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ABSTRACT 
Despite recent theoretical and empirical advances linking language 
and music, an important question remains unanswered: how is a 
particular chord and/or tone allotted to a particular position within a 
grammatically structured musical phrase? For example, in a 
statistical study by Rohrmeier of the frequencies of diatonic chord 
progressions in Bach chorales, chord II was five times more likely to 
follow chord IV than to precede it; chord I followed chord V twice as 
often as preceding it, and so on. This research draws together two 
existing lines of research with the aim of showing how local and 
possibly global dependency relationships specified in Rohrmeier's 
generative grammar may be linked to and supported by chord 
attraction levels as specified in Woolhouse's pitch attraction model. It 
is argued that, to a significant degree, the transitional regularities of 
chords in tonal music can be explained and understood in terms of 
generative rules of tonal harmony and pitch attraction. Empirical 
evidence is provided which supports the notion that chord transition 
asymmetries in Bach chorales are linked to chord attraction, 
mediated by an underlying syntactic process. 

I. INTRODUCTION 
Music and language are highly structured and complex 

forms of human communication that share numerous auditory, 
phonological, and prosodic features (Cross, 2006). In addition, 
the organization of elements into meaningful and temporally 
ordered patterns is a central property upon which musical and 
linguistic structures are built. However, with respect to syntax, 
tonal music – unlike language – does not employ syntactical 
structures and/or structural regularities in order to 
communicate semantic relationships, but rather internal 
relationships are established that embody functionality (Polth, 
2001). That is, unlike language which uses syntax as a 
framework for semantics, musical syntax creates functionality 
(and, perhaps, ‘meaning’) through an internal, or self-referent, 
organization of elements – a process which, in turn, leads to 
the creation of features such as ‘opening’, ‘closure’, ‘tension’, 
‘release’, ‘interruption’, ‘anticipation’, and so on.  

In this paper we argue that certain statistical regularities of 
chord distributions and transitions in Bach chorales are 
indicative of an underlying syntactic process. Of particular 
interest in this respect are chord transition asymmetries: that is, 
instances in which the frequency of occurrence of progression 
x to y is substantially different from y to x. In addition we 
propose that the syntactic process alluded to above may be 
thought of as being supported by, and perhaps specified by the 
dynamic percept of pitch attraction.  

A. Music Syntax  
Rohrmeier (2007) gave an account of harmonic 

progressions based upon a hierarchical, generative grammar. 
The grammar is based on a number of rules, which account 

for both adjacent dependency relationships, as well as 
prolongational or non-adjacent aspects of a musical phrase. 
The model therefore operates at both the local and global level 
of the musical phrase. The generative grammar showed that 
relatively few rules specifying elaborations of cadential 
harmony are required in order to account for a large range of 
tonal progressions – a finding that may imply that tonal music 
is based upon elaborations of cadential harmony. An account 
of the grammar is presented in more detail in Section II of this 
paper. 

B. Pitch Attraction  
Woolhouse & Cross (2006) presented a formal, 

chord-to-chord grouping model that describes the level of 
attraction between adjacent harmonies and/or pitches. The 
model therefore operates at the local level. [Woolhouse (2007) 
presented subsequent refinements to the model.] The model is 
based on the interval cycle proximity hypothesis, which states: 
within a tonal context, the feeling of attraction between 
successive pitches or chords is a function of the sum of the 
interval cycles formed between these events. (An interval cycle 
is the minimum number of iterations of an interval that are 
required for the original pitch classes to be restated – a 
property that is hypothesized to lead to abstract grouping and, 
subsequently, pitch attraction). The model was tested 
empirically and found to predict listeners’ experience of pitch 
attraction to a high degree (Woolhouse & Cross, 2006; 2004). 
The model also provides an explanation of chord-order and 
asymmetrical dependency relationships within tonal music. A 
more detail account of this model and a number of empirical 
findings are presented in Section III of this paper. 

C. Combining the Models 
In this paper we hypothesize that the models outlined above 

are representative of two distinct but related processes 
involved in music cognition: the first syntactical, aspects of 
which are captured by Rohrmeier’s generative grammar; the 
second a Gestalt-like grouping process as specified in 
Woolhouse’s pitch attraction model. Moreover, it is 
conjectured that these two processes, although operationally 
distinct and perhaps involving discrete neural substrates (for 
example, as proposed by Patel, 2003), are mutually 
reinforcing. That is to say, aspects of both processes help to 
concretize features of both systems. For example, in 
Rohrmeier’s phrase-structure grammar chord IV has a 
dependency relationship to chord V in such a way as to 
suggest that the frequency of occurrence of transition IV-V 
should be higher than transition V-IV, and in Woolhouse’s 
pitch attraction model the level of attraction between chords 
IV and V is higher when the chord order is IV-V, than V-IV. 
It is hypothesized that the agreement between the two systems 
serves (1) to strengthen the syntactic structure underlying of 



the processing of the chords of a musical phrase, while (2) 
simultaneously strengthening the perceived level of attraction 
between temporally adjacent musical elements. Furthermore, 
it is conjectured that the positions of chords within the 
phrase-structure grammar may initially have been specified by 
pitch attraction processes. For example, chord V evolved to 
become grammatically subordinate to chord I due to the 
relatively high level of attraction between these chords when 
presented in order: V-I.  A schematic representation of the 
two systems and the method by which they mutually reinforce 
one another is shown in Figure 1.   

 

 
Figure 1. Schematic representation of the hypothesized 
relationship between the perception of pitch attraction and 
syntactic processes, leading to statistical regularities of 
chords/elements within a corpus of tonal-harmonic music. Pitch 
attraction is thought to act at the local level, i.e., chord-to-chord; 
the syntactic process is conjectured to operate at the local and 
global levels of the phrase. 

The following two sections (Sections II and III) contain 
detailed accounts of Rohrmeier’s phrase-structure grammar, 
and Woolhouse’s pitch attraction model. Section IV presents 
empirical data relating to the transition probabilities of chords 
in Bach chorales. These data are analyzed with respect to 
predictions of the pitch attraction model; evidence of the 
influence of an underlying syntactic process is also discussed. 

II. PHRASE-STRUCTURE GRAMMAR 
Rohrmeier (2007) proposed an initial phrase-structure 

grammar in order to account for various features of 
tonal-harmonic structure. This has been subsequently 
extended using the lexical-functional grammar formalism 
(Dalyrumple, 2001; Bresnan, 2001); see Rohrmeier (2008 fc.). 
The approach proposes a phrase-structure grammar which 
employs hierarchical and recursive rules which model the 
anatomy of harmonic phrases. It is based on, and further 
formalises and expands, notions of harmonic phrase-structure 
that, although often not explicitly stated, are found in several 
textbooks on harmony (Piston, 1948; Forte, 1962; Gauldin, 
1997; Kostka & Payne, 1984). The phrase-structure grammar 
attempts to formalise these notions, and adds the idea that 
harmonic phrase-structure embodies hierarchical relationships 
to some extent [an idea outlined briefly in Kostka-Payne 
(1984), but never spelled out in detail]. This method relates to 
other formal approaches such as Lerdahl (2001), Steedman 
(1984), Tojo et al. (2006).  

The rules of the phrase-structure grammar are used to 
model certain structural preferences that have emerged 
throughout the historical evolution of tonal music. For 

instance, a rule which specifies that a dominant unit can be 
realised through a subdominant–dominant sequence IV-V is 
historically contingent, and there could have equally been 
VI-V or even III-V.  

In its current form, the model states that diatonic harmonic 
phrase-structure is mainly governed by prolongations of 
cadential structure. And a small set of only 5 rules specifies 
the core of the overall phrase anatomy. 
t  →    tkey=x  (1) 
t  →    t    t   (2) 
t  →    t    d  (3) 
t  →    d    t  (4) 
d →    s    d  (5) 

These rules are based on the premise that there is a 
fundamental cadential framework underlying a large part of 
tonal phrases. They define the core set of tonal-functional 
relationships and embody the subordination of tonic, 
dominant and subdominant harmonic chord groups. 

The grammar specifies three structural layers: a functional 
level, scale degree level and a chord level. In their entirety, 
the rules specify a dependency of the three structures from an 
abstract functional level down to the concrete musical surface 
level. Symbols on the functional level specify the scale degree 
level (given the key of the segment), and the scale degree 
symbols rule over the chord level (again, given the key of the 
segment).  

The five rules above are generative in that they allow for 
the generation or the parsing of harmonic phrase structures. 
Any generation begins with a single t symbol, i.e. a single 
simple tonic harmony. This rule embodies one of the most 
important structural features of tonal music: tonal unity. The 
fact that generations are postulated to be rooted in a single 
tonic generation entails that subordinated relationships are 
consistently dependent and related to the overall tonality and 
key framework (this is why the top node is required to specify 
the key-feature; see Figure 2 below). 

Following on from a single t symbol, subsequent 
generations uses the above ‘rewrite’ rules (as well as other 
ones not referenced here) to replace single symbols by 
combinations until the main phrase features are modelled. 

Figure 2 shows a sample parsing using the grammar of the 
main functional structure of an example phrase. (For the sake 
of simplicity the lower structures of the tree have been 
omitted since they would not bear essential information in this 
case.) The different hierarchical levels of the tree represent 
different tonal/key regions which are stable over the course of 
the phrase. For instance, the whole phrase constitutes an 
overarching tonic-tonic parallel-dominant-tonic movement 
which is spread out over 8 bars. Even though not all the 
chords in the phrase represent the tonic or dominant, their 
major function is described by the role they play in 
establishing either a tonic or dominant context. Similarly, on a 
lower hierarchical level, local cadences serve for the local 
stabilisation of a structurally salient chord or function. In this 
context, the tree can be understood as dependency 
relationships. This accords to some extent with the notion of 
prolongation in the sense of Schenker (1979) or Lerdahl & 
Jackendoff (1983).  

The grammar aims to provide a way of understanding and 
theorising the main functional/structural relationships of 
harmony in (diatonic) tonal phrases. 



 
Figure 2. Phrase-structure grammar analysis of the harmonic 
structure of the first phrase of Beethoven’s Sonata op. 79, 2nd 
movement. 

Since the core rules are abstract and do not represent a 
probabilistic context-free grammar, i.e. there is no statistical 
information on the frequency of application of the rules 
specified, the rules provide an abstract and largely 
style-independent description of features of tonal harmony. 
Different frequencies of application and differences in the 
lower rules would create some stylistic differences for 
different composition styles.  

In this context the rules specify/capture some core features 
of phrase anatomy, even though they do not allow for many 
detailed statistical predictions in their current form since they 
cover features of tonality from about 1650 up to the 19th 
century. Moreover, the rules are not fully generative in their 
present form in the way that, for instance, a computational 
composition system could not create harmonic phrases from 
them. This is because additional features that model the 
interaction with metrical structure would be necessary for 
example, and statistical or probabilistic information on the 
style specific application of the rules would also be required. 
Therefore in their present form, the rules allow for the parsing 
and understanding of given phrases. 

D. Empirical Evidence 
The syntactic features of harmony are seen in statistical 

features, somewhat like an object projects its shadow onto a 
screen. And as a result, the statistical analysis of a harmonic 
corpus may recover only traces of the syntax within musical 
structure. Rohrmeier (2008) provides such an analysis of the 
(style-dependent) statistical features with respect to a corpus 
of Bach’s chorales. In brief, the findings reveal that the 
structure in the corpus differs strongly from being random and 
reveals features of communicative structure: a 
Zipf-distribution (Zipf, 1935, 1949, Zanette, 2006) of n-grams 

(including single chords, bigrams/transitions up to 6-grams) 
gives evidence that a few elements are used predominantly 
and, in addition, may embody central semantic/intrinsic 
functions. Furthermore, an analysis of chord transitions 
revealed considerable asymmetry. This entails an element of 
directedness of the temporally unfolding structure – a central 
feature of a syntactically meaningful structure. A hierarchical 
clustering analysis of chord transitions revealed that chords 
can, to a large extent, be grouped together by similarities in 
their contextual behaviour, i.e. their antecedent/consequent 
patterns, which yields music-theoretically meaningful 
functional groups. All these findings combine to suggest that 
harmonic structure has some underlying syntactical patterns 
(judged from statistical distributions). 

In general, syntax has a small selection of 
information-carrying (i.e., meaningful) elements against 
which there are a wide range of meaningless combinations of 
structures (comp. Chomsky, 1965). (Syntactial) 
communication uses unlikely events in order to provide a 
communicative medium in which combinations of unlikely 
events embody structural relationships and meaning 
(Luhmann, 2000). For instance, the phrase-structure grammar 
formalism outlined above specifies the selection of a few 
harmonic elements – certain chords which are distinguished 
from the large combinatorial possibilities of choosing 3 out of 
12 chromatic notes. Moreover the structural rules select few 
combinations of elements arranged in a hierarchical order 
from other combinatorial possibilities. 

Similarly, the pitch attraction model provides a theoretical 
framework in which certain chord progressions are preferred 
to others in terms of their level of attraction. Thus, this system 
biases relatively few combinations that embody specifically 
high or low attraction. Since perceptual characteristics in 
music shape musical structure to a large extent, it would be 
similarly expected that features of chord attraction are found 
to be reflected in statistical properties, as well. The 
relationship is not entirely straightforward however, since 
compositional practice does not necessarily lead to the 
maximisation of attraction between all adjacent elements.  

III. PITCH ATTRACTION MODEL 

  
Figure 3. Schematic diagram of the components of the interval 
cycle-based model of pitch attraction. 



Figure 3 is a schematic diagram showing the different 
components of the interval cycle-based pitch attraction model. 
Component Interval Cycles is the most important component 
in terms of the degree to which it contributes to the 
calculation of pitch attraction. However, in addition to 
Interval Cycles, the model has a number of other components 
that are designed to modify the calculation of pitch attraction, 
depending on the type of music being modelled. For example, 
if the attraction between functionally unambiguous diatonic 
chords is being modelled, i.e., between chords with 
identifiable roots, component Root Salience (a weighting 
method applied to the chords’ root relationships) influences 
the calculation significantly. Alternatively, if the attraction 
between functionally ambiguous chromatic chords is being 
modelled, i.e., between chords with ill-defined roots, Root 
Salience does not influence the calculation. It should be noted, 
however, that unless explicitly stated no components of the 
model are excluded from the calculation process. That is, as a 
rule, all components are included; however, in a given 
two-chord progression only certain components may 
significantly influence the calculation. 

In its most simple form the only components to contribute 
to the calculation of pitch attraction is Interval Cycles, and in 
some respects this is the most desirable model. That is, if 
interval cycles are the only factor that has contributed the 
model, the central assertion of the hypothesis – that attraction 
between chords and pitches is a function of interval cycles – 
may be tested more directly. With respect to the analyses of 
chord transitions in Bach chorales carried out in Section IV of 
this paper, only components Interval Cycles and Root Salience 
influenced the calculation of pitch attraction, and 
consequently a shortened formal version of the model is now 
presented, mainly covering these components. 

1)  Music. Given two successive chords (a chord is defined as 
an event containing one or more notes): past chord, X, and 
present chord, Y 
X = {x1, x2,…, x|X|} x1 < x2 <… < x|X| 

Y = {y1, y2,…, y|Y|} y1 < y2 <… < y|Y| 

where |X| = size of set X, |Y| = size of set Y, and where xi and 
yj are defined with reference to C4 = 60. 

Component Music defines the number of pitches in the past 
chord (X) and the present chord (Y) and assigns each an 
integer value relative to C4. 

2)  Pitch Distance. Form matrix PD where  
PDij = |yj – xi|  i = 1, 2,…, |X| 

   j = 1, 2,…, |Y| 

PD is a pitch distance matrix in which pitch distance is 
measured in semitones. 

3)  Interval Cycles. Form matrix IC where  

! 

ICij =  
12

hcf (PDij,  12)
  for PDij " 0 

ICij = 1 if PDij = 0 

where hcf(a, b) is the highest common factor of a and b, and a, 
b are whole numbers. 

Proximity values from matrix PD (Pitch Distance) are 
converted into interval cycles in matrix IC. 

4)  Root Salience. Form matrix RS1 where  
RS1ij = 1  i = 1, 2,…, |X| 

   j = 1, 2,…, |Y| 

If either chord has an identifiable root, let the row 
corresponding to the past root be the mth row and the column 
corresponding to the present root be the nth column.  

Form matrix RS2 where 

! 

RS2ij =  

RS1ij if i "m

RS1ij if j " n

#$RS1ij if i = m  for some # > 1

% $RS1ij if j = n  for some % > #

& 

' 

( 
( 

) 

( 
( 

 

such that root intersection entry RS2mn = β x γ x RS1mn. If 
neither chord has an identifiable root, form matrix RS2 where 
RS2ij = RS1ij  

Form matrix RS3 where 

! 

RS3ij =  
RS2ij

RS2ij

j=1

Y

"
i=1

X

"

 

Component Root Salience is based on the idea that root 
relationships in functional tonal music are of greater 
perceptual importance, and must therefore be weighted more 
strongly than non-root relationships. This idea is supported 
theoretically (Piston, 1978)1 and by Terhardt’s (1974) virtual 
pitch model that proposes that the consonance of chords 
depends, to some degree, on the extent to which they create 
salient, harmonically related virtual pitches. For example, a 
major triad in root position produces a strong virtual pitch that 
is congruent with its root. Parncutt (1989) adapted Terhardt’s 
model to chords constructed from octave-spaced sine tones. 
Parncutt found that the spectral composition of the major triad 
created the least ambiguous root psychoacoustically, followed 
by the minor triad. It should be noted, however, that the root 
salience levels calculated by Parncutt are considerably lower 
than the root weightings used in this paper.  

The process underpinning component Root Salience is 
briefly as follows. First, a new matrix, RS1, of identical 
dimensions to matrix PD (Pitch Distance), is formed in which 
all entries = 1. Second, matrix RS2 is formed by multiplying 
the entries in row m (the past chord’s root) by some number 
greater than 1, β, and the entries in column n (the present 
chord’s root) by some number greater than β, γ. This ensures 
that the relationship between the roots of the chords has a 
greater weight than the relationship between the roots and 
non-roots of the chords, and that the present root has a greater 
weight than the past root (reflecting the time-dependent nature 
of an event in the present, to which we have immediate 
sensory access, versus an event in the past, an image of which 
must be stored in memory; Baddeley, 2000). This procedure 
also ensures that the relationships between the non-roots of 

                                                                   
1 “[T]he individual sonority of two chords” Piston asserts, “is of less 
importance than the relation of the two roots to each other and to the 
scale from which they are drawn” (p. 20). 



the chords have the least weight and, therefore, are considered 
to have the least perceptual significance. Third, matrix RS2 is 
scaled to form matrix RS3, such that the sum of entries of 
matrix RS3 is equal to 1.  Chromatic chords frequently do not 
have clearly identifiable roots and, as a result, unlike diatonic 
chords do not produce weightings in matrix RS2 greater than 
1. The scaling from matrix RS2 to matrix RS3 ensures that 
diatonic and chromatic chords are treated equally with respect 
to pitch attraction. That is, it is assumed that the level of pitch 
attraction in diatonic and chromatic music is broadly similar – 
if matrix RS2 were not scaled to matrix RS3, the weightings 
of diatonic chords would lead to higher calculated levels of 
attraction. Furthermore, it is assumed that the level of 
attraction between chords is broadly independent of the total 
number of notes in each chord. The scaling process ensures 
that chords made from different numbers of notes are treated 
equally with respect to pitch attraction. 

5)  Pitch Attraction. Using entry-wise multiplication, 
combine matrix IC with matrix RS3 to give matrix PA, 
defined by 
PAij = RS3ijICij 

Sum the entries in matrix PA to produce an attraction value, 
A, where 

! 

A =  

PAij

j=1

Y

"
i=1

X

"

12
 

Using entry-wise multiplication matrix PA combines 
interval cycle information from matrix IC with root salience 
information from matrix RS3. Lastly, the entries of matrix PA 
are summed and scaled (x/12) to produce a single attraction 
value, A, such that 0 < A > 1.  
E. Musical Asymmetry 

Cognitive and neurological evidence has been found to 
support geometric representations of musical pitch. For 
example, Krumhansl (1979) and Shepard (1982) showed that 
multidimensional scaling solutions successfully modelled data 
derived from experiments employing pitch relatedness 
judgments (summarized in Krumhansl 1983, 1990). And in 
functional magnetic resonance imaging experiments, Janata et 
al. (2002) reported that different voxels in an area of the 
rostromedial prefrontal cortex exhibited selectivity for 
different keys, appearing topologically to track activation 
through tonal space. 

Despite empirical evidence however, geometric models 
purporting to show psychological distances between pitches 
have been questioned for failing to instantiate a number of 
important perceptual phenomena. For example, Krumhansl 
(1990) has pointed out that geometrically regular pitch 
representations, i.e., representations in which the Euclidian 
distance between any two pitches forming a fixed interval (e.g. 
C and D) is the same as the Euclidian distance between any 
other tones forming the same interval (e.g. D and E), fail to 
account for data showing that the perception of an interval’s 
size depends on its relationship to the tonal context, and is 
therefore not absolute. Furthermore, in so far as distances do 
not depend on the order in which pitches are presented, 
geometrically regular pitch representations assume temporal 

order invariance.  Numerous experiments (Krumhansl, 1979; 
Brown & Butler, 1981; Butler & Brown, 1984, Bharucha, 
1984; Brown, 1988; Cuddy & Thompson, 1992; Brown Butler 
& Jones, 1994) have found this assumption to be false. 

Interval cycles are commutative in that the interval cycle 
from pitch x to pitch y is identical to that from pitch y to pitch 
x. As a result, one might expect that a model based on interval 
cycles would give rise to commutative, i.e., symmetrical, 
pitch attraction relationships. However, as Woolhouse & 
Cross (2006) showed, the model can accurately predict the 
attraction asymmetries of chord-pairs, i.e., their temporal 
order dependence. This arises because the interval cycle 
proximity model is based on element transitions, and in this 
respect is conceptually different from geometrically regular 
pitch space models (in which there is temporal order 
invariance). The transformations of the interval cycle matrix 
that are important with respect to attraction asymmetries, and 
that are germane to the present study, are those produced by 
component Root Salience. This component is now explored in 
detail. 

The Appendix shows the matrices used to calculate the 
level of pitch attraction for two order-related chord 
progressions: G-C (V-I) and C-G (I-V). For the sake of 
brevity, the Appendix omits matrices PD (Pitch Distance) and 
starts with matrix IC (Interval Cycles). Matrix RS2, Root 
Salience, is formed such that β (the past chord’s root weight) 
is 4, and γ (the present chord’s root weight) is 8. The memory 
decay of the first chord (past) versus the second chord 
(present) is reflected in the fact that γ is greater than β.  

The grey squares in the left and right PA matrices in the 
Appendix identify the points of asymmetry between the two 
progressions. For example, in chord progression G-C (left) the 
value of pitch progression D-C is 0.08, whereas in chord 
progression C-G (right) the value of pitch progression C-D is 
0.04, i.e., half that of D-C. This difference arises because of 
the weights given to the root of the chord of C major via 
matrix RS3: when the root of C is in the present (left PA 
matrix) the salience of its relationship to the non-root tone D 
is twice a great as when it is in the past (right PA matrix)2. 

An important aspect of the asymmetry to note is that it 
occurs between pitches that have different hierarchical 
statuses, that is, between root and non-root pitches. The pitch 
attraction of two pitches that are either both roots or both 
non-roots is commutative. For example, the value of the 
non-root pitch progression D-E (0.10, PA matrix, left) is equal 
to that of the non-root progression E-D (0.10, PA matrix, right) 
due to the fact that these pitch relationships do not involve 
either root, C or G. In short, only relationships between 
pitches that are hierarchically different from one another give 
rise to asymmetries, i.e., those occurring between root and 
non-root pitches.  

Further examination of the pitch attraction values in the 
Appendix shows that the largest numerical asymmetry occurs 
between pitch progression B-C (1.6) and C-B (0.8). This 
observation would seem to agree with the view advanced in 
music theory regarding the importance of the rising 

                                                                   
2 When β = 4 and γ = 8 the ratio of the salience between the roots is 
1:2. The values of β and γ can, of course, be modified which may 
change the ratio of the salience between the past and present roots. 



leading-tone, especially in the context of a dominant-to-tonic 
progression: “The leading-tone is unlike any other degree of 
the diatonic scale in its feeling of a melodic need to rise” 
(Piston, 1978, p. 32)3. In the model there is a strong attraction 
for the rising semitone progression, and a relatively weak 
attraction for the falling semitone progression. 

If the method by which asymmetries are actuated in the 
model reflects a genuine cognitive process (rather than merely 
simulating a cognitive process), then two related hypotheses 
regarding perceptual asymmetry can be proposed.  

(1) For two chords to produce perceptual asymmetry, i.e., 
for progression x-y to be different to y-x, the pitches of at least 
one chord must be hierarchically differentiated.  

With respect to the model, the hierarchical differentiation 
of pitches relates to the existence of root and non-root pitches4. 
It should be noted however, that hierarchical differentiation 
may not simply depend on root to non-root pitch relationships, 
but also on non-root to non-root pitch relationships, i.e., 
between the third and fifth of a chord. As a general rule, the 
more sources of hierarchicality there are within chords, the 
greater is the potential for asymmetrical order relationships. 
At present however, the model only takes into account the 
hierarchy produced by functional roots of chords, and 
therefore may be limited in its ability to model all chord-pair 
asymmetries. The degree of inversion may also be an 
important factor affecting the perception of hierarchy within a 
chord, although Roberts & Shaw (1984) found that musicians 
perceived chords presented in different inversions unitarily. 

(2) The second hypothesis follows from the first: if neither 
chord is hierarchically differentiated, no attraction asymmetry 
will be created between them, i.e., the attraction of x-y will be 
the same as y-x.  

Within the parameters of the model, a chord that is not 
hierarchically differentiated implies that it has no clearly 
identifiable root; for example, diminished and augmented 
triads, and chromatic chords (e.g., French sixth chords). This 
means that the level of attraction between two functionally 
ambiguous chords is independent of their temporal order. 

In the following section, the above model is applied to the 
analysis of chord transitions in Bach chorales.  

IV. ANALYSIS 
The analysis used a corpus of Bach’s chorales from either 

the Riemenschneider (1941) or Kalmus editions, which were 
obtained in MIDI format (Greentree, 2005). The corpus 
contained 386 pieces. Harmonies were sampled on a 
quarter-note basis using a special segmentation heuristic that 
was developed in order to filter out harmonically inessential 
vertical co-occurrences resulting from voice-leading 
phenomena. The heuristic applies a rule-based approach to 
choose a likely harmonic relevant pc set from all (vertical) pc 
sets within the segment of the length of a quarter note.  

Before the analysis, all chorales in the database were 
normalised to C-major or C-minor using another rule-based 
computational heuristic. Dorian, Mixolydian and Phrygian 

                                                                   
3 According to Schoenberg (1969, p. 23), such tones are said to have 
an “upward leading” dynamic quality.  
4 In the case of major and minor triads, the perceptual salience of the 
functional root may well have a psychoacoustic origin (Terhardt, 
1974 and 1982; Parncutt, 1989). 

chorales were associated with their related major or minor 
mode, respectively d-minor, G-major, and a-minor. The 
heuristic and its key assignments were double-checked by an 
expert in modal music theory. Details regarding the 
preparation and sampling process can be found in Rohrmeier 
& Cross (2008). 

The primary objectives of this analysis were to ascertain (1) 
whether the transition frequencies of the ten most frequently 
occurring chords (in both modes) correlated positively and 
significantly with pitch attraction values, and (2) whether 
transition frequency asymmetries (i.e., frequency of 
occurrence of xy ≠ yx) could be modelled successfully using 
asymmetries as specified in the pitch attraction model.  

The tentative hypothesis motivating the first objective is 
that Western tonal-harmonic music (and, perhaps, Bach’s 
music in particular) is predisposed to arrange chords 
adjacently in such a way as to maximise musical dynamism 
(i.e., pitch attraction). If this is the case, then it is likely that 
the more frequently a given chord transition occurs, the 
stronger is its associated pitch attraction. It must be stresses 
however, that the authors are not proposing that this is 
necessarily the case: tonal music’s dynamism is partially the 
result of the fact that different chord transitions produce 
different levels of attraction and/or dynamism. Were all chord 
transitions simply to possess high levels of attraction the 
dynamic contrast of tonal music would be greatly diminished. 
It is highly unlikely that such an effect would be desirable, 
either from a structural or aesthetic perspective. 

The hypothesis motivating the second objective, chord 
transition asymmetries, is related to the first objective. 
However, unlike the first objective, which is based on the 
notion that the frequency of occurrence of chord transitions 
correlates positively with pitch attraction, we hypothesised 
that pitch attraction asymmetries are responsible for the 
specification of chord order within tonal music. Furthermore, 
we conjectured that this effect might, in part, be the process 
by which a particular chord and/or tone is allotted to a 
particular position within a grammatically structured musical 
phrase. Transition frequency asymmetries are a strong 
indicator that information within a temporally ordered stream 
is not random, but governed or influenced by an underlying 
process, possibly syntactic. The ability not only to measure 
such asymmetry, but also to model it successfully, was 
therefore of great relevance to the present study. 

The first part of the analysis was carried out by computing 
the Pearson product-moment correlation coefficient between 
various transition matrices and corresponding pitch attraction 
matrices; the second part of the analysis was carried out by 
calculating the number of times the model correctly predicted 
the transition frequency asymmetries. This statistic is 
expressed as a percentage of correct predictions. 

F. Transition Frequencies 
Table 1 shows the transition matrix for the ten most 

frequently occurring chords within the major-key Bach corpus. 
Chord bo (viio, not shown in Table 1) was the thirteenth most 
frequently occurring chord.  

 
 
 



Table 1. Major-key transition frequency matrix (expressed as 
percentages) of the ten most frequently occurring chords in the 
Bach corpus. The first chord of each transition is shown in the 
left-hand column; the second chord of each transition is shown in 
the top row. The in-key triads belonging to C major are 
highlighted in yellow. 

 

Table 2. Major-key pitch attraction matrix of the ten most 
frequently occurring chords in the Bach corpus.  

 
Table 2 shows the pitch attraction matrix for the ten most 

frequently occurring chords within the major-key Bach corpus. 
The data relating to the transition of a chord to itself was 
omitted from the analysis. Consequently, ninety data points 
were entered into the correlation analysis. The coefficient 
produced between the major-key data and model was positive 
and significant: r(88) = .37; p < .005.  

A second coefficient was calculated using only the 
transitions and pitch attraction values pertaining to the seven 
diatonic triads: {C, d, e, F, G, a, bo}. Once again, the data 
relating to the transition of a chord to itself was omitted, and 
consequently forty-two data points were entered into the 
analysis. The coefficient produced between the major-key 
data and model was positive and significant: r(40) = .40; p 
< .005. 

Table 3 shows the transition matrix for the ten most 
frequently occurring chords within the minor-key Bach corpus. 
Chords do and bo (iio and viio, not shown in Table 3) were the 
twelfth and seventeenth most frequently occurring chords 
respectively.  

Table 4 shows the pitch attraction matrix for the ten most 
frequently occurring chords within the minor-key Bach corpus. 
Ninety data points were entered into the correlation analysis. 
The coefficient produced between the major-key data and 
model was positive and significant: r(88) = .41; p < .005.  

As with the major-key analysis, a second coefficient was 
calculated using only the transitions and pitch attraction 
values pertaining to the seven in-key triads: {c, do, Eb, f, G, 
Ab, bo}. For this part of the analysis the coefficient produced 

between the minor-key data and model was positive and 
significant: r(40) = .45; p < .005. 

Table 3. Minor-key transition frequency matrix (expressed as 
percentages) of the ten most frequently occurring chords in the 
Bach corpus. The in-key triads belonging to C minor are 
highlighted in orange. 

 

Table 4. Minor-key pitch attraction matrix of the ten most 
frequently occurring chords in the Bach corpus. 

 

G. Transition Asymmetries 
Transition asymmetries were analysed in the following way. 

First, Tables 1 and 2 were converted into two Higher/Lower 
matrices, in which transition values across the symmetry 
diagonal running from top left to bottom right were compared. 
For example, in Table 1 the transition {G, B, D} to {C, E, G} 
has a value of 8.98, whereas the reverse transition{C, E, G} to 
{G, B, D} has a value of 5.79. The former value was therefore 
converted to H (for Higher), and the latter value was 
converted to L (for  Lower); see Table 5. 
Table 5. Table 1 converted into a Higher/Lower matrices by 
comparing transition values across the symmetry diagonal 
running from top left to bottom right. 

 
Second, the number of times the pitch attraction model 

correctly predicted the Bach data asymmetries was calculated 
as a percentage.  For example, with respect to the major-key 



analysis there were forty-five H-L pairs relating to the ninety 
chord transitions. Of these, the model correctly predicted the 
direction of the asymmetry of thirty-four pairs correctly, and 
eleven pairs incorrectly. Expressed as a percentage the model 
therefore correctly predicted the asymmetry in 76% of the 
cases, and incorrectly in 24% of the cases.  

A second set of percentages was calculated using only the 
transitions and pitch attraction values pertaining to the seven 
diatonic triads, {C, d, e, F, G, a, bo}, and consequently 
twenty-one H-L pairs relating to the forty-two chord 
transitions were analysed. Expressed as a percentage, once 
again the model correctly predicted the asymmetry in 76% of 
the cases, and incorrectly in 24% of the cases. 

With respect to the minor-key analysis there were 
forty-three H-L pairs relating to eighty-six chord transitions5, 
of which the model correctly predicted the asymmetry in 58% 
of the cases, and incorrectly in 42% of the cases. However, 
despite the relatively modest performance of the model in 
relation to the ten most frequently occurring minor-key chords, 
when a second set of percentages was calculated using only 
the transitions and pitch attraction values pertaining to the 
seven in-key triads, {c, do, Eb, f, G, Ab, bo}, the model 
correctly predicted the asymmetry in 90% of the cases, and 
incorrectly in only 10% of the cases. 

V. DISCUSSION 
This joint research is still very much in its infancy and the 

authors (partly owing to the relatively early conference 
publication deadline) must stress that much work remains to 
be done before any firm conclusion can be drawn with respect 
to the relationship between pitch attraction, musical syntax 
and chord transitions in tonal music. However, despite this 
caveat a number of interesting finding have emerged that are 
indicative of at least some degree of causality between pitch 
attraction and chord frequency transitions, and thus by 
implication musical syntax.  

With respect to pitch attraction, the correlation coefficients, 
although not particularly high (.37 < r > .45), were significant 
and positive, which suggests that there is a preference in tonal 
music for chord transitions employing higher levels of 
attraction. However, as has already been observed, that these 
coefficients were not particularly high is perhaps indicative of 
the fact that music uses different chord transitions specifically 
in order to produce different levels of attraction and/or 
dynamism. That is, there is not simply a bias for transitions 
which generate high levels of attraction and/or dynamism. 

Of more significance perhaps, is the extent to which the 
chord transition asymmetries in the Bach corpus were 
modelled using the pitch attraction model. Here the results 
were largely very positive, especially for the major key 
(which was consistently well above chance). It would seem 
that the hypothesis that pitch attraction asymmetries are 
responsible for the specification of chord order within tonal 
music may be credible, at least to some degree. 

In its current form, the generative grammar cannot be used 
to make many specific predictions concerning the frequency 
of occurrence of chords or chord transitions in tonal music. 
However, there are a few basic predictions that the grammar 

                                                                   
5 Four transitions were omitted due to having tied values. 

does make. First, the grammar predicts that musical structure 
is directed. Second, the grammar’s hierarchical structure 
predicts that the majority of the local progressions reflect 
simple prologational or cadential patterns. And third, some of 
the rules predict that certain functional chord types will be 
combined, e.g., pre-dominant – dominant sequences, tonic – 
subdominant – tonic or tonic – dominant / dominant – tonic 
sequences, and so on. Dahlhaus (1967) remarks that the 
preferred use of IV-V over V-IV is an important aspect of the 
development of tonality. This asymmetry is reflected in one of 
the rewrite rules of the grammar, and is reflected in certain 
asymmetries in the chord transition matrices (Tables 1 and 3). 
Another feature resulting from the hierarchical organisation of 
the grammar’s tree structure is that adjacent chords within the 
same branches of the tree are predicted to be linked together 
by simple functional relationships, whereas adjacent chords 
across two tree branches need not necessarily be related, even 
though they are adjacent. This is a feature that may not be 
entirely reflected in chord transition tables since this structural 
difference might not be statistically captured. Nonetheless, 
chord progression tables provide useful information on local 
chord progressions because adjacently related chords happen 
within the same tree branch more often than adjacently 
unrelated chords. 

Hence, statistical transition matrices carry (rough) 
information regarding the style-dependent use of different 
functional chords; for example, whether IV-V or II-V is 
preferred in a cadential context; or how often is VII-I is used 
as a dominant progression.  

In sum the present study raises a number of important 
research questions that remain to be answered. These include: 
what statistical methods can be used to adduce the presence of 
syntactical processes in music? What is the cognitive reality 
of musical syntax, and over what temporal scale does it 
operate (local or global)? And what additional cognitive 
processes, such as pitch attraction, serve to reinforce the 
method by which some musical elements take precedence 
over others? 
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