-B and B-F have the same specific size but have different
generic sizes for the major diatonic superset. The augmented fourth F-B has a generic size of 3
and the diminished fifth B-F of a generic size of 4. The generic sizes will differ depending on
the intervallic characteristics of the superset. These are all valuable studies of the set
characteristics of diatonicity, and it is not meant as a criticism to say that the perceptual
implications of these studies are limited. Rather, the objectives of the studies are simply
different ones.
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(1981) pointed out that different intervals in the major diatonic set—because of
their varying levels of ubiquity—vary correspondingly in their level of tonic
specificity, and that listeners get a perceptual grip on the tonality in tonal
patterns through a (probably unconscious) recognition of the tonic-defining
messages carried by the rarer intervals in the set 7 . Browne's proposal added a
perceptual dimension to the work of Babbitt (1960) and others (such as Regener
1974; Clough 1979), and was much more complete in its discussion of the pitchset properties of the diatonic set than the earlier attempt of Longuet-Higgins
and Steedman (1971) to describe the hypothetical listener's perceptual discovery
of tonic in tonal music. Browne limited his discussion of tonal implications to
dyads found in the major diatonic set;8 Longuet-Higgins dealt with both the
major and harmonic minor sets, but limited his discussion to entire diatonic sets
that he asserted were used as perceptual templates by the listener.
Our purpose in this study is to take what seems to be a reasonable next
step in this line of inquiry, which is to describe all pitch-class subsets of
cardinality 2 through 6 that can be extracted from the major, harmonic minor,
and ascending melodic minor sets, 9 and to compare the relative rarity of those
subsets—following Browne's reasoning that the rarer subsets should be
inherently less ambiguous with regard to the diatonic sets from which they can
be extracted. This study takes only the single next step, although there are
many other steps that remain to be taken eventually; for example, any study of
tonality cues imparted by pcsets would have to consider effects that temporal
cues such as order and relative durations (with their concomitant rhythmic and

' It is necessary to underscore the point that Browne's concept of ubiquity/rarity hinges on the
number of times an interval class is represented within a reference set, not the number of times
the interval class is represented by intervals occurring in the music itself.
° The intervallic properties of the harmonic minor set using the same line of reasoning as
Browne were presented in David Butler (1992).
9
The pure form of minor mode can be considered equivalent to the major diatonic set because
the sets are identical; differences occur only when set members are arranged in scalar order.
Therefore, pure minor is not considered here because the objective in this study is to describe
subsets of diatonic sets most reflective of major-minor tonal materials. We will, however, add
some comments describing tonally significant relationships between the major and natural
minor diatonic sets.
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metrical implications) might have on the listener's recognition of key and mode.
Furthermore, a study of tonality using pcsets necessarily ignores the influence
of register on the listener's recognition of key, although registrai factors such as
voice-leading might well play an important perceptual role in tonic recognition.
To keep this study reasonably brief, it is necessary at this stage to avoid all
discussions of chromaticism,10 as well.
MAPPING THE DIATONIC SETS

The first stage of the study was to map out the various pc-subsets in major and
minor. The mapping operation began by designating three septachords as both
the generators of pitch-class subsets, and as templates against which all subsets
were to be compared. These septachords, arranged here in scalar order, were
{0,2,4,5,7,9,11}, (0,2,3,5,7,8,11), and {0,2,3,5,7,9,11}: the major, harmonic minor,
and ascending melodic minor sets. Using a LISP program developed by the
first author, all dyads, 11 trichords, tetrachords, pentachords, and hexachords
that could be derived from one or more of these septachords were aligned at all
possible starting points in the three septachords and their transpositions, and
all matches were recorded.
Primitive Forms
Because we will be dealing in tonal interpretations of pcset properties, it is
necessary to clarify a few terms and concepts at this point. While it is useful to
adopt some conventions from atonal pcset theory—such as integer notation that
allows us to neutralize spellings and registrai variables—there are tonally
significant pitch relations that must be preserved if discussions of tonal
relationships are to be perceptually valid. Outside the tonal idiom, for example,
pcset {0,4,7} and pcset {0,3,7} are inversionally equivalent, and thus represent
the same prime form [0,3,7]. In tonal music, of course, these trichords have
10

A brief description of chromaticism in tonal music has been given in Helen Brown (1992).
Although monads are considered trivial in atonal pitch-class theory, they do receive some
attention in cognitive theories of tonal music; for example, see Eugene Narmour (1992; 1994).
The bulk of the attention in this study, however, will be paid to dyads through hexachords,
discussing their levels of specificity to key, to mode, or to both.
11
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strikingly different sounds and potentially different tonal implications, and
descriptions of them must always be sensitive to that difference. For that
reason we will use the term primitive farm to refer to the normal order of a pc
subset, transposed to begin on pcO; this is as close to the employment of the
concept of prime form as is sensible in discussions of tonal pitch relations.12 A
primitive form of a subset could also be its prime form; for example, all dyads
have the same prime and primitive forms. Whenever prime and primitive
forms are different, we will discuss the primitive forms; a primitive is a
representative of all 12 transpositions (but not inversions) of that pcset and will
be offset by double angle brackets: «0,4,7».13
This study is limited to primitives that can be derived from the three
diatonic sets, and thus does not describe all possible primitives that can occur in
the equal-tempered twelfth-octave system. In order to describe this difference,
Table 1 lists the number of primitives that can be derived from the three
septachords and the chromatic set as a function of the cardinality of the
primitives. The primitives derived from the chromatic set represent all possible
primitives of the presented cardinality that can occur in the equal-tempered
twelfth-octave system. It can be seen in Table 1 that the number of primitives
derived from the septachords differs from the number derived from the
chromatic set. The number of primitives derived from cardinality 2 through 4
of the chromatic set, however, is almost equal to that derived from the
septachords, indicating that when we discuss the key and mode connotations of
these primitives we in fact discuss all possible pcsets of that cardinality.
Another way of saying this is that the primitives of cardinality 2 and 3 (except

12 Rahn (1980) distinguishes between Tn-types (pcsets whose only structural difference is
transposition) and Tn/Tnl-types (which as a group are equivalent to Forte's prime forms). Our
"primitive" form is equivalent to Rahn's Tn-type, but only the Tn-type. In other words, its
identity is preserved under transposition (thus 1,5,8 and 2,6,9 are representatives of the
primitive or Tn-type (0,4,7)), but a change of order among its constituent intervals changes its
identity (thus 2,6,9 represents the primitive (0,4,7), while 2,5,9—with the same constitutent
intervals but in a different order—represents the primitive {0,3,7}).
13 Unordered sets are indicated between braces; ordered sets between angle brackets. Double
angle brackets are used to indicate that a primitive is in fact a special form of an ordered set
(i.e., normal order transposed to 0).
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«0,1,2») represent all primitives that can occur both in the diatonic and in the
chromatic systems. Although the remainder of our discussion is restricted to
diatonic reference sets, we will in effect discuss the valence and mode
properties of all possible pcsets of that cardinality. The primitives that are not
present in the septachords can be discussed only if chromaticism is included,
but-as was pointed out previously-this is beyond the scope of the present
study. 14
Table 1
The Number of Primitives as a Function Cardinality
Number of Primitives
Cardinality

Chromatic Set

Diatonic Sets

2

6

3

19

18

4

43

34

5

66

33

6

80

16

ABSTRACTIONS FROM KEY A N D

6

M O D E

Key-class
For the sake of clarity and precision, we will need to discuss key and modal
connotations of pitch-class sets separately. The reference to a key without any
modal reference will be called a key-class. We propose that pcsets can be
described and compared by the possible tonics to which they refer, in much the
same way that pcsets can be described and compared by multiplicities of
unordered pitch-class intervals they contain. A key-class (abbreviated kc) is
designated by an integer corresponding to the pitch-class designation of the
tonic. For example, key-class 0 (kcO) represents all possible keys, independent

1* We have added the "chromatic" primitives of cardinality 2 to 6, that is, the primitives that
cannot be interpreted in one of the diatonic sets in Appendix 1.
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of mode, with a tonic of pcO. Although such a designation may seem
redundant at first, we suggest that there is the same need for neutrality in
designations of key as there is for designations of individual pitch-classes,
pcsets, and line-classes (Clough & Myerson, 1985). Moreover, we have found
that it is both useful and necessary to treat tonic and mode separately. We can
illustrate this necessity by considering the dominant seventh chord, which
every first-year music student knows is the least ambiguous indicator of key. If
the dominant seventh is represented as the tetrachord {0,3,6,8}, which can be
spelled C, É>, Ó>, A^, (BÍ, Dtt, Fl, Gtt), it can be identified as a dominant seventh in
key-class 1 (Γ> /Ci) major and (harmonic and ascending melodic) minor. But
the tetrachord (0,3,6,8) is also embedded within the ascending melodic minor of
key-class 3 (F> /DÌ): that is, the septachord {3,5,6,8,10,0,2}.
Key-class Index
To show a pcset's implications of tonic(s) and mode(s), the key-classes and
mode connotations are arranged in a linear array, a key-class index. A key-class
index facilitates descriptions and comparisons of tonal and modal implications
of pcsets by enumerating the key-classes into which their combined intervals
will map, much as an interval vector facilitates descriptions and comparisons of
pcsets by enumerating their component intervals according to interval class.
Every key-class index thus consists of 12 entries corresponding to the twelve
possible kc's; from kcO on the left to kcll on the right. The kc-index gives a
succinct account of the key and mode specificity of the pcset. Entries in the kcindex can have a value ranging from 0 to 3, where the value 0 indicates that
some particular pcset does not have any connotations to that kc. The value 1
indicates that only one mode is possible for that specific kc. The value 3
indicates that the pcset occurs in all three diatonic sets (i.e., major, harmonic,
ascending melodic minor) having the same kc. The value 2 corresponds either
to a combination of major and ascending melodic minor, or to harmonic and
ascending melodic minor. The other possible combination that would produce
the value 2—that is, a pcset that could be mapped onto both a major and
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harmonic minor septachord—does not occur. Any pcset that can be found
within a major and harmonic minor septachord of the same key-class will
necessarily also be found in the ascending melodic minor septachord within
that key-class.
The number of filled entries in a kc-index yields a measure of that
primitive's key-level valence: that is, the number and concentration/dispersion
of its references to various key-classes in the major and minor modes. One
filled entry indicates that the primitive is unique with respect to that key-class.
A primitive that is unique with respect to key will be referred to as a univalent
primitive. 15 A primitive that is unique with respect to mode will be referred as
monomodal. A primitive that refers to both modes (i.e., major or minor) will be
referred to as bimodal.

Although the representation of minor mode is

expressed in terms of two diatonic sets, we must remember that the two sets
attempt to capture differing inflections within a single minor mode. Which of
those two minor diatonic sets is the better representative for "the" minor mode
must remain the focus of a later study, but at present one could argue that the
harmonic minor might be the better representative, because it has the fewest pcsubsets in common with the major diatonic set.
An example of how a kc-index is derived should illustrate several of these
points. The pcset {0,1} (primitive form «0,1») can be found within several keyclasses, and maps onto several modes within those key-classes: kcl, in all three
modes; kc5, in harmonic minor; kc8, in major; kclO, in harmonic and ascending
melodic minor. Thus, the resulting kc-index for the pcset {0,1} has the following
form:

(030001001020)
If we now transpose the pcset {0,1}, for example, by the value +2 which
results in the set {2,3}, the kc's in which this pcset can be found can be readily

15 \y e w j]] u s e (jje term valence to indicate the relation of a pcset with respect to key. A
univalent pcset relates to only one key-class; a multivalent pcset relates to more than one keyclass.
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derived by rotating the kc-index to the right by two steps. The kc-index then
becomes:
(200300010010)
Notice that the number of filled entries does not change; rather, only the keyclass connotations change.

Similarly to a transposition of +2, the

(complementary) transposition of -10 results in a rotation of the kc-index to the
left by ten steps. Each positive transposition is equivalent to a complementary
negative transposition. The number of "filled" entries (i.e., >0) in any kc-index
corresponds to the number of times a pc set can be transposed so that it maps
onto one of the septachords in a key class.
Transposition Index
There are 4 possible transpositions of the primitive «0,1» that will result in a
filled entry in the kc-index on kcO; those would be the pcsets {2,3}; {4,5}; {7,8};
and {0,11}. The transposition factors then correspond to: 2,4,7,11. We will call
this set of numbers the transposition index, (TI) and will use the notation: TI(2 4
7 11). The number of elements (i.e., transposition factors) in the transposition
index is equal to the number of filled entries in the kc-index. Initially, the
transposition index may seem to present redundant information. However, we
have found the transposition index a useful tool for describing the mapping of a
primitive across the three diatonic sets of a specific key-class. In principle, 12
transposition indices can be derived in this way, but simply as a matter of
convenience, we will use the diatonic sets referring to kcO. A primitive can be
considered as a representation of the intervallic properties of a class of pcsets,
instead of a collection of specific pc's. In this way, «0,1» represents all possible
minor seconds, major sevenths, and all other octave complements and
compounds of these intervals. An octave equivalent interval maps onto specific
places in a diatonic set. For example, within the major diatonic set the minor
second and major seventh can occur only between the scale degrees Ti-Do or
Mi-Fa. The pitch-classes that represent these scale degrees for a diatonic set of a
specific kc are, of course, different and dependent on the kc of the diatonic set.
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For example, the primitive «0,1» regarded as an interval collection maps onto
two, and only two, positions of the major diatonic set—that is, on Ti-Do and
Mi-Fa. The actual pc-sets that correspond to these scale degrees are {4,5} and {0,
11). The transposition index parsimoniously describes the places the primitive
maps onto a specific kc.
Mode Connotations
The relative scale degrees of the diatonic sets, expressed with movable-do
(tonic-do minor) solfège syllables, are:
Major

Do Re Mi Fa Sol La Ti

Harmonic Minor

Do Re Me Fa Sol Le Ti

Ascending Melodic Minor

Do Re Me Fa Sol La Ti

Five of the seven degrees are mode-neutral: Do, Re, Fa, Sol, and Ti. The
primitive corresponding to these 5 scale degrees is «0,1,3,6,8». This primitive
can be considered as the best indicator for a single kc that includes all modal
variants. However, limiting the tonal system to these scale degrees results in 9
different primitives of cardinality 3; 5 primitives of cardinality 4; and 1
primitive of cardinality 5 (cf., Table 1).
The possible interpretations of the pcset {0,1} in the three diatonic sets,
expressed as solfège syllables, are presented in Table 2. The first column in this
table presents the kc's to which {0,1} relates, and corresponds to the entry
position of the kc-index.

The second column displays the scale degree

interpretation. The third column shows the diatonic sets to which {0,1} relates;
the number of diatonic sets corresponds to the entry number in the kc-index.
Table 2
Mode and Key-class Connotations of Pcset {0,1)
Key-class
1
5
8
10

Do Re Mi
Ti Do
So Le
Mi Fa
Re Me

Diatonic sets
Major, Harmonic, and Ascending Melodic Minor
Harmonic Minor
Major
Harmonic, and Ascending Melodic Minor
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In an effort to clarify these mode connotations in the kc-index, and to make the
derivation easier for the reader, we have adopted an underscoring system for
the filled entries in the kc-indices. A key-class entry of "1" can indicate that a
pcset corresponds to any of the three possible modes within that key-class, so
the specific mode will be identified by the following underscoring:

Any

number not underscored indicates major; a single-underscored "1" indicates
harmonic minor; a double-underscored "1" indicates ascending melodic minor.
A key-class entry of 2 can correspond to only two possible combinations: a "2"
indicates a combination of the major and ascending melodic minor sets is not
underscored; an underscored "2" indicates a combination of the harmonic and
ascending melodic minor. The entry of "3" obviously refers to all 3 alternative
modes within the key-class. The kc-index for the pcset (0,1) now becomes:
(030001001020)
In the following paragraphs we will address the referential properties of
primitives with regard to key and mode and discuss only a selection that in our
opinion are important.
PRIMITIVES OF THE DIATONIC SETS AND THEIR KEY AND MODE
CONNOTATIONS

Primitives of Cardinality Two
Table 3 presents the primitives of cardinality 2 and their corresponding kcindices and transposition indices. The numbers of filled entries for all the
primitives of cardinality 2 can readily be derived from the kc-index and are
given here in ascending order: 4 filled entries in the kc-index of «0,1»; 6 filled
entries in the kc-indices of «0,2», «0,4», and «0,6»; 7 filled entries in the kcindices of «0,3» and «0,5». Previous studies have discussed the intervallic
properties of the major diatonic set and showed that this set has specific
properties that other septachords do not have (Balzano, 1980, 1982; Browne,
1981; Cross, Howell, & West, 1983; West, Cross, & Howell, 1991). More
specifically, Browne (1981) addressed the properties of the dyads within one
major diatonic set using Forte's interval vector, and discussed the possible
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perceptual implications of the uniqueness of occurrence in the major diatonic
set.
Table 3
Primitives of Cardinality Two with the Corresponding Key-class and
Transposition Indices
Primitive

Key-class index

Transposition index

«0,1»

(030001001020)

(2 4 711)

«0,2»

(300202030210)

(023579)

«0,3»

(2302100Ц030)

(02458911)

«0,4»

(120013020200)

(0357811)

«0,5»

(310203001130)

(02347911)

«0,6»

(030110030110)

({8 2} (9 3} {5 11»)

NOTE. The transposition indices are determined on the connotation to kcO. Underscoring and
size of entry numbers indicate diatonic sets: 3 corresponds to the major, harmonic minor, and
ascending melodic minor; 2 corresponds to the diatonic sets harmonic and ascending melodic
minor; 2 corresponds to the diatonic sets major and ascending melodic minor; 1 corresponds to
major; 1 corresponds to harmonic minor;_1 corresponds to ascending melodic minor.

In addition, Butler and Brown (1984) showed that the uniqueness of intervals
within one major diatonic set also determines the uniqueness of intervals
between major sets. Two intervals (which are notated here as the primitives of
cardinality 2 «0,1» and «0,6») relate to two different keys in the major diatonic
system. Although both relate to two different major diatonic sets, «0,6»
connotes a second major key only when enharmonically re-interpreted.
Conversely, «0,1» does not need to be re-interpreted (e.g., C, E^ are the correct
pitch names in the keys of Α-flat major and D-flat major, just as B, CD are
appropriate to both G-sharp and C-sharp major). The properties of these
primitives of cardinality 2, discussed in terms of the three diatonic sets used in
this study, are different. The primitive «0,1» has fewer key/mode connotations
than the primitive «0,6», which can be found in as many key/mode contexts as
the primitives «0,2» and «0,4». The mode connotations of the primitives are
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also not exclusive to one mode or one diatonic set, indicating that more than
two pes are needed to determine the key and the mode.
It is well known that the primitive «0,6» is transpositionally symmetrical
such that it can be transposed to only six different pitch-class levels without
duplication. In other words, each representative of the primitive «0,6» has two
degrees of transpositional symmetry. It may not be quite so obvious that when
two or more (in the cases of primitives/pesets of a higher cardinality)
transpositions of a symmetrical peset result in exactly the same peset, this
transposed peset must relate to exactly the same kc's and modes.
Consequently, the symmetrical properties of this primitive should abo result in
a kc-index with symmetrical properties. This property of the kc-index can be
explained in the following way: Each transposition step results in one rotation
of the kc-index, so that if two transpositions result in the same peset then two
different rotations should result in the same kc-index. Therefore the kc-index
should be symmetrical in such a way that part of the kc-index is repeated. For
example, the kc-index of the peset {0,6} contains two equal parts, that is, [ 0 3 0 1
1 0] occurs twice. This repeated part will result for two transposition values in
the same kc-index. For example, the transposition of the pcset{0,6} at T2 or Te
will result in the same peset and map in the same way onto the kc-index. In
conclusion, all symmetrical pesets will generate symmetrical kc-indices.
Primitives of Cardinality Three
Butler and Brown (1984) showed that all trichords containing the primitive
«0,6» are univalent, provided that the discussion avoids minor mode and all
chromaticism. Furthermore, they demonstrated that skilled listeners, when
presented with a trichord containing the tritone (i.e., univalent sets in major),
were able to indicate the "music theoretically correct" tonic of the trichord in
87% of the trials (Brown & Butler, 1981). For multivalent trichords listeners
indicated in 97% of the trials the correct tonic but this result was distributed
over more than one "theoretically correct" tonic. In fact, the maximum response
identifying any single tonic for a multivalent trichord was 44%. In addition, it
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can easily be shown that adding any one pc to the primitive «0,1 »-except the pc
that results in the tritone of course-does not make it univalent in the major
diatonic sets . Furthermore, the results of the perceptual study did not indicate
that trichords containing the primitive «0,1» resulted in a specific key
identification by skilled listeners.
Table 4
Primitives of Cardinality Three with the Corresponding Key-class and
Transposition Indices
Primitive

Key-class index

«0,1,3»
«0,1,4»

(030000001020)
(020001000000)
(010001001020)
(0300000000Ю)
(200200010010)
(100002020200)
(300202000110)
(000100030100)
(300102030010)
(020010000000)
(21020000103 0)
(030110010010)
(200Ц00Ц020)
(100003000100)
(020010020100)
(100013020000)
(020002000200)
(010100000010)

«0,1,5»
«0,1,6»
«0,2,3»
«0,2,4»
«0,2,5»
«0,2,6»
«0,2,7»
«0,3,4»
«0,3,5»
«03/6»
«0,3,7»
«0,4,5»
«0,4,6»
«0,4,7»
«0,4,8»
«0,5,6»

Transposition index
(2411)
(711)
(2 4 711)
(211)
(0 2 5 9)
(0 3 5 7)
(02379)
(3 5 9)
(02579)
(811)
(0249 11)
(2589 11)
(024589)
(0 3 7)
(3 5 8 11)
(0 5 7 8)
({3 711})
(2911)

NOTE. The transposition indices are determined on the connotation to kcO. Underscoring and
size of entry numbers indicate diatonic sets: 3 corresponds to the major, harmonic minor, and
ascending melodic minor; 2 corresponds to the diatonic sets harmonic and ascending melodic
minor; 2 corresponds to the diatonic sets major and ascending melodic minor; 1 corresponds to
major; 1 corresponds to harmonic minor; J corresponds to ascending melodic minor.
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The primitives of cardinality 3 and their corresponding kc-indices and
transposition indices are presented in Table 4. In the light of the previous
discussion it can be readily seen that when the minor diatonic sets are
considered along with the major set, no univalent primitives of cardinality 3
exist. Three primitives of cardinality 3 («0,1,4», «0,1,6», and «0,3,4») relate to
only two entries in the kc-index, and thus can be expected to be the least
ambiguous indicators of key. Notice further that not all primitives containing a
tritone have the same valence properties, this in contrast to primitives that are
interpreted only in major. For example, the diminished triad (represented by
«0,3,6») is not unique with respect to key due to the possible interpretations
towards the minor diatonic sets. Three primitives of cardinality 3 («0,1,4»,
«0Д4», and «0,4,8») are found only in the minor mode, but these primitives are
not unique indicators of key-class. There exists no primitive that is unique with
respect to the major mode, thus indicating a possibly important perceptual
imbalance between major and minor.
The transpositionally symmetrical primitive «0,4,8», identified in tonal
analysis as the augmented triad, also generates a kc-index that itself is
symmetrical in such a way that three transpositions of this primitive result in
the same kc-index. Consequently, the kc-index contains three equal parts (i.e.,
[0 2 0 0]). The augmented chord can only be-theoretically-interpreted in each
of the three different keys in terms of the same three scale degree functions (i.e.,
Me Sol Ti).

16

A comparison of the primitives «0,3,7» and «0,4,7», respectively

the minor and the major triads, is especially interesting. These primitives are a
member of the same prime form [0Д7], but if the two kc-indices are compared
it can be readily seen that the key and mode connotations of these primitives
are strikingly different (see Table 4). The primitive «0,3,7» relates to 6 different
kc's, whereas the primitive «0,4,7» relates to 4 different kc's indicating that a

16
The augmented triad is commonly characterized as a "contrapuntal" collection of tones
rather than as a vertical entity; that is, the fifth of the augmented triad, when encountered in
tonal music, is commonly found in an ascending linear context—often a chromatic passing tone
or microtonicization. Thus, there is more than one reason why an augmented triad,
encountered out of context, might be interpreted as tonally ambiguous.
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major triad is, in theory, less ambiguous in its key-class connotations than a
minor triad. 17
The kc-index for the primitive «0,3,7» contains an entry that would—if
«0,3,7» were construed to be a minor tonic chord—correspond to its relative
major—the 1 in the fourth column of the k-c index vector. The converse,
however, is not true: That is to say that if the primitive «0,4,7» were conceived
of as a major tonic chord, its kc-index would contain an entry corresponding to
its relative minor. (There is a 0 in the tenth column of the k-c index vector.)
Similarly, evidence of different perceptual judgments between the two triads
can be found in "probe-tone" studies such as those reported by Krumhansl
(1990). In these studies, one of the twelve chromatic tones was played after a
tonal context (e.g., the major and the minor triad), and listeners were then asked
to rate how well each tone "fits, in a musical sense," with the context. The
context was repeated until all chromatic tones had been presented.

The

resulting rating data showed that the tone corresponding to the third of the
minor triad, when presented after a minor context, received a relatively higher
rating than the third of the major triad receives when presented after a major
context. Krumhansl (p. 30,1990) suggested that "This may reflect that the third
scale degree is the tonic of the closely related, relative major of the minor key."
If a key-class index properly reflects the possible key interpretations of a
listener, then given the previous perceptual evidence one would not expect an
entry for the primitive «0,4,7» of the relative minor key. The introduction of the
natural minor as a representative of the minor mode would result in an entry
on the relative minor key. It therefore seems likely that the exclusion of the
natural minor and the use of only the harmonic and ascending melodic minor
diatonic sets in our analysis is a proper way of describing the minor mode.

17

If the natural diatonic minor set is included the key-connotations, for the primitives «0,3,7»
and «0,4,7» are still different. «0,3,7» relates to 7 keys, «0,4,7» relates to 6 keys. The following
kc-indices and transposition indices would then correspond to these primitives: «0,3,7» ( 3 0 0 1
1 1 0 2 1 0 2 0 ) (0245 78 9); «0,4,7» (10 1 0 2 3 0 2 0 100) (035 78 10).
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Primitives of Cardinality Four
Table 5 presents 35 primitives of cardinality 4 and their corresponding key-class
indices and transposition indices.

Eight of the thirty-five primitives are

univalent and unimodal. These are: «0,1,3,4», «0,1,4,5», «0,1,4,6», «0,1,4,7»,
«0,2,5,6», «0,2,6,7», «0Д4,7», and «0Д4,8». These primitives are all unique with
regard to the minor mode, but only 4 are also unique with regard to a diatonic
set. The primitives «0,1,4,5», «0,1,4,7», and «0,3,4,7» occur only in harmonic
minor and the primitive «0,2,5,6» occurs only in ascending melodic minor. In
addition, seven primitives are unique representative of (minor) mode but not
key, these are: «0,2,3,6», «0,1,4,8», «0,2,4,8», «0,2,6,8», «0,3,4,6», «0,3,6,7», and
«0,3,6,7». These numbers again show an imbalance between implied major and
minor reference sets.
Several primitives have characteristics appropriate for discussion here.
The primitive «0,2,6,7» is a very clear indicator of key, because it is the only
primitive that identifies a single tonic—and only that single tonic—across all
three modes. In other words, there is one entry in the kc-index generated by
this primitive, which always contains the single number 3. This specific
primitive relates to key-class 7 and consists of the scale functions Do, Fa, Sol,
and Ti. The so-called "primary" scale degrees Do-Fa-Sol are neutral regarding
mode, and the leading tone Ti is found in all sets other than the pure minor. In
addition, the strong relation of this primitive to key makes it obvious that
including the natural minor set in a study such as this would result in a key
connotation that is very unlikely. This primitive would relate to the natural
minor set of E, therefore an interpretation in terms of scale degrees would be:
Le, Te, Re, Me, which is an unlikely tonal interpretation of these tones.
Furthermore, if heard without any context, the resolution Re-Me and Le-Sol
captures the cadential resolution Ti-Do and Fa-Mi, centered on the third scale
degree of minor. This cadential voice leading/sequence has provided a wellworn path between relative major and minor keys. Thus we might anticipate
that the listener's interpretation of tonic in terms of Do, Fa, Sol, Ti might be
more likely than the interpretation of those tones as Le, Te, Re, Me. This is one
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of many perceptual hypotheses suggested by the set properties described in this
study, all as yet untested.
Five important seventh chords are represented among the primitives of
cardinality 4: «0,1,5,8», the major seventh chord; «0,3,5,8», which represents
both the minor seventh chord and the major triad with added sixth; «0,2,5,8»,
the half diminished seventh chord; «0,3,6,8», the dominant seventh chord; and
«0Д6,9», the diminished seventh chord. The last primitive is transpositionally
symmetrical, and thus four parts of the kc-index (i.e., [0,1,0]) are repeated. The
primitive «0Д6,9» can occur only in the harmonic minor diatonic set and refers
to 4 different key-classes. However, as was true of the symmetrical primitives
of lower cardinalities, the interpretation in terms of scale degrees is always
identical in all 4 kc's, that is, Ti-Re-Fa-Le. This fact reflects the well-known
pivot properties of this chord. As discussed previously, the valence properties
of the dominant seventh chord (i.e., «0Д6,8») are not as (theoretically) specific
towards key as is commonly assumed, because the primitive «0Д6,8» relates to
two different kc's. The primitive «0,2,6,7», on the other hand, is a unique
predictor for key over all three diatonic sets.
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Table 5
Primitives of Cardinality Four with the Corresponding Key-class and
Primitive
«0,1,3,4»
«0,1,33»
«0,1,3,6»
«0,13,7»
«0,1,4,5»
«0,1,4,6»
«0,1,4,7»
«0,1,4,8»
«0,1,5,6»
«0,13,7»
«0,1,5,8»
«0,2,3^»
«0,2,3,6»
«0,2Д7»
«0,2,43»
«0,2,4,6»
«0,2,4,7»
«0,2,4,8»
«0,23,6»
«0,2,5,7»
«0,2,5,8»
«0,2,6,7»
«0,2,6,8»
«0,3,4,6»
«0,3,4,7»
«0,3,4,8»
«0,33,6»
«033,7»
«0,33,8»
«0,3,6,7»
«0,3,6,8»
«0,3,6,9»
«0,4,5,7»
«0,4,6,7»

Transposition Indices
Key-class index
(020000000000)
(010000001020)
(030000000010)
(000000001010)
(000001000000)
(020000000000)
(000001000000)
(020001000000)
(010000000010)
(000001001010)
(010001001000)
(200200000010)
(000100010000)
(200100010010)
(100002000100)
(000000020100)
(100002020000)
(000001000200)
(0 0 010 00000 0 0)
(300102000010)
(100201000100)
(000000030000)
(000100000100)
(020010000000)
(000010000000)
(020000000000)
(010100000010)
(200100001020)
(11020000100 0)
(000010010000)
(030100000000)
(010010010010)
(100003000000)
(000010020000)

Trara

(И)
(2 411)
(211)
(2 4)

(7)
(И)
(7)
(711)
(211)
(247)
(4 711)
(0 2 9)
(5 9)
(0 2 5 9)
(0 3 7)
(3 5)
(057)
(3 7)

(9)
(0279)
(0379)

(5)
({39»
(811)

(8)
(И)
(2 9 11)
(0249)
(04 911)
(5 8)
(911)
(2 5 811)
(0 7)
(5 8)

NOTE. The transposition indices are determined on the connotation to kcO. Underscoring and
size of entry numbers indicate diatonic sets: 3 corresponds to the major, harmonic minor, and
ascending melodic minor; 2 corresponds to the diatonic sets harmonic and ascending melodic
minor; 2 corresponds to the diatonic sets major and ascending melodic minor; 1 corresponds to
major; 1 corresponds to harmonic minor; ^ corresponds to ascending melodic minor.
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Primitives of Cardinality Five
Table 6 presents the 34 primitives of cardinality 5 that occur in the three
diatonic sets. As can be expected when the cardinality of the primitives
increases the number of univalent and unimodal primitives drastically
increases; nineteen primitives are univalent and twenty primitives are
unimodal.

Of the nineteen univalent primitives only two are bimodal:

«0,1,3,6,8» and «0,2,4,6,7». Both these primitives are supersets of the primitive
«0,2,6,7», which referred to only one key-class but in all three modes; «0,1,3,6,8»
differs from this primitive inasmuch as it contains the mode neutral second
scale degree; «0,2,4,6,7» differs from this primitive in that it contains the sixth
scale degree, which occurs in major and ascending melodic minor. Moreover,
the primitive «0,1,3,6,8» refers to all three diatonic sets, and is thus a modeindependent predictor for key. Another superset of «0,2,6,7», «0,1,3,7,8» is the
first primitive that refers uniquely to one major set, containing the degrees Do,
Mi, Fa, Sol, Ti. It is important to note that there is a large overlap in elements
between the major diatonic set and the ascending melodic minor diatonic set.
Therefore all entries in the kc-index indicated by 2 for all primitives of
cardinality two through six will always contain some of the following scale
degrees: Do, Re, Fa, Sol, La, Ti. If the major and ascending melodic minor
diatonic sets are correct representatives of their mode then this means that it
will necessarily be difficult to determine when a pcset belongs to the major or
minor mode. One could speculate then that the main determining factor in the
listener's recognition of mode will be the order of the pc's, because the only
distinctive element of the two major and the ascending melodic minor diatonic
sets would be the third scale degree. If, however, one considers the major
diatonic set and the harmonic diatonic set as more appropriate representatives
of the major and minor modes, respectively, then the distinction between major
and minor can be made theoretically much easier by taking into account the
pitch-class content of a pcset.
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Table 6
Primitives of Cardinality Five with the Corresponding Key-class and
Transposition Indices
Primitive
«0,1,3,4,6»
«0,1Д4,8»
«0,1Д5,6»
«0,1,3,5,7»
«0,1,3,5,8»
«0,1Д6,8»
«0,1,3,6,9»
«0,1,3,7,8»
«0,1,4,5,7»
«0,1,4,5,8»
«0,1,4,6,8»
«0,1,4,6,9»
«0,1,4,7,8»
«0,1,5,7,8»
«0,2,3,5,6»
«0,2Д5,7»
«0,2,3,5,8»
«0,2,3,6,7»
«0,2,3,6,8»
«0,2,3,6,9»
«0,2,4,5,7»
«0,2,4,5,8»
«0,2,4,6,7»
«0,2,4,6,8»
«0,2,4,6,9»
«0,2,4,7,8»
«0,2,4,7,9»
«0,2Д6,8»
«0,2,5,7,8»
«0,3,4,6,7»
«0,3,4,6,8»
«0Д5,6,8»
«0Д5,7,8»

Тг,

Key-class index

(020000000000)
(020000000000)
(010000000010)
(000000001010)
(010000001000)
(0 3000000000 0)
(010000000010)
(0 0000000100 0)
(000001000000)
(000001000000)
(020000000000)
(010000000000)
(000001000000)
(000001001000)
(000100000000)
(200100000010)
(100200000000)
(000000010000)
(000100000000)
(000000010000)
(100002000000)
(000001000100)
(000000020000)
(000000000100)
(000000020100)
(000001000000)
(100001020000)
(000100000000)
(100101000000)
(000010000000)
(020000000000)
(010100000000)
(100100001000)

(11)

(И)
(211)
(2 4)
(411)

(И)
(211)

(4)
(7)
(7)
(И)
(И)
(7)
(4 7)

(9)
(0 2 9)
(0 9)

(5)
(9)
(5)
(0 7)
(3 7)

(5)
(3)
(3 5)

(7)
(057)

(9)
(0 79)

(8)
(И)

(911)
(0 4 9)

NOTE. The transposition indices are determined on the connotation to kcO. Underscoring and
size of entry numbers indicate diatonic sets: 3 corresponds to the major, harmonic minor, and
ascending melodic minor; 2 corresponds to the diatonic sets harmonic and ascending melodic
minor; 2 corresponds to the diatonic sets major and ascending melodic minor; 1 corresponds to
major; 1 corresponds to harmonic minor; J. corresponds to ascending melodic minor.
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Primitives of Cardinality Six
Table 7 presents the sixteen primitives of cardinality 6. Three primitives refer
to two different key-classes: «0,2,3,5,7,8»; «0,2,3,5,7,9»; «0,2,4,5,7,9». The first
two primitives are also bimodal, whereas the third primitive is monomodal
(i.e., major diatonic set). No primitive of cardinality 6 exists that occurs in two
different minor keys, again indicating the asymmetry between the minor
diatonic sets and the major diatonic set. One primitive is univalent and
bimodal: «0,2,4,6,7,9». It is obvious that this primitive does not contain the
third scale degree of the scale, and therefore it can occur in both the major and
the ascending melodic minor diatonic sets. It would be pointless to discuss the
primitives of cardinality 7, which are of course all univalent and monomodal
towards one of the diatonic sets.
Table 7
Primitives of Cardinality Six with the Corresponding Key-class and
Transposition Indices
Primitive
«0,1,3,4,6,8»
«0,1,3,4,6,9»
«0,1,3,5,6,8»
«0,1,3,5,6,9»
«0,1,3,5,7,8»
«0,1,3,5,7,9»
«0,1,3,6,8,9»
«0,1,4,5,7,8»
«0,1,4,6,8,9»
«0,2Д5,6,8»
«0,2,3,5,7,8»
«0,2,3,5,7,9»
«0,2,4,5,7,8»
«0,2,4Д7,9»
«0,2,4,6,7,9»
«0,2,4,6,8,9»

Key-class index

(020000000000)
(010000000000)
(01000000000 0)
(000000000010)
(0 0000000100 0)
(00000 0 000010)
(010000 000000)
(000001000000)
(010000000000)
(000100000000)
(10010000000 0)
(100000000010)
(000001000000)
(10000100000 0)
(0 0000002000 0)
(0 0000000010 0)

Transposition
index
Tr
(И)
(H)
(11)

(2)
(4)
(2)
(И)
(7)
(ID
(9)
(0 9)
(0 2)

(7)
(0 7)

(5)
(3)

NOTE. The transposition indices are determined on the connotation to kcO. Underscoring and
size of entry numbers indicate diatonic sets: 3 corresponds to the major, harmonic minor, and
ascending melodic minor; 2 corresponds to the diatonic sets harmonic and ascending melodic
minor; 2 corresponds to the diatonic sets major and ascending melodic minor; 1 corresponds to
major; 1 corresponds to harmonic minor; J. corresponds to ascending melodic minor.
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CONCLUSIONS

The discrepant modal implications of primitives that are monomodal towards
the minor keys seems strange if Forte's interval vector (see Forte, 1973) is
considered for the major, harmonic minor, and ascending melodic minor
reference sets. The interval vectors for the minor sets do not contain an entry of
1, as the interval vector for the major set does. It therefore becomes apparent
that discussing properties of the diatonic system or discussing intervallic and
relational properties towards other reference sets derived from the chromatic
set cannot be complete if this discussion is carried solely at the level of interval
classes. The relational aspects to the reference set that determines the majority
of the pitch material in a composition will not be discussed.

It seems

appropriate to state that one can discuss properties of the diatonic set in terms
of pc's, but it should be noted that this might be true only for small extracts of
compositions. In longer tonal pieces, many modulating sequences can occur in
which different spellings appropriately indicate the correct contextual
interpretation of the tones in a key. Analysis of pcset membership does,
however, enable us to analyze pieces of tonal music without first considering
the spelling of a tone set, so that all theoretical implications of a tone set with
regard to key and mode, represented in pitch-class numbers, are available.
In this essay, we have described what amounts to the first stage of a
perceptual theory that captures the key and mode implications that might be
conveyed by the intervallic contents of pcsets. There are, of course, other
aspects to consider in any musically realistic description of key induction; these
would include chromaticism, time-orders of pc's, and durations of pc's among
many other things. Until those aspects are given proper consideration, the
study has not really begun to explore issues of tonality. Rather, the discussion
up to this point has necessarily focused on issues of diatonicity:

simple

inclusive and exclusive relationships of pcsets within larger reference sets.
Temporal relationships among tones are probably one of the most
important aspects of tonality induction: As was discussed earlier, it has been
reported that variations of temporal orders of tones strongly influence listeners'
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interpretation of pesete in terms of their implicit or explicit reference to a key.
Although temporality is considered to be very important, perceptual theories of
key induction have as yet not taken it into sufficient account, and it is beyond
the scope of the present essay to even begin to consider the perceptual result of
varying the myriad simultaneous and sequential combinations of tones that
could be created with the pesete filling the tables above. With the taxonomy of
pesete provided in this study, though, we hope it will be a bit less intimidating
a prospect to develop a more elaborate perceptual model of tonality induction
based on the intervallic and hierarchical aspects of diatonicism, temporal order,
and chromaticism.
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APPENDIX 1

The Primitives that do not Occur in the Diatonic Sets
Primitive of Cardinality 3
«0,1,2»
Primitives of Cardinality 4
«0,1,2,3»

«0,1,2,4»

«0,1,2,5»

«0,1,2,6»

«0,1,2,7»

«0,1,6,7»

«0,2Д4»

«0,3,4,5»

«0,4,5,6»

Primitives of Cardinality 5
«0,1,2Д4»
«0,1,2,4,8»
«0,1Д4,7»
«0,2,3,4,6»
«0Д4Д8»

«0,1,2,3,5»
«0,1,2Д6»
«0,1,3,6,7»
«0,2Д4,7»
«0,3,4,7,8»

«0,1,2Д6»
«0,1,2,5,7»
«0,1,4Д6»
«0,2,3,4,8»
«0Д5,6,7»

«0,1,2,3,7»
«0,1,2,5,8»
«0,1,4,6,7»
«0,2,4Д6»
«0,3,6,7,8»

«0,1,2,4,5»
«0,1,2,6,7»
«0,1,4,7,9»
«0,2Д6,7»
«0,4Д6,7»

«0,1,2,4,6»
«0,1,2,6,8»
«0,1Д6,7»
«0Д4Д6»

«0,1,2,4,7»
«0,1Д4,5»
«0,2,3,4,5»
«0Д4Д7»

Primitives of Cardinality 6
«0,1,2Д4,5»
«0,1,2,ЗД8»
«0,1,2,4Д7»
«0,1,2,4,7,9»
«0Д,2Д8,9»
«0,1,3,4,7,8»
«0,1,4Д6,7»
«0,2,3,4Д7»
«0,2,3,4,7,9»
«0,2,4Д6,8»
«0Д4Д63»
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«0,1,2Д4,6»
«0,1,2Д6,7»
«0,1,2,4Д8»
«0,1,2Д6,7»>
«0,1,2,6,7,8»
«0,1,3,4,7,9»
«0,1,4Д6,8»
«0,2Д4Д8»
«0ДД5,6,7»
«0Д4Д6,9»
«0Д4Д7,8»

«0,1,2,3,4,7»
«0,1,2,3,6,8»
«0,1,2,4,6,7»
«0,1,2Д6,8»
«0,1,3,4Д6»
«0,1,ЗД6,7»
«0,1,4Д8,9»
«0,2Д4,6,7»
«0ДД5,6,9»
«0,2,4,6,7,8»
«0Д4,6,7,8»

«0,1,2Д4,8»
«0,1,2Д6,9»
«0,1,2,4,6,8»
«0,1,2Д6,9»
«0,1,3,4,5,7»
«0,1,ЗД8,9»
«0,1,4,6,73»
«0,2,3,4,6,8»
«0,2Д6,7,8»
«0,2,4,6,8,10»
«0Д5,6,7,8»

«0,1,2Д5,6»
«0,1,2Д7,8»
«0,1,2,4,6,9»
«0,1,2Д7,8»
«0,1,3,4,5,8»
«0,1,3,6,7,8»
«0,1,4,6,7,9»
«0,2,3,4,6,9»
«0,2Д6Д9»
«0Д5,6,7,8»

«0Д,2Д5,7»
«0,1,2,4Д6»
«0,1,2,4,7,8»
«0,1,2Д7,9»
«0,1,3,4,6,7»
«0,1,3,6,7,9»
«0,2,3,4,5,6»
«0,2,3,4,7,8»
«0,2,4Д6,7»
«0Д4Д6,7»

SUMMARY
This thesis consists of an Introduction (Chapter 1), an experimental section
(Chapters 2 through 7), and a music theoretical section (Chapter 8).
In the experimental section, which forms the main body of this work,
similarity judgments on transformed tonal melodies were studied. A tonal
melody is a melody that can be interpreted in a key.

Two types of

transformation were studied: (1) Exact transpositions that result in a melody
beginning on a different tone while the interval structure remains unchanged;
(2) Inexact transpositions that result in a melody beginning on a different tone
while the interval structure is changed. A transposition of a melody involves a
shift along the pitch height dimension. This dimension can be conceived as the
set of tones (twelve per octave) of the equal tempered system, and the
magnitude of a shift along it is referred to as pitch-distance, expressed in
semitones. In addition, a transposed tonal melody may yield a change in key.
The magnitude of this key-change is named key-distance and is expressed in
steps on the circle of fifths.
In the music theoretical section of this thesis, pitch-class set theory (an
integer based notational system) has been applied to describe the relation of all
sets of tones of length 2 through 6 with respect to their possible occurrence in
the three main diatonic sets of tonal music: the major, harmonic minor, and
ascending melodic minor scales.
In Chapter 2, two experiments are reported in which the perceived
similarity between a strong tonal melody (a melody that strongly induces a
key) and various exact transpositions was studied. In both experiments, the
melody and its transpositions were presented in a similarity paradigm, a
variant of the well-known paired comparison paradigm. In this paradigm, a
melody was followed by its transposition and was subsequently followed by
the same melody with a different transposition. A listener was asked to
indicate which of the two transpositions was more similar to the original
melody. In Experiment 1, the melody was transposed using nine levels of
pitch-distance resulting in three different key-changes. The results of this
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experiment show that the perceptual similarity is mainly determined by pitchdistance: an increase of pitch-distance resulting in a decrease of similarity. Keydistance explains only a small part of the variance: an increase of key-distance
resulted in a decrease of similarity.

In Experiment 2, the melody was

transposed to 10 different keys using 5 levels of pitch-distance. In addition, the
magnitude of the pitch shift was restricted to the smallest values for reaching a
key in order to minimize the possible influence of pitch-distance on the
perceptual similarity. The results show that pitch-distance still explains the
largest part of the variance, but the effect of pitch-distance decreased and the
effect of key-distance increased compared to Experiment 1. A tendency to
judge transpositions to sharp keys as more similar to the original melody than
transpositions to flat keys is also found.
In Chapter 3, two familiar melodies (an ascending major scale and a
fragment from Frère Jacques) were transposed to all keys on the circle of fifths
using upward and downward transpositions. In addition to the different
interval structures used, these also differed in melodic range, that is, the
distance between the lowest and highest tone of the melody. The relation
between a melody and a transposition was expressed in terms of the variable
key-distance and in terms of the variable overlap. The latter variable has been
defined as a combined measure of the melodic range of a melody and the size
of its shift on the pitch height dimension (see Figures 1 and 2, Chapter 3). The
amount of overlap varied for equal pitch shifts due to the difference in melodic
range of the two melodies. The melodies were presented in a standardcomparison paradigm. In this paradigm a melody was followed by a
comparison melody (a transposition). Listeners had to indicate if the
comparison melody had the same interval structure as the original melody (in
50% of the comparison melodies one tone was altered). The results of this
study show that: (1) Key-distance does not affect the perceived similarity of
either melody; (2) Overlap significantly affects the perceived similarity between
the major scale and its transpositions, whereas no effect of overlap is found for
the Frère Jacques fragment.
In Chapter 4, the role of melodic range on the perceived similarity of
transposed melodies was investigated. To avoid the interaction between
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interval structure and melodic range of Chapter 3, two melodies were
constructed that differed in melodic range but not in interval structure. The
similarity paradigm of Chapter 2 was employed to derive a direct estimate of
similarity between the melodies and their transpositions. The melodies were
transposed using the same key-distances and pitch-distances used in
Experiment 1 of Chapter 2. The results of this study show that: (1) melodic
range considerably affects the perceived similarity; (2) pitch-distance affects the
perceived similarity for the melody with the large melodic range melody (A),
but not for the melody with the small melodic range melody (B); (3) keydistance affects the perceptual similarity for melody B, but not for melody A.
On the basis of these results it is hypothesized that an interaction exists
between the activation of the pitch height dimension and the shift along this
dimension. A melody with a large melodic range will activate a relatively large
proportion of the pitch height dimension. If a large proportion of the pitch
height dimension has been activated then even small shifts will have an effect
on the perceived similarity.
In Chapter 5, the perceptual similarity between a melody and a number of
exact and inexact transpositions of that melody was studied. The melody was
transposed using 4 levels of pitch-distance resulting in 2 different keys. The
keys were situated 1 step and 5 steps clockwise on the circle of fifths relative to
the key of the original melody. The inexact transpositions were constructed
from the exact transpositions by altering one tone in the transposed melody.
Two types of alteration were used: (1) diatonic alteration, in which the altered
tone remained in the transposition key; (2) chromatic alteration, in which the
altered tone could not be interpreted in the transposition key. A chromatic
alteration in combination with a key-distance of 1 step clockwise on the circle of
fifths yielded a tonal transposition. A tonal transposition can be interpreted in
the key of the original melody, that is, the melody can be conceived as being
shifted along the scale of the original melody. The findings can be summarized
as follows: (1) pitch-distance is the most important determinant of perceived
similarity; (2) key-distance does not affect the perceived similarity; (3) for a
given pitch-distance, exact transpositions and tonal transpositions are judged as
equally similar to the original melody; (4) for a given pitch-distance,
chromatically altered transpositions, other than tonal transpositions, are judged
as more dissimilar to the original melody than exact transpositions are; (5) for a
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given pitch-distance, diatonically altered transpositions are judged as more
dissimilar to the original melody than exact and chromatically altered
transpositions are.
Chapters 6 and 7 offer an alternative explanation of the results reported in
a study by Takeuchi & Hülse (1992) in which they claimed that tonal
transpositions and key-distance did not affect the perceived similarity between
melodies and their transpositions. Contrary to the authors' conclusions, it is
shown that tonal transpositions and key-distance play an essential role in a
listener's similarity judgments.
Chapter 8 presents a music theoretical study in which all possible tone sets
of length 2 through 6 constructible in the three main diatonic sets (major,
harmonic minor, and ascending melodic minor) are described. The tones of the
tone sets are represented as pitch-classes, in which integers between 0 and 11
are used to indicate octave equivalent tones. Transpositionally equivalent
pitch-class sets are represented as primitives, these being the most compact
ordering of a pitch-class set. The possible occurrence of a primitive in the
diatonic sets is discussed. It is shown that there is an imbalance in (diatonic)
key-specificity between the major keys and the minor keys. Some primitives of
the size of 4 elements are key-specific with respect to the minor mode. One
primitive of the size of 5 elements is key-specific with respect to the major
mode. In addition, the music theoretical implications of the primitives are
discussed.
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SAMENVATTING
Dit proefschrift bestaat uit een Introductie (Hoofdstuk 1), een experimenteel
deel (Hoofdstukken 2 tot en met 7), en een muziektheoretisch deel (Hoofdstuk
8).
In het experimentele gedeelte, het belangrijkste deel van het proefschrift,
wordt onderzoek gerapporteerd waarin gelijkheidsoordelen ten aanzien van
getransformeerde tonale melodieën bestudeerd. Een melodie is tonaal wanneer
zij in één toonsoort geïnterpreteerd kan worden. Twee soorten transformaties
werden bestudeerd: (1) Exacte transpositie, resulterend in een melodie die op
een andere toon begint met een onveranderde intervalstructuur; (2) Inexacte
transpositie, resulterend in een melodie die op een andere toon begint met een
veranderde intervalstructuur. Een getransponeerde melodie is verschoven
langs de toonhoogtedimensie. Deze dimensie kan opgevat worden als de set
van tonen (twaalf per octaaf) van het gelijkzwevende systeem. De grootte van
de verschuiving op de toonhoogtedimensie wordt pitch-distance genoemd en
wordt uitgedrukt in semi-tonen. In sommige gevallen kan een transpositie van
een tonale melodie aanleiding geven tot een verandering van toonsoort. De
grootte van deze toonsoortverandering wordt key-distance genoemd en wordt
uitgedrukt in stappen op de kwintencirkel.
In het muziektheoretische gedeelte van dit proefschrift wordt pitch-class set
theorie (een integer gebaseerd notatiesysteem) toegepast om de relatie van alle
toonsets van lengte 2 tot en met 6 tot de drie belangrijkste diatonische reeksen
uit tonale muziek te beschrijven: de majeur, de harmonische mineur, en de
stijgende melodische mineur toonladders.
In Hoofdstuk 2 worden twee experimenten gerapporteerd waarin de
waargenomen gelijkheid tussen een sterk tonale melodie (een melodie die in
sterke mate een toonsoort induceert) en verschillende exacte transposities werd
onderzocht. In beide experimenten, werden de melodie en haar transposities in
een similarity-paradigma aangeboden, een variant van het bekende pairedcomparison paradigma. In dit paradigma werd een melodie en een transpositie
gevolgd door dezelfde melodie en een andere transpositie.

Luisteraars
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beoordeelden welke transpositie het meest op de originele melodie leek. In
Experiment 1 werd de melodie naar 9 toonsoorten

getransponeerd

gebruikmakend van 9 pitch-distances. De resultaten van dit experiment laten
zien dat de perceptuele gelijkheid hoofdzakelijk bepaald wordt door pitchdistance (een toename van pitch-distance

resulterend in een afname van

gelijkheid) en in geringe mate door key-distance (een toename van key-distance
resulterend in een afname van gelijkheid). In Experiment 2 werd de melodie
naar 10 verschillende toonsoorten getransponeerd gebruik makend van 5 pitchdistances. Om het mogelijke effect van pitch-distance te minimaliseren werden
de waarden van pitch-distance zo klein mogelijk gehouden. De resultaten laten
zien dat pitch-distance nog steeds het grootste gedeelte van de variantie
verklaart, maar dat het effect van pitch-distance geringer was en het effect van
key-distance groter was dan in Experiment 1. Tevens is er een tendens om
transposities naar kruistoonsoorten als meer gelijk aan de originele melodie te
beoordelen dan transposities naar moltoonsoorten.
In Hoofdstuk 3 wordt een experiment gerapporteerd waarin twee bekende
melodieën (een stijgende majeur ladder en een fragment uit Vader Jacob) naar
alle toonsoorten op de kwintencirkel getransponeerd werden, gebruikmakend
van zowel stijgende als dalende transposities.

Naast het verschil in

intervalstructuur verschilden de melodieën ook in melodie-omvang (i.e., de
afstand tussen de laagste en hoogste toon van een melodie). De relatie tussen
een melodie en een transpositie werd beschreven met de variabelen key-distance
en overlap. Deze laatste variabele is een gecombineerde maat van de melodieomvang en de grootte van de verschuiving langs de toonhoogtedimensie (zie
Figuren 1 en 2, Hoofdstuk 3). Voor gelijke toonhoogteverschuivingen verschilt
de hoeveelheid overlap ten gevolge van het verschil in melodie-omvang van de
twee melodieën. De melodieën werden in een standard-comparison paradigma
aangeboden.

In dit paradigma werd een melodie gevolgd door een

vergelijkingsmelodie (een transpositie).

Luisteraars gaven aan of de

intervalstructuur van de vergelijkingsmelodie gelijk was aan die van de
originele melodie (in 50% van de transposities was 1 toon veranderd). De
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resultaten van deze studie laten zien dat: (1) de waargenomen gelijkheid van
geen van beide melodieën beïnvloed wordt door key-distance ; (2) overlap de
waargenomen gelijkheid tussen de majeur toonladder en zijn transposities
significant beïnvloedt, terwijl er geen effect van overlap voor het Vader Jacob
fragment werd gevonden.
In Hoofdstuk 4 werd de rol van melodie-omvang op de waargenomen
gelijkheid van transposities onderzocht. Om de interactie tussen de melodieomvang en intervalstructuur van Hoofdstuk 3 te vermijden, werden twee
melodieën geconstrueerd verschillend in melodie-omvang maar niet in
intervalstructuur. Het similarity-paradigma van Hoofdstuk 2 werd toegepast
om een directe schatting te maken van de gelijkheid tussen de melodieën en
hun transposities. De melodieën werden getransponeerd gebruikmakend van
dezelfde key-distance- en pitch-distance-waaiden

als in Experiment 1 van

Hoofdstuk 2. De resultaten laten zien dat: (1) melodie-omvang in sterke mate
de waargenomen gelijkheid beïnvloedt; (2) pitch-distance de waargenomen
gelijkheid beïnvloedt voor de melodie met de grote melodie-omvang (A), maar
niet voor de melodie met de kleine melodie-omvang (B); (3) key-distance wel de
waargenomen gelijkheid voor melodie В beïnvloedt, maar niet voor melodie A.
Op grond van deze resultaten wordt de hypothese geponeerd dat er een
interactie bestaat tussen de activatie van de toonhoogtedimensie en de
verschuiving op deze dimensie. Een melodie met een grote melodie-omvang
zal een relatief groot gedeelte van de toonhoogtedimensie activeren, en
daardoor zal zelfs een relatief kleine verschuiving een effect op de
waargenomen gelijkheid hebben.
In Hoofdstuk 5 werd de perceptuele gelijkheid tussen een melodie en een
aantal exacte en inexacte transposities van deze melodie bestudeerd.

De

melodie werd getransponeerd naar 2 key-distances gebruikmakend van 4 pitchdistances. De toonsoorten lagen respectievelijk 1 en 5 stappen verder naar rechts
op de kwintencirkel dan de toonsoort van de originele melodie. De inexacte
transposities werden geconstrueerd door 1 toon in de exacte transposities te
veranderen. Twee alteratietypen werden gebruikt: (1) een diatonische alteratie,
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resulterend in een gealtereerde toon in de transpositietoonsoort; (2) een
chromatische alteratie, resulterend in een gealtereerde toon die niet in de
transpositietoonsoort geïnterpreteerd kon worden. Een chromatische alteratie
in combinatie met een key-distance van 1 stap naar rechts op de kwintencirkel
resulteerde in een zogenaamde tonale transpositie. Een tonale transpositie kan
geïnterpreteerd worden in de toonsoort van de originele melodie, dat wil
zeggen, de melodie kan worden opgevat als een verschuiving langs de
toonladder van de originele melodie. De resultaten kunnen als volgt worden
samengevat: (1) de waargenomen gelijkheid is met name bepaald door pitchdistance; (2) de waargenomen gelijkheid wordt niet door key-distance beïnvloed;
(3) voor een gegeven pitch-distance worden de exacte transposities en de tonale
transposities als ongeveer gelijk beoordeeld aan de originele melodie; (4) voor
een gegeven pitch-distance worden de chromatisch gealtereerde transposities
(anders dan de tonale transposities) als ongelijker aan de oorspronkelijke
melodie beoordeeld dan exacte transposities; (5) voor een gegeven pitch-distance
worden diatonisch gealtereerde transposities als ongelijker aan de
oorspronkelijke melodie bevonden dan exacte en chromatisch gealtereerde
transposities.
Hoofdstukken 6 en 7 bieden een alternatieve verklaring voor de resultaten
gerapporteerd in een studie van Takeuchi & Hülse (1992) waarin zij beweren
dat tonale transposities en key-distance geen rol spelen in de tot standkoming
van gelijkheidsoordelen tussen melodieën en hun transposities. Op basis van
een nauwkeurige analyse van hun experimentele gegevens, wordt aangetoond
dat tonale transposities en key-distance

essentiële factoren zijn in de

totstandkoming van de gelijkheidsoordelen van een luisteraar.
Hoofdstuk 8 bevat een muziektheoretische studie waarin alle mogelijke
toonsets, variërend in lengte van 2 tot en met 6, construeerbaar in de drie
belangrijkste diatonische sets (majeur, harmonische mineur, stijgende
melodische mineur) worden beschreven. De tonen van de toonsets worden
weergegeven als pitch-classes waarmee octaaf-equivalente tonen kunnen
worden aangeduid.
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gerepresenteerd door primitives, de meest compacte ordening van een pitch-class
set.

Van alle primitives wordt beschreven in welke diatonische sets ze

voorkomen.

Er wordt aangetoond dat er een onbalans in (diatonische)

toonsoortspecificiteit is tussen majeur en mineur toonsoorten.

Sommige

primitives ter grootte van 4 elementen zijn toonsoortspecifiek in mineur. Eén
primitive ter grootte van 5 elementen is toonsoortspecifiek in majeur. Tevens
worden enige muziektheoretische implicaties van de primitives besproken.
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1. Uitspraken in de literatuur met betrekking tot het belang van keydistance in de beoordeling van de gelijkenis van getransponeerde
melodieën blijken niet houdbaar indien rekening wordt gehouden met
de gecontamineerde variabele pitch-distance, (dit proefschrift)
2. Gelijkheidsoordelen van luisteraars ten aanzien van getransponeerde
tonale melodieën worden meer beïnvloed door de verschuiving in
toonhoogte dan door de verandering in toonsoort, (dit proefschrift)
3. Het in de literatuur veel gebruikte standard-comparison paradigma is
weinig geschikt voor onderzoek naar de perceptuele gelijkenis tussen
een melodie en transposities daarvan, (dit proefschrift)
4. Tonale transposities zijn perceptueel zeer gelijk aan de oorspronkelijke
melodie, (dit proefschrift)
5. Een diatonische alteratie in een melodie kan meer opvallen dan een
chromatische, (dit proefschrift)
6. In het diatonische systeem zijn minder verschillende tonen nodig om
een mineur dan een majeur toonsoort te specificeren, (dit proefschrift)
7. Een fout in een uitvoering wordt door een uitvoerder meestal als veel
groter ervaren dan door het publiek.
8. Het zou aanbeveling verdienen de rollen van promotor (hoogleraar) en
co-promotor (u(h)d) te verwisselen in al die gevallen waarin de copromotor de inhoudelijk verantwoordelijke projectbegeleider is
geweest.
9. Er is een essentieel verschil in de beleving van muziek die je uitvoert en
waarnaar je luistert.
10. Better to bet statistically than to bet on bad statistics.
11. Hoe elementair muziek is voor de menselijke geest blijkt uit het feit dat
je na een zwaar ongeval niet kunt lezen, maar wel naar muziek kunt
luisteren, (deze promovendus)

