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ABSTRACT

A model of pitch attraction based upon interval cycles is
presented. The components of the model are formally de-
scribed and illustrated using a simple two-chord example
(G to C). Two experiments are used to test the model. In
the first experiment, Chord to chord, subjects rated the
level of attraction/resolution between pairs of chords. In
second experiment, Chromatic chord to probe tone, sub-
jects rated the level of attraction from chords to probe
tones. Both experiments produced results that significantly
agreed with the model’s predictions of pitch attraction for
temporally contiguous musical events.
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INTRODUCTION

The notion that relationships between musical pitches can
be conceived of, or experienced, in terms of forces has
been widespread in the musical and musicological literature
since at least the work of Kurth (1931), particularly, for
example, the idea that one pitch may be 'attracted' towards
another. While the idea is generally treated metaphorically
within music theory, it has been a focus of theoretical and
empirical research within the cognitive sciences of music,
typically being approached in terms of the modulation of
tension in the ongoing experience of music (Lerdahl &
Jackendoff, 1983; Krumhansl, 1996; Larson, 1998; Ler-
dahl, 2001).

Many different frameworks have been proposed to account
for the tendency of certain pitches (such as the leading-note
or the subdominant) to 'move towards', 'be attracted to' or
'resolve onto' certain other pitches (the leading-note tending
to resolve to the tonic, the subdominant resolving to the
mediant). The principles of Auditory Scene Analysis
(ASA) elucidated by Bregman (1991) do seem to account
well for much voice-leading practice in western music (see
Huron, 2001), while the associationist approach exempli-
fied in the works of Tillmann (2000), Krumhansl (2000)
and Oram (1995) propose that the basis of such tendencies
is statistical (frequently-occurring pitches being likely to be
'resolved to'). Psychoacoustical approaches (such as those
of Terhardt, 1974, and of Parncutt, 1989) suggest that
events that are perceptually more stable (such as root posi-
tion triads) will tend to act as 'attractors' in respect of less
stable events, while formal approaches, such as those of
Balzano (1982) and of Browne (1981), propose that certain
formal properties of the pitch collections used in western
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common practice period music are more, or less, likely to
motivate the use of particular configurations of pitches.

The work presented in the present study is most closely
related to that of Balzano in that its starting point is the
consideration of the implications for pitch cognition of
group-theoretic properties manifested in canonical forms of
western musical pitch organisation since the common-
practice period. The canonical form in question is the cy-
clic group of order 12 which results from conceiving of
pitches that are octave related as being equivalent, yielding
the chroma circle and the circle of fifths (as isomorphic
forms of the cyclic group). In a previous paper (Woolhouse
& Cross, 2004) we outlined a theory of 'interval periodicity’
(here referred to as ‘interval cycles’) within which relation-
ships between pitches, and between pitches and sets of
pitches, could be conceived of in terms of a simple additive
model which took as its basic metric the different periods
(cycles) manifested by different intervals between pitches
within the isomorphs of the cyclic group. We presented
empirical evidence demonstrating that the simple additive
model was able to predict accurately the extent to which
listeners would experience 'attraction' between dyads and
subsequent single pitches. In the current paper the model
previously described is extended and further empirical evi-
dence for its predictive powers in the cognition of pitch
attraction is presented.

MODEL
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Figure 1. Interval cycle-based model of pitch attraction

The model has a number of components that may be
switched ‘on’ or ‘off” depending on the style of music be-
ing modeled. For example, if the attraction between
functionally unambiguous diatonic chords is being
modeled, root salience (a method giving the chords’ root
relationships greater weight) is included. However, if the
attraction between functionally ambiguous chromatic
chords is being modeled, root salience is excluded.

The following is a detailed formal description of the com-
ponents of the model. After each component, a short com-
mentary and an illustrative example are provided. Compo-
nent Metre is not covered in this paper.

Music

Given two successive chords (a chord may contain one or
more notes): past chord, A, and present chord, B.

A ={ay a,..., alAl}
B = {by, b,,..., bIBI}

a<a<...<alAl
b; <b,<...<DbIBI

Where IX| = size of set X, and where a; and b; are defined

[ L T R | n

Defines the number of pitches in both chords and as-
signs each an integer value relative to C,. Example,
Vb to Ia in C major:

Vb (past chord) = {B3, Dy, G4} = A = {59, 62, 67}
Ia (present chord) = {Cy4, E4, G4} = A = {60, 64, 67}

Proximity 1
Form matrix P where

Pij = |b] - ail
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Pitch proximity matrix in which absolute pitch distance is
measured in semitones. Example:

B (Ia)
Matrix P
60 | 64 | 67
915
A
622 |2
(Vb)
677 |3 |0

Proximity 2

Define a further matrix Q such that

Qi =

for some >0
P+

Scales matrix P by some value f. This limits and controls the
influence of proximity. Example, f = 50:

B (Ia i B
Matrix P (Ia) Matrix Q (Ia)
60 | 64 | 67 (f=50) 606467
59115 —_— 59| 98| 91| .86
A ezl 2 2|5 A T62 o6 96| o1
(Vb) (Vb)
677 |30 67| 88| 94|10
Interval cycles

Form matrix R where
12
Rj = ———— for Py#0
hef (Py, 12)
Rj=1ifP;=0
Where hcf (a, b) is the highest common factor of a and b,
and a, b are whole numbers.

Matrix P proximity entries are converted into matrix R
interval cycle entries. Example:

B (Ia) B (Ia)
Matrix P Matrix R
60 | 64 | 67 60 | 64 | 67

9|15 - 5912123
A A

62|22 |5 62| 6 |6 |12
(Vb) (Vb)

67| 7 (3|0 67124 |1

Interval cycles and proximity

Using entry-wise multiplication, combine matrix Q with
matrix R, to give a further matrix S defined by

Sij = Qy Ry

ISBN 88-7395-155-4 © 2006 ICMPC

Matrix Q (Proximity 2) is combined with matiix R (Interval
cycles). The result is matrix S. Example:

i B (Ia) B (Ia
Matrix Q (Ia) Matrix R (Ia)
f=50) |60|64|67 60 | 64 | 67
89 | 98| 91| 86 59 12|12 3
4 62| 9| % | 91 A 62| 6 |6 |12
(Vb) (Vb)
67 | 88| 94|10 67 |12 |4 |1
B (Ia
Matrix S e

60 64 67

59 [1176 | 1091 | 2.59
A (Vb) 62 | 5.77 | 5.77 | 1091
67 |1052 | 3.77 | 0.00

Root salience

Form matrix T where
Tij=1 i=1,2,...,|A|
j=12,...,IBI

If either chord has a clearly identifiable root, let the row
corresponding to the past root be the m™ row and the col-
umn corresponding to the present root be the n™ column.

Form matrix U where

Tjifizm

Tiif j#n

fxTijifi=m for some f >1
g X Tj if j=n for some g >f

such that root intersection entry Uy, = f X g X Ty,,. If nei-

ther chord has a clearly identifiable root, form matrix U
where

U =T;

Form matrix V where
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The idea behind Root salience is that in diatonie mus
relationships are of greater perceptual impertanecs.
new matrix T, of identical dimensions to matix P
in which all enties = 1. Example:

Second, the entries in ow

multiplied by some number g
enfries in column n (presen
some number greater than f,
root relationship of the e
roct to non-root relaticn

Consonant and Dissonant

1) If the past and present chords are both sensory
consonances or both are sensory dissonances,
form matrix W where

Wij =V

(iii) If the past chord is consonant and present chord is
dissonant, form matrix W where

W;; = V,i/f for some f > 1

Diatonic and Chromatic

1 If the past and present chords are both diatonic or
both are chromatic form matrix X where

Xij = Wi

(i1) If the past chord is chromatic and the present
chord is diatonic, form matrix X where

Xij = fx Wj; for some f > 1

(iii) If the past chord is diatonic and the present chord
is chromatic, form matrix X where

Xij = Wy/f for some f > 1

(ii) If the past chord is dissonant and the present chord
is consonant, form matrix W where

Wi;; = X Vj; for some > 1

ISBN 88-7395-155-4 © 2006 ICMPC

Model of pitch attraction

Using entry-wise multiplication, combine matrix S with
matrix X to give a further matrix Y defined by Yj; = S; Xj;.
Sum all entries in Y to produce global value G, where
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i=1 j=1

Matrix Y combines interval cycle and proximity information
from matrix S with root salience, consonance and dissonance,
and diatonic and chromatic information from matrix X.
Finally, the entries of matrix Y are summed to produce a
single global total, G. Example:

B (Ia)
Matrix S (*8)
60 64 67
59 (11.76 | 1091 | 2.59
A (Vh) 62 | 577|577 |1091
(*4)
67 10.52 | 3.77 | 0.00
B (Ia) ¢
Matrix X
60 | 64 | 67 B (Ia)
—»| Matrix Y
59 | .13 |.02 |.02 60 |64 | 67
A - -
(Vb) 62 | .13 |.02 |.02 . 89 (1.53 .22 .05
67 | .54 | .07 |.07 (Vb) 62 | .75 |12 |.22
67 |5.68|.26 |.00

G =8.83 (the summed entries of Y)

MODEL PREDICTIONS 1

The model makes a number of readily testable predictions.
For example, due to its importance in tonal music, of par-
ticular interest are the model’s predictions for the attraction
level of the C major triad in relation to the other diatonic
triads d, e, F, G, a, b°. From a music theoretic perspective,
the C major triad — the tonic in the key of C — is strongly
associated with G, F and b°® (Piston, 1941, p.21), due to
their high transitional probability.

The first experiment aimed to test the hypothesis that the
music-theoretic associations outlined above in relation to
the C major triad are, in part, attributable to the attraction
levels between chords as specified by the model.

EXPERIMENT 1: CHORD TO CHORD

Stimuli

The stimuli design was based on chord-pairs. For the major
key, the triads C, d, e, F, G, a and b° were paired with each
other in both temporal orders. For example, in addition to
C being paired with d in temporal order C (antecedent)
followed by d (consequent), C was also paired with d in the
reverse order, d (antecedent) followed by C (consequent).
For the minor key, the triads c, d°, Eb, f, G, Ab and b°® were
paired.
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Following the elimination of chord-pairs that are intervallic
duplications of each another, for example G to C is trans-
positionally identical to C to F, 57 unique chord-pairs were
identified. These chord-pairs formed the stimuli of the ex-
periment.

Each chord was two seconds long, the consequent chord
following the antecedent without a break. Each chord-pair
was therefore four seconds long.

Method
Subjects

The subjects were 11 adults and included 5 females and 6
males with a mean age of 29 (SD = 8). All the subjects
were members of the Faculty of Music, Cambridge Univer-
sity, UK. The subjects in the study were largely involved
with western classical music, had received on average over
10 years formal musical training, and professed to practis-
ing/playing/performing on average 6.6 hours per week. The
subjects’ practical involvement with classical music was
reflected in their listening habits which showed a 55% -
45% split in favour of classical music over popu-
lar/jazz/rock/folk music, and which was on average 7.4
hours per week. The subjects received no financial remu-
neration for their participation in the study.

Apparatus

Stimuli were produced using an Apple Macintosh G5 com-
puter running SuperCollider3 software. ‘Shepard’ tones
(Shepard, 1964), consisting of superposed octave-related
sinusoids with overall amplitude controlled by a Gaussian
function, were used for the presentation of the stimuli. The
technique produces tones with approximately equal overall
pitch height and with no clear pitch maxima or minima.
Subjects listened via headphones and adjusted the volume
to a comfortable level before testing commenced.

Approximately the first 10 chord-pairs presented to each
subject were practice stimuli and discounted from the
analysis. To counter order effects, each subject was pre-
sented with the stimuli in a different random order and
transposition.

Task

Subjects were required to rate on a seven-point scale (via a
computer interface) the degree of attraction and/or resolu-
tion they felt between the chord-pairs: seven for a very
strong sense of attraction, one for a very weak sense of
attraction. In order not to confuse this task with the ‘good-
ness of fit’ probe tone paradigm used by, for example,
Krumhansl & Kessler (1982), it was suggested to subjects
prior to testing that a chord in relation to itself, i.e., chord
repetition, should be considered as possessing a relatively
low level of attraction/resolution. Following each chord-
pair, subjects were given an unrestricted length of time in
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which to record their response. The subjects repeated the
experiment and were therefore presented with each chord-
pair twice during the session, from which a mean rating
was taken.

Analysis

Prior to analysing the data, the stimuli presentation order
was unscrambled and re-transposed in terms of C major. In
order to equalize subjects’ use of the seven-point scale, the
results are presented as Z-scores.

The model’s efficacy as a predictor of chord-pair attraction
was assessed by calculating the Pearson correlation coeffi-
cient between the model and data.

Results

In order to test the central tenet of the theory — interval
cycles — the data are modeled using as few components of
the model as possible. The following correlations with the
data are achieved using only two components: Interval
cycles and Root salience. Components Proximity 2, Conso-
nance and dissonance, and Diatonic and chromatic are
excluded from the model.

Due to limited space this report will focus on the results
obtained for the subset of chord-pairs pertaining to the C
major triad.

150

1.00

A

050
0.00 4

=C=Model
=-=Data

-0.50

Attraction

-1.00

C d e F G a ho C d e F G
Chords hefore C

-1.50

-200

-2.50

a bo
Chords following C

Figure 2. Graph showing the model’s prediction of chord
attraction (black) and subject’s standardized mean re-
sponses (red) for the C major triad.

The left of Figure 2 shows the model and data attraction
profiles for chords before C, i.e. d to C, e to C, F to C, and
so on. The right of Figure 2 shows the model and data at-
traction profiles for chords following C, i.e. Ctod, Cto e,
C to F, and so on. The correlation between the model and
data is: r = .81; n = 14; p < 0.005. Excluding the C to C
progressions on the grounds that for this progression the
subjects were, to some degree, coached (see section Task
above), the correlation falls to .75, which for n = 12 is
nonetheless still highly significant (p < 0.005).
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=C=Model
Data

Attraction

C d e F G
Chords before C

C d e F G
Chords following C
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Figure 3. Graph showing the model’s prediction of chord-
pair perceptual asymmetries.

By colour-matching chord-pairs, i.e., d to C and C to d
yellow, e to C and C to e purple, F to C and C to F blue,
Figure 3 shows the model to predict a number of chord-pair
perceptual asymmetries. That is, the attraction from, for
example, e to C to be higher than from C to e, from F to C
to be lower than C to F, and so on.

To show this more clearly, and to observe whether the sub-
jects’ data corresponded to these predictions, the values for
the chord-pairs on the right of Figure 3 were subtracted
from the corresponding chord-pair values on the left of
Figure 3 for the model and subject data respectively. For
example, the values for C to d were subtracted from d to C;
the values for C to e were subtracted from e to C, and so
on. The result is displayed in Figure 4.

1.40

1.20 |
1.00 |
0.80 =
< 060
2 ou0 1 Model
g ’ uData
I 020
0.00
-0.20
-0.40
-0.60
CC dC eC FC GC aC boC
cCC Cd Ce CF CG Ca Cbo
Chord pairs

Figure 4. Model and data chord-pair subtraction. On the x-
axis the bottom line of chord-pairs were subtracted from
the top line of chord pairs.

Discussion

Figure 2 clearly shows the effectiveness of the model in
predicting the attraction of the C major triad in relation to
the other diatonic triads. Most noticeable on the left of Fig-
ure 2 are the high values in the model and data for the
chord-pairs F to C, G to C and b° to C. This result is in line
with music-theoretic statements relating to the transitional
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probabilities of these chords, and offers a novel explication
for their temporal association (Piston, 1941).

Two aspects of the profiles in Figure 2 are less successful,
however: the mismatch between model and data for chord-
pairs e to C and C to b°.

The higher subject rating for chord-pair e to C compared to
the model can perhaps be accounted for by the leading tone
progression B to C that the chord-pair e to C outlines. It
would appear that in this instance, subjects focused their
attentions on a relatively narrow aspect of the chord-pair
transition — one traditionally associated with resolution —
rather than on a global percept incorporating all aspects of
the stimuli.

The lower subject rating for chord-pair C to b° compared to
the model is indicative of the difficulty subjects had in ex-
periencing a sense of attraction when the temporal order
was from a sensory consonance to a sensory dissonance.
This may, in part, be due to the terms in which the experi-
ment task was framed, in that the concepts of ‘attraction’
and ‘resolution’ were conflated (see section Task above).
Clearly the two expressions are related and not easily dis-
tinguishable. However, as a consequence, it is likely that a
future experiment may take account of this and attempt, as
far as it is possible, to define ‘attraction’ and ‘resolution’
unequivocally.

Despite the above problem, the component Consonance
and dissonance (not included in the data analysis) can be
used to model the sense of attraction when the temporal
order is from a sensory consonance to a sensory disso-
nance. If the attraction from C to b° is recalculated using
the model’s Consonance and dissonance component, the
Pearson correlation coefficient, excluding the chord-pair C
to C, rises from .75 to .94 (n = 12; p < 0.005).

Finally, to a large extent the model correctly predicted the
direction of the perceptual asymmetries (see Figure 4). For
example, the model and data agree that the attraction of
chord-pair e to C is greater than C to e, and that the attrac-
tion of chord-pair F to C (plagal cadence) is weaker than F
to C (perfect cadence). Note too the relatively similar val-
ues given by the model and subjects to chord-pairs C to d
and d to C. That is, the level of attraction from C to d and d
to C was largely equal. For reasons relating to sensory con-
sonance dissonance already referred to, the largest discrep-
ancy between the model and data occurred for chord- pairs
Ctob®and b° to C.

MODEL PREDICTIONS 2

In order to model the attraction of functionally unambigu-
ous diatonic triads that have, with the exception of b°
clearly defined roots, Experiment 1 used two components
of the model, Interval cycles and Root salience. However,
many chromatic chords — and to some extent, diatonic
chords within chromatic contexts — are functionally am-
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biguous, with ill-defined roots. In terms of the model, this
means that functionally ambiguous chromatic chords, in
which no pitch necessarily carries greater perceptual
weight, can in theory be modeled using only the central
component of the model, Interval cycles.

Despite its often problematic functional description, chro-
matic music can nevertheless induce strong feelings of
transitional pull and attraction, and is therefore — experien-
tially at least — not dissimilar to goal-directed diatonic func-
tional harmony. However, due to the difficulties of ascrib-
ing a definitive function to many chromatic chords, the
directional pull — what might be referred to as a chord’s
‘attraction propensities’ — are, from a music theoretic per-
spective, harder to predict and describe.

The second experiment aimed to test the attraction propen-
sities of chromatic chords using a simple probe tone tech-
nique.

EXPERIMENT 2: CHROMATIC CHORD
TO PROBE TONE

Stimuli

The stimuli design was based on a chord followed by a
probe tone. The chords used in the study were the domi-
nant 7" (or German 6™), the half-diminished 7" (or Tristan
chord), and the French 6™.

The chord and probe tone were each two seconds long; the
probe tone followed the chord without a break. Each chord
plus probe tone was therefore four seconds long. Each
chord was paired with probe tones transposed to all 12 pos-
sible pitch classes.

Method
Subjects and Apparatus

The subject group and stimuli production were as per Ex-
periment 1.

Prior to testing each subject responded to approximately 10
practice stimuli. To counter order effects, each subject was
presented with the test stimuli in a different random order
and transposition.

Task

Subjects were required to rate on a seven-point scale (via a
computer interface) the degree of attraction and/or resolu-
tion they felt from the chord to the probe tone: seven for a
very strong sense of attraction, one for a very weak sense
of attraction. Following each chord to probe tone pair, sub-
jects were given an unrestricted length of time in which to
record their response. The subjects repeated the experiment
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and were therefore presented with each chord/probe twice
during the session, from which a mean rating was taken.

Analysis

Prior to analysing the data, the stimuli presentation order
was unscrambled and re-transposed in terms of a single
pitch. In order to equalize subjects’ use of the seven-point
scale, the results are presented as Z-scores.

The model’s efficacy as a predictor of pitch attraction was
assessed by calculating the Pearson correlation coefficient
between the model and data.

Results

The following correlations between model and data are
achieved using only one component: Interval cycles. Com-
ponents Root salience, Proximity 2, Consonance and disso-
nance, and Diatonic and chromatic are excluded from the
model.

Dominant 7": G, B, D, F (or German 6™: G, B, D,
E#)

3

2.8

A

‘ll.-o

=m0 dle]

==mu[) gta

Attraction

V s
"G Ab A Bb B C Db D
Probetone

Eb E F F#

Figure 5. Graph showing the model’s prediction (black)
and subject’s mean responses (red) for the attraction from
the dominant 7" (G, B, D, F) to the probe tones.

The correlation between the model and data is: r =.76; n =
12; p < 0.005.

Half-diminished 7" chord: D#, F, G#, B (or Tristan
chord)
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=c=Model
=c=Data
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Attraction
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G Ab A Bb B C
Probetone

Db D Eb E

Figure 7. Graph showing the model’s prediction and sub-
ject’s mean responses for the attraction from the half-
diminished 7" chord (D#, F, G#, B) to the probe tones.

The correlation between the model and data is: r = .89; n =
12; p < 0.005.

French 6": D#,F, A, B

25

2

15

. /A /i
TA AN A_AY

05 4

=—o—Model
=C=—Data

Attraction

F Gb G Ab A Bb B C

Probetone

Db D Eb E
Figure 6. Graph showing the model’s prediction and sub-
ject’s mean responses for the attraction from the French 6™
(D#, F, A, B) to the probe tones.

The correlation between the model and datais: r=.79;n =
12; p < 0.005.

Discussion

Figures 5, 6 and 7 clearly show the effectiveness of the
model in predicting the attraction the chords to the probe
tones.

The subjects’ and model’s attraction profiles for the domi-
nant 7" shows two peaks: C and F#. While the subjects’
rating peak on C following a G’ chord was not unexpected,
the rating peak on F# would seem to indicate that the domi-
nant 7th was also interpreted chromatically, i.e., as a Ger-
man 6™ resolving downwards via a semitone step.

The correlation coefficients of the subjects’ and model’s
attraction profiles for the half-diminished 7" chord and
French 6™ were .89 and .79 respectively. Given the musi-
cally unorthodox nature of the stimuli and experiment task,
these highly statistically significant correlations would ap-
pear to be a clear demonstration of the robustness of the
model.
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Conclusion

The half-diminished 7" chord and French 6™ together form
the central part of perhaps the most enigmatic and theoreti-
cally controversial progressions in western tonal music
(Erickson, 1975): the opening of Wagner’s Tristan und
Isolde.

"

| h—

P
o < ==
JEEY
N

~

I“

Ny
o
|

<~

E7
Figure 8. Richard Wagner, Tristan und Isolde (bars 1-3)

In Figure 8 the Tristan chord is highlighted in blue, the
French 6™ in red, the destination of the phrase is E’. From
the model and subject data the attraction towards the pitch
forming the functional root of the chord at the end of the
phrase, E, is strong (Figures 6 and 7) and therefore — de-
spite the theoretical intractability of the harmony — it may
be conjectured that the perceptual direction of the music is
established within the Tristan chord, strengthened in the
French 6™, and ‘resolved’ at the close of the phrase.

Clearly from the attraction profiles in Figures 6 and 7 a
number of directional possibilities are present. That a
model built solely on interval cycles can achieve significant
correlations with the subjects’ ratings given these complex
stimuli is testimony to the strength of interval cycles in
musical pitch cognition.
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