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Abstract
The dominant theory of what people can learn implicitly is that they learn chunks of adjacent elements
in sequences. A type of musical grammar that goes beyond specifying allowable chunks is provided by
serialist or 12-tone music. The rules constitute operations over variables and could not be appreciated
as such by a system that can only chunk elements together. A series of studies investigated the extent to
which people could implicitly (or explicitly) learn the structures of serialist music. We found that people
who had no background in atonal music did not learn the structures, but highly selected participants
with an interest in atonal music could implicitly learn to detect melodies instantiating the structures. The
results have implications for both theorists of implicit learning and composers who may wish to know
which structures they put into a piece of music can be appreciated.
© 2004 Cognitive Science Society, Inc. All rights reserved.
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1. Introduction
Back in 1967 Reber noted that people could incidentally learn to perceive or act appropriately
in a structured domain without being able to say what it is that had been learned. This implicit
learning is shown by, for example, people’s ability to learn languages and also the contingencies
of social life (e.g., Lewicki, 1986; Reber, 1989). Implicit learning also seems to be revealed by
people’s ability to learn musical styles and structures: We may be able to say that a piece of
music comes from a certain style or composer without being able to justify our claim. Reber
(1989) argued further that the implicit learning of the structure of an art form is the basis
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for the aesthetic appreciation of that art form (a view anticipated by Longuet-Higgins, 1976),
implying that implicit learning plays a fundamental role in learning to appreciate music.
Most research into implicit learning has concentrated on the learning of artificial grammars (using finite state grammars with almost entirely local dependencies) in the context of
classification tasks or reaction time tasks (see Berry, 1997; Berry & Dienes, 1993; French &
Cleeremans, 2002; Stadler & Frensch, 1998, for reviews). Based on this research, the dominant
theory of what people can learn implicitly is that people primarily learn chunks of adjacent elements in sequences (i.e., n-gram structure), whether this is the explicit claim of the theory (e.g.,
Boucher & Dienes, 2003; Dienes & Fahey, 1995, 1998; Johnstone & Shanks, 1999; Perruchet
& Pacteau, 1990; Redington & Chater, 1996; Servan-Schreiber & Anderson, 1990) or happens to be the natural consequence of the proposed learning mechanism (e.g., Cleeremans,
1993; Dienes, Altmann, & Gao, 1999). Reber (e.g., 1993) has always argued people can implicitly learn abstract rules without specified constraints, but to date the evidence available
can be largely explained by assuming people implicitly learn chunks of adjacent elements in
sequences.
The perhaps surprising consequence of the claim that we learn only local structure is that
the theory cannot apply to the induction of natural grammars (as shown by Chomsky, 1957),
the original inspiration for the investigation of implicit learning, nor the induction of musical
grammars (Lerdahl & Jackendoff, 1983; Longuet-Higgins, 1978), which also involve non-local
dependencies. Music embodying these types of non-local dependencies may thus be an ideal
domain for finding evidence that implicit learning can go beyond the learning of chunks of
adjacent elements. So far implicit learning researchers have scarcely addressed the domain
of music (for studies using musical notes and an artificial finite state grammar, see Altmann,
Dienes, & Goode, 1995; Bigand, Perruchet, & Boyer, 1998; Saffran, Johnson, Aslin, &
Newport, 1999).
A type of well-specified musical grammar that does go beyond just specifying allowable
n-grams is provided by serialist or 12-tone music (see e.g., Wuorinen, 1979). Serialism is a
method of composition introduced by Arnold Schoenberg at the beginning of the century, his
first fully serialist piece having been written in 1920 (the last of his Five Pianoforte Pieces, Op
23; see Schoenberg, 1941). Schoenberg wished to form a new system of music in which there
was no tonal centre but a “democracy” of notes. A serialist composition is constrained by the
following rules:
1. The serialist rules specify the ordering not of pitches but of pitch classes—sets of pitches
separated by octaves (e.g., C is a pitch class, but middle C is a particular pitch). It is
simply up to the composer’s aesthetic intuition as to which pitch he chooses to instantiate
a particular pitch class at a particular point in the composition.
2. A tone row consists of an ordered arrangement of the 12 pitch classes (notated 0..11).
An example of each of the 12 pitch classes is provided by all the black and white keys
on a piano from middle C to the B above: C, Db (“D flat”), D, Eb, E, F, F# (“F sharp”),
G, Ab, A, Bb, and B. Let 0 indicate C. Then each number represents the number of
semitones above C. That is, Db = 1, D = 2, . . . B = 11. The tone row can be represented
by some permutation of the numbers 0. . . 11. Each pitch class must occur once and only
once (hence the “democracy” of notes). The composer constructs an initial tone row (the
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prime tone row) to act as a theme for the piece; the exact ordering of pitch classes within
the prime is up to the composer’s musical intuition.
3. Once a prime tone row has been constructed for a composition, four transforms are
possible: transpose, retrograde, inverse, and inverse retrograde. To form a transpose of
a tone row, add a constant (modulo 12) to each note in turn. (Modulo 12 means clock
face arithmetic; for example, 8 + 5 = 1 in modulo 12 arithmetic: 5 h after 8 o’clock is 1
o’clock.) The constant can be any number 0. . . 11. For example (the prime is in fact the
prime from the last of Schoenberg’s Five Piano Pieces),
P:
T(5)

1 9 11 7 8 6 10 2 4 3 0 5
6 2 4 0 1 11 3 7 9 8 5 10

(Db A B G Ab F# Bb D E Eb C F)
(F# D E C Db B Eb G A Ab F Bb)

Any of these 12 transpositions can be played in reverse order to make the 12 retrogrades.
The inverse to a prime can be formed by subtracting each prime note in turn (modulo 12)
from a constant; the constant can be any number 0..11, giving 12 possible inverses. For
example,
P:
I:

1 9 11 7 8 6 10 2 4 3 0 5
6 10 8 0 11 1 9 5 3 4 7 2

(Db A B G Ab F# Bb D E Eb C F)
(F# Bb Ab C B Db A F Eb E G D)

In this example, the constant is 7. Notice in the inverse, each successive interval is
of the same magnitude but opposite sign compared to the prime. For example, the first
interval in the prime is (9 − 1) = +8, or equivalently −4 in modulo 12. The first interval
in the inverse is (10 − 6) = +4.
Any of these 12 inverses can be played in reverse order, to make the 12 retrograde
inverses.
4. A serialist composition consists of successive or overlapping statements of these forms
(with, in practice, the above rules violated to a greater or lesser degree; for example,
immediate repetitions of a note are regarded as acceptable).
Serialism had an enormous impact on twentieth century classical music, perhaps the greatest
impact of any well-specified system of composition (see DeLone et al., 1975) and for this reason
alone seems worthy of the attention of psychologists. In addition, Schoenberg (1941) was very
concerned that serialist music should be comprehensible and coherent.1 Its comprehensibility
as a serialist piece entails firstly that a tone row should be recognized as the same auditory
object under the four transforms (transpose, retrograde, inverse, retrograde inverse). This would
provide coherence or unity to a serialist composition: Listening to such a composition would
involve beholding this auditory object as it was successively reflected, translated, and restated
through the composition. The comprehensibility of a serialist piece entails also that a tone
row is perceived as the same regardless of the octave in which each of the pitch classes is
played (the assumption of octave equivalence; see Deutsch, 1982, 1999, for discussion of this
assumption).
On the other hand, Lerdahl (1988) suggested that the “compositional grammar” employed
by serialists in constructing a serialist piece does not correspond to any “listening grammar”
that can be induced by a listener: The serialist grammar is not learnable by the listener. Smith
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and Witt (1989) and Thomson (1991) also raised the question of whether the syntax of serialist
music is accessible to listeners. Imberty (1993) suggested the rules provide only a framework
for composition and are not meant for the listener at all. So to what extent is the serialist
grammar learnable by the listener? Francès (1958/1988; experiment VI) asked musically experienced participants to determine which of two tone rows had been presented each trial, as
the rows were transformed across trials. He concluded that his participants had limited ability to perceive the tone row across different transformations. However, as one row occurred
six times more frequently than the other, and no account was taken of response bias, it is in
fact difficult to draw any conclusions from this interesting study. Without using inferential
statistics, De Lannoy (1972) found some ability to perceive tone row transposes but not inverses. Dowling (1972) found that people could detect pitch transforms of atonal five-note
sequences when the four transforms were fully explicitly explained to them and one transform
was attempted at a time (pitch transform meaning that the transforms were not produced using
modulo 12 arithmetic—as above, which specified pitch class transforms—but using normal
arithmetic2 ). More impressively, Krumhansl, Sandell, and Sergeant (1987) found that with
repeated testing using two primes (of 12 notes each) musically experienced participants fully
aware of the nature of the task and the transformations used could accurately indicate which
prime had been presented (transformed) on each trial. These studies provide an initial step in
demonstrating that people can learn to deal with the serialist transformations at least to some
degree when they are explicitly trying to discern the transformations. Balch (1981), using pitch
rather than pitch class transforms, did not explain any of transforms to subjects. He found that
people rated inverses and retrogrades of five and seven note sequences as better continuations
of those sequences than unrelated sequences. The responses may or may not have been based
to some degree on implicit knowledge, though Balch noted some subjects spontaneously described relevant explicit strategies. Bigand, D’Adamo, and Poulin (2003) argued that through
repeated exposure to melodies instantiating a tone row, people simply learn the relative frequencies of the pitch class intervals in the tone row (that is, the order of the intervals may
be irrelevant), and this allows identification of the tone row across transformations, providing some sense of unity (though, by implication, the same unity for any permutation of the
intervals).
Whether people can implicitly learn to perceive the four transformations and the unity of the
underlying tone row above and beyond contingent n-gram statistics remains an open question.
If the answer is YES, then people can learn more than current theories of implicit learning
give them credit for, and it would be a challenge to existing models of implicit learning (e.g.,
Dienes et al., 1999). If the answer is NO, existing theories are corroborated. Answering this
question also provides important information for composers. If the serialist structure of a piece
of music is not learnable, then the piece would be appreciated in spite of its serialist structure,
not because of it, and a composer may consider whether he or she wishes to abide by the
constraints. Whatever aspects are learnable explicitly, are potentially available to the listener
for appreciation at an intellectual level; whatever aspects are available implicitly may form
the basis for direct aesthetic appeal. Determining the learnability of the transforms provides
useful information for composers, whether they are strict serialists or not; the transforms can
occur in some guise in many musical styles (e.g., Bach’s fugues, which used pitch inverses
and retrogrades, for example).
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Fig. 1. Subjective measures of implicit knowledge.

In the following experiments, participants were asked to listen to a series of tone rows that
follow one of the transforms, but participants were not told at that stage that there was any
common regularity to the set of tone rows. Then they were shown some more tone rows, half
of which followed the transform they were trained on and half of which did not. Participants
were asked to classify them. The implicitness of the knowledge used for classification was
assessed by confidence ratings given after each classification decision. Following Dienes and
Berry (1997; also Dienes & Perner, 1999) we define unconscious or implicit knowledge as
occurring when a person is in an occurrent mental state of knowing some content (e.g., that a
tone row follows the rule) when the person does not know they are in that mental state (they do
not know that they are occurrently representing and taking for true a particular content). Thus,
if the person has implicit knowledge, they may classify above chance when they believe they
are guessing (guessing criterion), and also be unable to distinguish between states of guessing
and states of knowing (zero correlation criterion). Jointly, these criteria are called subjective
measures of implicit knowledge because they are based on the person’s awareness of the mental
state they are in.3
These subjective measures of implicit knowledge are illustrated in Fig. 1, which shows a
plot of classification accuracy against confidence. The classification performance given by the
intercept when confidence is “guess” indicates how well people classify when they believe they
do not know anything at all. If classification performance at this intercept is significantly above
baseline then the guessing criterion of implicit knowledge is satisfied: People have knowledge
they do not know that they have. If people cannot distinguish at all between when they know
and when they are guessing over all trials, then the slope of the line will be zero. This is the
zero correlation criterion of implicit knowledge: A zero confidence-accuracy slope indicates
implicit knowledge. Notice that a significant guessing criterion indicates the presence of some
implicit knowledge without ruling out the possibility of there being some explicit knowledge
on other trials. Conversely, a significant slope indicates the presence of at least some explicit
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knowledge without ruling out the possibility of there being some implicit knowledge. The
strongest evidence of knowledge being completely implicit is a significant guessing criterion
and a non-significant zero correlation criterion (see Dienes, in press; Dienes & Perner, in press,
for further discussion of these criteria).

2. Experiment 1
2.1. Method
2.1.1. Participants
The participants were students from Sussex University. Four groups of participants were
used; each group was exposed to just one transform. There were 10 participants of unselected
musical ability randomly assigned to each group.
2.1.2. Materials
In constructing the materials we took into account the fact that in actual serialist compositions, tone rows are usually deployed in smaller segments, the division of the row into two
hexachords being common (Wittlich, 1975). (A hexachord is a sequence of six successive
tones.) We incorporated this constraint by presenting people with tone rows (i.e., the 12 tones
with each tone occurring once and only once), with the second hexachord being a transformation of the first. Constructing stimuli satisfying this description is a non-trivial task that we
achieved in the following way.
Imagine the 12 numbers of the clock face and let these represent the 12 tones. The task is
to divide the notes into two equal sets, one set being used for the first hexachord (call these
the whites) and the second being used for the second hexachord (call these the blacks). Each
white must be transposable into a black with the same constant of transposition. To satisfy
this constraint we used 6 as the constant (a six semitone interval is known as the diabolus in
musica, the diabolic interval, frequently used in serialist music). The constraint of “odd parity”
is that each white reflects into a black through the centre of the clock face, and vice versa. For
example, in Fig. 2, the white at 2 o’clock reflects through the centre into the black at 8 o’clock
(and vice versa), so these two notes satisfy the constraint of odd parity. The one is a transpose of
the other through six semi-tones. In the materials produced for experiment one, the odd-parity
constraint was satisfied for each of six whites and six blacks of each tone row. Satisfaction
of the odd-parity constraint allowed a transpose to be formed, defined in the following way.
h1 is a transpose of h2 through six semi-tones, and vice versa, iff h2 = h1 + 6 (modulo 12),
where h1 is a 6-vector defining the first hexachord (i.e., an ordered list of the six notes in the
first hexachord), h2 is a 6-vector defining the second hexachord, and 6 is a 6-vector where all
components are “6”.
There must also be a constant of inversion that transforms each white into a unique black.
Fig. 2 shows this geometrically. The diameter through half past one in the figure is an axis
of anti-symmetry in the sense that the image of each black dot in this line is a white dot, and
vice versa. The reader may care to verify that any dot and its image in the line add up to three,
modulo 12. Thus, if each white reflects onto a black through a single axis of anti-symmetry,
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Fig. 2. The odd parity constraint and axis of anti-symmetry.

the whites will be invertible into the blacks (and vice versa). The inversion can be defined in
the following way. h1 is an inverse of h2, and vice versa, iff h1 + h2 = k (modulo 12), where
k is a 6-vector in which all components are k, 0 ≤ k ≤ 11.
Materials were constructed according to the following algorithm, the application of which
is illustrated in Figs. 2 and 3:
(i) Select randomly one of the six axes of antisymmetry. In Fig. 2 this is the dashed line.
(ii) Select randomly an available number, call it a white. In Fig. 2, this could be number 2.

Fig. 3. An example of six white and six black notes having been chosen.
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(iii) The constraints of odd parity and invertibility determine the white and black status of
three other numbers. The 2 being a white means, by odd parity, the 8 must be a black.
The 2 being white also means 1 must be black—this is reflection through the axis of
antisymmetry. Similarly, if 8 is black, then 7 must be white by reflection through the
axis of antisymmetry.
(iv) Repeat steps (ii) and (iii) until all numbers have their white or black status determined.
For example, next the 0 could be randomly chosen to be white, which will determine
the black/white status of three other numbers; there will be four numbers remaining,
one of which is randomly chosen to be a white, fixing the other three. Fig. 3 illustrates
a complete set of six whites and six blacks produced in this way.
All the whites were then randomly ordered to form the first hexachord; the second hexachord
was determined by the transform used. For example, if the whites generated by steps (i)–(iv)
above were the unordered set {0, 2, 7, 9, 10, 11} then the blacks would be the complementary
set {1, 3, 4, 5, 6, 8}. The whites could be randomly ordered to form the hexachord 11, 2, 0,
10, 9, 7.
We will now consider how the blacks would be ordered to form each of the transforms. If
the transform were transpose, the second hexachord would be (11 + 6), (2 + 6), (0 + 6), (10
+ 6), (9 + 6), (7 + 6), which is (modulo 12) 5, 8, 6, 4, 3, 1. Notice the second hexachord is
composed entirely of blacks (this is a necessary consequence of the procedure (i)–(iv)). The
two hexachords can be put together to form the tone row: 11, 2, 0, 10, 9, 7, 5, 8, 6, 4, 3, 1 (B,
D, C, Bb, A, G, F, Ab, F#, E, Eb, Db).
If a second hexachord is a transpose of the first, it is a simple matter to turn it into a retrograde
by running it backwards. For example, since 5, 8, 6, 4, 3, 1 is a transpose for the first hexachord
in the above example, 1, 3, 4, 6, 8, 5 is a retrograde of the first hexachord, and only consists
of blacks. Appending this retrograde to the first hexachord creates the tone row: 11, 2, 0, 10,
9, 7, 1, 3, 4, 6, 8, 5 (B, D, C, Bb, A, G, Db, Eb, E, F#, Ab, F).
Now consider the inverse transform. Once again, take the case where the first hexachord is
11, 2, 0, 10, 9, 7. These numbers were generated from the example in Fig. 1, where the axis of
antisymmetry ensures that for every white there is a black such that the two sum to the number
3 (modulo 12). So, going through the first hexachord in order, we have 11 + 4 = 3, 2 + 1 = 3,
0 + 3 = 3, 10 + 5 = 3, 9 + 6 = 3, and 7 + 8 = 3. Hence, the second hexachord is 4, 1, 3, 5,
6, 8. Notice all numbers in the second hexachord are blacks, and the second hexachord is the
inverse of the first. The first and second hexachords put together form the tone row: 11, 2, 0,
10, 9, 7, 4, 1, 3, 5, 6, 8 (B, D, C, Bb, A, G, E, Db, Eb, F, F#, Ab). The inverse retrograde is
created by running this second hexachord backwards and appending to the first: 11, 2, 0, 10,
9, 7, 8, 6, 5, 3, 1, 4 (B, D, C, Bb, A, G, Ab, F#, F, Eb, Db, E).
For each transformation, 50 tone rows were independently generated for the training phase
using the above algorithm, and 50 for the test phase. A random 25 of the test items had the
order of pitch classes in the second hexachords randomly scrambled. The first 35 items of the
training phase and of the test phase had pitches within the interval middle C to the B above.
The last 15 were “octified”, which meant that for each note (independently) +1, 0, or −1
octaves were added with equal probability (this manipulation was motivated by Schoenberg’s
assumption of octave equivalence; Krumhansl et al., 1987; Pederson, 1975). Each pitch was
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Table 1
Percent correct classification in experiment 1 (standard errors in parentheses)
Transform

Transpose
Inversion
Retrograde
Retrograde inversion

Octave displacement
Non-octified

Octified

47.4 (2.4)
50.1 (2.0)
50.8 (2.2)
50.9 (2.5)

41.3 (7.0)
57.4 (3.5)
44.5 (3.1)
48.7 (2.0)

produced by the piano output of a Roland Piano 5500 keyboard, lasting 0.5 s. In the training
phase there was a 4-s delay between each tone row, and in the test phase there was a 6-s delay
between each tone row. Stimuli were recorded onto DAT tape, so for each transform the order
of stimuli was the same for each subject.
The exact stimuli are shown at http://cognitivesciencesociety.org/supplements/.
2.1.3. Procedure
In the learning phase, participants rated how pleasant they found each tone row, on a scale
ranging from 1 (very unpleasant) to 10 (very pleasant). In the test phase, they were told that the
stimuli they had just heard obeyed some set of rules and that half the stimuli they were about
to hear would obey the same rules and half would not; they were to classify which were which
by circling yes or no. They were also asked to give a confidence rating for each response on a
scale from 50% (complete guess) to 100% (complete certainty).
2.2. Results
The participants’ scores were convincingly at chance for each type of material and for the
materials as a whole. For the non-octified stimuli, the mean overall classification performance
was 50% (SE = 1.2%), which was not significantly different from chance t(39) = 0.17,
p = .86 (upper limit of 95% CI = 52%); for the octified stimuli, the overall mean classification
performance was 48% (SD = 2.2%), also not significantly different from chance, t(39) = 0.87,
p = .39 (upper limit of 95% CI = 53%).
Table 1 displays the mean percent correct classification (standard errors in parentheses) for
each condition separately. A two-way (transform (transpose vs. inversion vs. retrograde vs.
inverse retrograde) by octave displacement (octified vs. non-octified)) mixed model ANOVA
indicated no significant effects, all p’s > .10. Subjects convincingly failed to learn the materials
in experiment 1.
The confidence ratings were not analysed because there was no learning.

3. Case study with PF
We ran a single person, Philip Fine, on the stimuli from experiment 1. In contrast to the
participants in experiment 1, he was (a) highly experienced in atonal music as a singer of
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Table 2
PF’s percent correct classification of the materials from experiment 1
Transform

Transpose
Inversion
Retrograde
Retrograde inversion

Octave displacement
Non-octified

Octified

91
77
83
74

47
73
80
60

contemporary classical music (he had also previously composed a serialist piece); and (b)
aware for each training and test set that the target relation between first and second hexachords was one of the serialist transforms (i.e., conditions favoured explicit learning). He was
trained and tested on each transform in turn. Given our personal difficulty in perceiving any
structure in our own materials, we were amazed by his performance, shown in Table 2. He
performed well on both octified and nonoctified materials. (This is more impressive than the
Krumhansl et al., 1987, results above because he had to deal with a different prime on every
trial.) In Table 2, for each transform, for non-octified materials, there are 35 trials, so any
performance above 64% is significantly above chance by the binomial, one tailed (PF performed significantly above chance for each transform), and for the octified materials, there
are 15 trials and 80% is above chance, and 73% marginally so (p = .06 1-tailed). No transform was significantly easier than any other (all p’s > .10 by χ2 ). Consistent with Krumhansl
et al. (1987), PF found the non-octified material easier than the octified material, χ2 (1) = 6.31,
p < .025.
PF could explicitly describe various relevant strategies he used. He said he hummed the first
three notes of each hexachord and compared them across hexachords. After each tape he could
say what the target transform was. There is no doubt he could explicitly perceive the different
transforms. Moreover, there was also evidence for implicit knowledge. Taking the 50 trials
where he said he was just guessing (which were mainly the octified trials), he classified 62%
correctly (p = .03, binomial 1-tailed), thereby satisfying the guessing criterion of implicit
knowledge.

4. Experiment 2a
It may be that musically unselected people have difficulty dealing with the materials of experiment 1 partly because of the random ordering of the pitch classes within each hexachord:
Such an auditory object may be difficult to hold in memory. Melodies that are smoother in
contour, not randomly going up or down, may be easier to remember and process. We ran a
follow up experiment in which the pitch class content of each hexachord was prepared in the
same way as experiment 1, but was ordered in a different way. Namely, in the first hexachord
the tones were presented in order, clockwise or anticlockwise, around the clock face from
a random starting position. For example, consider the set of pitches {0, 2, 7, 9, 10, 11}. If
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the random starting note was 9, and the random direction was clockwise, the first hexachord
would be: 9, 10, 11, 0, 2, 7 (A, Bb, B, C, D, G). Thus, for a transpose, the second hexachord
would be 3, 4, 5, 6, 8, 1 (Eb, E, F, F#, Ab, Db). This procedure creates hexachords with fewer
changes in pitch direction than those used in experiment 1. Twenty-eight musically unselected
subjects were assigned randomly to be trained and tested on one of the four transforms; and
40 control subjects just received a test phase and were asked to sort tunes that seemed more
rule governed from than those that did not. However, once again there was convincingly no
learning (mean classification performance was 49% for experimental subjects and 53% for control subjects). (For details of this “smooth” experiment, see http://cognitivesciencesociety.org/
supplements/.)
Whatever constraints we may dream up to make the tone rows more learnable, it may be
that serialist composers have already intuitively used appropriate constraints in the tone rows
that they end up constructing for genuine compositions. Thus, experiments 2a and 2b looked
at the learnability of real tone rows.
In addition, it may be that appreciation of material as difficult as serialist transforms depends
on having extended exposure with the material, as in PF’s case. Thus, in experiments 2a and
2b, in addition to normal undergraduates, aficionados of serialist music were also selected.
If anyone can implicitly learn to perceive the transforms, it must be people who regularly
listen to and enjoy serialist music. PF was explicitly trying to determine the transform used;
could aficionados detect the transform under more incidental conditions? We wanted to select
aficionados of serialist music without them knowing they were being selected because of their
interest in serialism.
People with considerable experience of atonal music may have superior perceptual skills
which might allow them to induce a transform based on exposure to examples instantiating the
transform. Alternatively, experienced people may already have explicitly or implicitly learned
to detect the transforms of serialist music and a short exposure to examples of a transform
only functions to trigger the knowledge that a particular transform is relevant to the current
situation, rather than to produce learning of the transform per se (cf. Hadley, 2001). Either
way, the knowledge that the transform is relevant to the current situation could be implicit or
explicit. If the training phase leads to implicit knowledge, as shown by the guessing or zero
correlation criteria, we will conclude that implicit learning has occurred at least in a broad
sense, i.e., at least in the sense that people have acquired implicit knowledge that a transform
is relevant in this context. Relevant pre-existing knowledge may include implicit knowledge
of the transform as a rule structure or even as a large look up table, in which the person has
merely rote learned that a set of tone rows happen to instantiate a given transform. We will not
empirically distinguish the possibility of triggering pre-existing knowledge from inducing the
transform from scratch, nor the type of prior knowledge people might have. The issue of what
exactly experienced people may have learnt from their prior experience will be considered
further in the discussion.
We introduced three other changes. First, participants were asked to focus their attention on
the relationship between the second hexachord and the first, but we tried to do this in a way
that would not encourage explicit hypothesis testing. It may be that implicit learning, as much
as explicit learning, is strongly influenced by what is attended to (Jiménez, 2003; Perruchet
& Vinter, 2002; Whittlesea & Dorken, 1993). Second, in the test phase participants had to
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distinguish between different transforms (i.e., the transform they had been trained on, and one
other). To appreciate fully the structure of a serialist piece, the listener has to distinguish the
transforms from one another. Third, none of the stimuli were octified. PF found the non-octified
material easier than the octified; Krumhansl et al. (1987) also found their subjects had more
difficulty dealing with tone rows in which the pitches could occur in one of a number of octave
ranges rather than being fixed. Hence, participants may do better if none of the material is
octified.
In experiment 2a, participants were trained on transposes and then in the test phase had to
select transposes from a set of transposes and inverse retrogrades. In experiment 2b, participants
were trained on inverse retrogrades, and then performed the same test phase as participants in
experiment 2a, but this time, they had to select the inverse retrogrades.
4.1. Method
4.1.1. Participants
Thirty-two participants from the University of Sussex participated in experiment 2a. There
were two groups: one group inexperienced with serialist music and one group that was experienced. The 22 participants in the group not experienced with serialist music were all
undergraduate students not selected on the basis of any musical criteria. In fact, no one in this
condition had any knowledge of serialist music.
The 10 participants in the experienced condition were recruited via e-mail. The participants
approached were either currently undertaking or had finished or were teaching a degree in
Contemporary Music at Sussex University. The e-mail read “If you could create your own
perfect radio station, how much time per day would you dedicate to playing each of these
music styles?
(Pre-1900)

1. Baroque
2. Classical
3. Romantic
4. Nationalist

(1900=>)

5. Minimalist
6. Serialist
7. Stochastic
8. Textural
9. Electronic”

The e-mail asked recipients to give a percentage for each style they would like to listen
to, in all comprising 100%. They were told they did not have to include all the styles in
the list, only the ones they would prefer to listen to and they were encouraged to include
other styles not in the list. A person was chosen to be a serialist aficionado if they gave
serialism a 10% rating or above; these people were re-approached and asked to participate
in the second part of the experiment. Four of the participants were undergraduates, one was
a PhD student, and five had finished their PhD (three of whom were currently lecturing in
music).
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All participants were unaware of the purpose of the experiment. There was one betweenparticipants factor, musical experience (experience with serialism vs. no such experience).
For this experiment, there was no manipulation of transform: All participants were trained on
transposes.
4.1.2. Materials
We culled 35 prime tone rows from textbooks and reviews of serialism (see http://cogsci.
psy.utexas.edu/supplements/ for exact sources and hexachords). The 70 hexachords were
screened for odd parity (24 satisfied this constraint); invertibility (54 satisfied this constraint);
non-equivalence to the other hexachords under the four transformations (42); and non-identity
of transpose with inverse retrograde (66). There were 11 hexachords that satisfied all constraints.
These hexachords came from Webern’s Variations for Piano, Cantata no. 2, and Symphony
Opus 21; Luigi Nono’s Il Canto Sospeso; Berg’s Lyric Suite, and Lulu; and Krenek’s String
Quartet, Opus 78.
From these 11 hexachords we needed to construct enough hexachords to make a training set
and a test set. So two transpose versions (each a transpose through a random number of semitones 0..11) of each of the prime, retrograde, inverse, and inverse retrograde were constructed
to make 88 hexachords (11 initial hexachords × 4 transforms × 2 transpose versions). Note
so far that we are just dealing with hexachords, no tone rows have been constructed. Of the
88 hexachords, 40 hexachords were randomly assigned to the training set, 48 to the test set.
Transposes (through +6 semitones) of all 40 hexachords in the training set were constructed to
make the 40 tone rows of the training set, in each tone row the second hexachord being a transpose of the first. The training set consisted only of such tone rows instantiating transposes. The
items in the test set consisted of an equal mixture of tone rows in which the second hexachord
was a transpose of the first and in which the second hexachord was an inverse retrograde of the
first hexachord. The tones rows within the training set and within the test set were presented
in the same random order for all participants. All pitches were in the interval from middle C
to the B above. None of the stimuli were octified. The timings were the same as experiment 1
(e.g., each tone lasted 0.5 s, with no gaps between tones within a hexachord), except the two
hexachords were separated by a delay of one second to help draw attention to the hexachord
structure of the tone row.
The exact stimuli are shown at http://cognitivesciencesociety.org/supplements/. An example
of a transpose tone row is: 7, 8, 4, 6, 3, 5, 1, 2, 10, 0, 9, 11 (G, Ab, E, F#, Eb, F, Db, D, Bb, C,
A, B) (the first—and second—hexachord, transformed in the ways allowed by serialism, was
used by Webern in his “Variations for Piano”).
4.1.3. Procedure
For training, participants were told, “students of contemporary music had been asked to
compose six note themes, followed by a reply to the theme of the same length. They were not
told to follow any particular rules in doing this, but just to follow their artistic intuitions. We
will present you with 40 examples of the students’ work. We have removed rhythm information
and just present the tones as the reply was to the theme. It is important that you go by your
first impressions, you have only 4 s to make your decision before the next theme/reply appears.
We are interested in your immediate impression. Please rate each pair by circling very bad,
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bad, good, or very good”. The instructions were designed to keep participants unaware of
the purpose of the experiment, simply making participants listen to the relation between the
hexachords without explicitly looking for any rules underlying the musical structure.
At test, participants were told that for half the pairs the theme/replies have been swapped,
and the other half were further genuine compositions from the students, and they had to classify
which was which. In fact, “swapped” referred to the inverse retrogrades and “genuine” referred
to the transposes. After each classification, participants gave a confidence rating on a scale from
50% (pure guess) to 100% (completely certain).
4.2. Results
The 22 inexperienced participants classified 50% (SE = 1.5%) of the test items correctly,
exactly on chance expectation. In contrast, the experienced participants classified 56.3% (SE =
1.7%) correctly, which is significantly greater than the inexperienced participants, t(30) =
2.51, p = .018, and also significantly greater than chance, t(9) = 3.61, p = .006.
The experienced participants could perceive the difference between the transforms. But did
they do this implicitly or explicitly? One way of measuring implicit knowledge is by looking at
the plot of participants’ classification performance against their confidence ratings. According
to the guessing criterion (Dienes & Berry, 1997) people have implicit knowledge if they perform
significantly above chance even when they believe they are literally guessing. According to the
zero-correlation criterion, the knowledge is implicit if accuracy and confidence are unrelated.
The guessing criterion can be measured by the intercept of the plot (at a confidence of 50%), and
the zero-correlation criterion by the slope. Fig. 4 shows the plot of accuracy against confidence
for just the experienced participants.

Fig. 4. Plot of classification percent correct against confidence for the experienced participants of experiment 2a.
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The regression of classification performance against accuracy was calculated separately for
each experienced participant. The average intercept (60%) was significantly above chance,
t(9) = 1.81, p = .05, 1-tailed, and the slope (−0.2%) was not significantly different from
chance, t(9) < 1.4,5 That is, participants appeared to perform the task implicitly, without
knowing that they knew or when they knew. Consistently, in free report at the end of the
experiment, no participant mentioned transposition as a basis of their classification. Participants
generally gave vague reports, for example, that their responses were based on intuition.
5. Experiment 2b
Experiment 2a showed that atonally experienced participants after training could classify the
test set better than atonally inexperienced participants after training. Experienced participants
could perceive the difference between the transposes and the inverse retrogrades (without
knowing what the distinction was that they were responding to). However, the design does not
allow the conclusion that the training phase was important in guiding experienced participants’
test choices; maybe atonally experienced people just liked the transposes more than the inverse
retrogrades anyway, regardless of the training phase. Experiment 2b completed the design by
training experienced participants on inverse retrogrades and then testing them on the same test
set as experiment 2a. If these participants no longer prefer the transposes then participants are
learning specifically from the training phase how to choose items in the test phase.
5.1. Method
5.1.1. Participants
Fourteen participants were recruited from the composition department of the Birmingham
Conservatoire by use of the same e-mail questionnaire used in experiment 2a. Those who said
they would like to listen to serialism 10% or more of the time were selected for the experiment.
Nine were third year undergraduates and five were postgraduate and faculty. All participants
had received a minimum of one semester training in serialist theory.
A different music school was used for experiment 2b as compared to experiment 2a because
the participants in 2a had been debriefed and recruiting serialist aficionados is not an easy task.
5.1.2. Materials
The training set used in experiment 2a was adapted by taking the second hexachord of each
tone row and rearranging the notes so that they formed an inverse retrograde rather than a
transpose of the first hexachord. The same test set was used as experiment 2a.
5.1.3. Procedure
The same procedure and exact instructions were used as in experiment 2a.
5.2. Results
The number of transposes endorsed in the test phase was 48.1% (SE = 1.8%). This is
significantly less than the number endorsed in experiment 2a by the experienced group (56.3%),
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t(22) = 4.00, p < .001. That is, the results provide evidence that it was the training phase
that biased participants to endorse test items of the same transform as appeared in the training
phase.
One can further ask if one of the transforms was easier than the other. The endorsement of
transposes in experiment 2a (56.3%) was significantly higher than the endorsement of inverse
retrogrades (51.9%) in experiment 2b, t(22) = 2.15, p < .05.
For the participants in experiment 2b, overall endorsements of inverse retrogrades (51.9%)
was not significantly above a baseline of 50%, t(13) = 1.10, p = .29. The participants were
split into two further groups of different levels of experience: undergraduates (n = 9) and
postgraduates and faculty (n = 5). The undergraduates endorsed 49.3% (SE = 1.9%) of the
inverse retrogrades; the postgraduates and faculty endorsed 57% (SE = 2.1%). The difference
between these two groups is significant, t(12) = 2.54, p = .026. The postgraduates and faculty
scored significantly above 50%, t(4) = 3.31, p < .05.
For the postgraduates and faculty, the percentage endorsements of inverse retrogrades when
they believed they were literally guessing (i.e., gave a confidence rating of 50%) was 64.3%
(SE = 5.5%), significantly above 50%, t(4) = 2.58, p = .03, 1-tailed. The plot of accuracy
against confidence for these five participants is shown in Fig. 5.4,6
The regression of classification performance against accuracy was calculated separately for
each experienced participant. The average intercept (59%) was marginally significantly above
chance, t(4) = 1.97, p = .06, 1-tailed, and the slope (−0.2%) was not significantly different
from chance, t(4) < 1.

Fig. 5. Plot of classification percent correct against confidence for the postgraduates and faculty in experiment 2b.
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6. What was implicitly learnt?
Experiments 2a and 2b and the case study with PF provide evidence of implicit learning
in the training phase allowing discrimination of test items. But had participants really learnt
to perceive implicitly the transforms per se? Based on existing implicit learning literature,
the first hypothesis to be considered must be that participants had implicitly learnt n-gram
structures. Saffran et al. (1999) found that people rapidly learned the local statistical structure
of tone sequences, and Krumhansl (2000) found that amount of exposure to different styles
of music predicted knowledge of the style’s n-gram statistics. At least a majority of learning
in the published implicit learning literature can be accounted for by presuming subjects learn
only n-grams. Boucher and Dienes (2003) review the evidence for this claim in the artificial
grammar learning literature. Similarly, Dienes and Fahey (1995, 1998) showed that learning in
the dynamic control task paradigm could be modelled by the learning of associations between
successive events, and Cleeremans (1993) modelled learning in the sequential reaction time
paradigm as progressive sensitivity to the immediately preceding context.
If subjects discriminated test tone rows due only to the learning of n-grams, then the results
of this paper present no challenge to existing models of implicit learning. However, if they go
beyond the learning of n-grams, they present an interesting theoretical challenge. The possible
role of n-gram learning will be explored for the materials of experiments 1, 2a and 2b in turn.
6.1. PF and the materials of experiment 1
For the materials of experiment 1 we calculated for each test tone row the mean number of
times each element in it matched an element in the training tone rows, the mean number of
times each bigram in it matched a bigram in the training tone rows, and the same for trigrams
and tetragrams. For the elements considered as pitch classes or pitch class intervals, the means
(and standard deviations over tone rows) for the grammatical and non-grammatical tone rows
are shown in Table 3 (just transposes shown). Note that by virtue of being serialist tone rows,
the grammatical and non-grammatical items have identical first order frequencies of each pitch
class.
t-tests were performed on each corresponding difference between grammatical and nongrammatical test items; in two cases it was significant, indicating an imbalance in (pitch
Table 3
Mean n-gram match between test and training items for the transpose materials of experiment 1
Unigrams
Pitch classes

Grammatical
Non-grammatical

Pitch class intervals

Grammatical
Non-grammatical

55.3∗ (4.9)
42.8 (3.2)

Bigrams

Trigrams

Tetragrams

4.7 (0.9)
4.5 (0.7)

0.6 (0.3)
0.5 (0.2)

0.6 (0.4)
0.6 (0.3)

6.5∗ (1.7)
5.4 (1.1)

1.0 (0.9)
0.7 (0.3)

0.2 (0.4)
0.1 (0.1)

Standard deviations in parentheses.
∗
The grammatical and non-grammatical items differ at the .05 level, t(48) = 10.59 for the unigrams and t(48) =
2.47 for the bigrams.
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Table 4
Mean n-gram match between test and training items for the materials of experiment 2a
Unigrams
Pitch classes

Grammatical
Non-grammatical

Pitch class intervals

Grammatical
Non-grammatical

43.9 (4.7)
44.3 (4.8)

Bigrams

Trigrams

Tetragrams

3.7 (0.8)
3.6 (0.7)

0.4 (0.3)
0.4 (0.2)

0.5 (0.3)
0.4 (0.3)

5.7 (1.8)
5.6 (1.8)

1.9 (1.2)
2.0 (0.9)

1.0 (1.0)
1.0 (0.5)

Standard deviations in parentheses.

class interval) unigrams and bigrams in experiment 1. The other transforms in experiment
1 also showed imbalances in unigrams, and also marginal differences in bigrams (see http://
cognitivesciencesociety.org/supplements/for tables). Could this have been the basis of PF’s
implicit knowledge? To check this possibility, we considered every response that PF regarded
as a guess (for all transforms) and determined whether (interval) bigrams or first order frequencies of intervals (unigrams) could predict PF’s responses. The mean unigram match for each
test item given a “guess” confidence rating was compared to the average unigram match for all
items in that test set. If PF was responding on the basis of unigrams he should say “yes” more
often to items with high unigram matches than low unigram matches. In fact, unigram match
predicted PF’s responses 60% of the time. (For the same items, the transform that the item
instantiated predicted 62% of PF’s answers.) Bigram matches predicted his responses 52% of
the time. It is possible therefore that PF’s responses were based on first order frequencies of
intervals; the data do not distinguish this possibility from the idea that PF could use implicit
knowledge of the transforms themselves. A multiple logistic regression with both unigrams
and transform (coded 0 for no transform and 1 for any of the transforms being instantiated)
as predictors of PF’s responses showed non-significant effects of both variables when both
were in the equation; thus, we do not know if each variable contributed independently to PF’s
responses.
6.2. Experiments 2a and 2b
In experiments 2a and 2b, the materials were extremely well balanced in terms of their n-gram
structure, at least up to tetragrams, as seen in Table 4 for experiment 2a. Even though participants in experiments 2a and 2b could not have been using n-gram statistics where n-grams
are defined independently of position, maybe participants were responsive to n-grams in
particular positions (e.g., Johnstone & Shanks, 1999; Knowlton & Squire, 1994). Table 5
shows how well the 48 test items could have been classified just using n-grams in each
position for experiment 2a (the corresponding tables for experiment 2b are displayed at
http://cognitivesciencesociety.org/supplements/, and show the same pattern as for experiment
2a). Relying on n-grams in a particular position would actually lead to below baseline classification approximately as often as above baseline classification. However, if the n-gram spans
the central position of the tone row, very good classification can be achieved. For each n-gram,
the position that allows best classification was chosen and the corresponding n-gram match
was entered into a multiple regression to predict each participant’s responses. Some of the
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Table 5
Classification (/48) using n-gram intervals starting at position X
X

Unigram

Bigram

Trigram

1
2
3
4
5
6
7
8
9
10
11

28
20
25
25
20
37
23
19
25
22
23

19
22
22
24
36
34
15
17
20
21

22
22
22
32
40
32
19
20
20

Mean

23.9 (49.8%)

23.0 (47.9%)

25.4 (53.0%)

Materials for experiment 2a.

test items also had the same interval sequence as one of the training items. A binary variable
coding whether there was an interval match with a training item was also entered. Whether
the test item was a transpose or inverse retrograde was also entered. The dependent variable
was a 1 or a 0, depending on whether the participant endorsed that item or not. Fig. 6 shows
the regression slopes for the experienced participants of experiment 2a (confidence intervals
calculated over participants).

Fig. 6. Multiple regression coefficients for predicting the responses of the experienced participants in experiment
2a.
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Fig. 6 shows that in experiment 2a the transform remained a reliable predictor of participants’
responses, partialing out all the other variables. Participants seemed to be sensitive to the transform independently of the n-gram variables. The results for experiment 2b were inconclusive;
the effect of transform was non-significant, but the confidence interval was also wide enough
to include the size of slope found in experiment 2a. With only five participants in experiment
2b, the data do not allow us to say exactly what the participants were responding to.7

7. Discussion
The aim of this research was to determine the learnability of the transforms of serialist
music. We found that participants who had no specialized training in atonal music could not (in
a short period of time) come to perceive the transforms of serialist music implicitly. However,
participants with routine exposure to atonal music could come to perceive the distinction
between pitch class transpose and inverse retrograde implicitly; further PF, a participant with
considerable prior atonal music experience, could recognize all the transforms explicitly and,
while attempting to apply explicit strategies, also be accurately guided by implicit knowledge.
We will first consider what exactly was learned, and then the implicit nature of the acquired
knowledge.
The extent to which participants may have been responding on the basis of n-gram statistics
was explored. PF may have implicitly learnt about first order frequencies rather than the transform; the data do not discriminate these possibilities. However, the use of n-grams independent
of position could not explain the learning of participants in experiments 2a and 2b. Further, the
use of n-grams in particular positions was plausibly ruled out for participants in experiment
2a. This is an important conclusion because, as reviewed above, at least a majority of learning
in the published implicit learning literature can be accounted for by presuming subjects learn
only n-grams (cf. Perruchet, 1994). What else then could people have been learning? The current data leave open a number of possibilities to be explored. These possibilities include, in
order of abstractness (the top level corresponding to the musical transforms per se): look-up
tables; associative value–value mappings across non-contiguous positions; variable–variable
mappings between sequences of fixed length; variable–variable mappings between sequences
of any length. We will consider each possibility in turn.
Musically experienced people, like PF could simply have formed a look-up table so vast it
contains, for example, at least some of the specific sequences in our study embodying each
transform. In the course of his life, PF may have simply rote learned some of the test stimuli as
being examples of the transforms they instantiate. (Out of interest, PF himself does not regard
this as plausible of himself.) This would pose no problem in principle to current models of
implicit learning because the suggested learning process amounts to a case of rote memory of
items belonging to set categories.
Further research could try training inexperienced participants over an extended period of time
with training stimuli different from the eventual test stimuli. If the participants could eventually
implicitly classify the test stimuli, this would show that people could classify items not in any
potential look up table. In an initial exploration in that direction, we trained inexperienced
participants on the training material of experiment 2a, but for five times as long as experiment
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2a. Twelve participants took a tape home and were asked to play it themselves once each
day for five days, or until they had heard it five times. When they returned for the test phase,
their classification performance was 51.7% (SE = 1.6%), not significantly above chance,
t(11) = 1.06. Clearly, more extensive training or simpler stimuli are needed for learning to be
observed.
People need not learn a vast look-up table to learn to classify the test stimuli. People could
instead learn the association of a particular value of, for example, a pitch interval in one position
(e.g., the first position in the first hexachord) with a particular value in another position (e.g.,
the first position in the second hexachord). Such value–value association implies learning an
arbitrary mapping between intervals, like a third maps onto a fourth, would be just as easy
as learning a regular mapping, like the identity mapping (e.g., a third maps onto a third).
At the most arbitrary, the mapping could be learnt separately for each position. This is the
sort of mapping achieved by many connectionist networks (e.g., Dienes, 1992). In terms of
existing paradigms in the published implicit learning literature, it appears people cannot learn a
straightforward statistical association between sequence elements that are six positions apart in
the space of a few minutes. In the standard artificial grammar learning paradigm, for example,
people learn n-grams of a length up to tetragrams with extended training (Johnstone & Shanks,
1999). In the sequential reaction time task, people also learn n-grams no higher than tetragrams,
even after 60,000 trials of training (Cleeremans, 1993). Consistently, Mathews et al. (1989)
and Johnstone and Shanks (2001) found that people did not implicitly learn biconditional
grammars with arbitrary mappings between letters that are four letters apart. However, the
instructions in experiment 2 and the musical nature of the stimuli may have focussed attention
on corresponding positions in the two hexachords, allowing associations to form between
corresponding positions (cf. Whittlesea & Dorken, 1993). Alternatively, it may be that the
musical stimuli in experiments 2a and 2b could be learnt precisely because the mapping was
not a mapping between arbitrary values, but a definite and simple operation, and indeed the
same operation for all positions.
The serialist transforms are what Marcus (2001) calls “operations over variables”. In terms
of pitch classes, the variables are the hexachord sequence of pitch classes and the operations
are the arithmetic operations specified in the introduction. In terms of pitch class intervals, the
variables are the ordered sequence of intervals in each hexachord. In the transpose and inverse
retrograde, the intervals are mapped by the identity operation. In the inverse and retrograde,
the intervals are mapped by negation. An operation over variables involves a mapping between
variables regardless of their values, rather than mappings from certain values of a variable to
certain values of another variable. If people had learnt the transform per se, they could be trained
on, for example, transposes involving only certain pitch classes (or intervals), but still classify
test stimuli with new pitch classes or intervals. This would test if people had learnt the variable
mapping rather than a mapping between particular values.8 If people had learnt just mappings
between values they would not generalise to test stimuli instantiating the transform with new
pitch classes or pitch class intervals (at least they would show a generalisation gradient). The
current experiments were not designed to tease these two possibilities apart (i.e., value–value
mappings vs. variable–variable mappings), but future experiments could do so.
The transforms of transpose, inverse, retrograde and inverse retrograde are most generally
operations over variables of any length. That is, while we, for example, transposed sequences
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of only one length, namely six notes, a transpose in general can apply to a sequence of any
length. It is an interesting question whether people can implicitly learn a musical transform
for, in principle, any length. If people only generalise to sequences of the same length they are
trained on, the learning can be modelled by a finite state device. If people can extrapolate to
sequences with lengths greater than those trained on, there would be evidence for learning a
grammar more powerful than finite state. The transforms are structurally like certain recursive
constructions in natural languages that have been used to argue that natural languages are more
than finite state. Retrogrades and inverse retrogrades are structurally like centre embedding in
English; transposes and inverses are structurally like the “respectively” construction in English
or cross dependency in other languages. According to the Chomsky hierarchy of grammars,
centre embedding requires a context free grammar and cross dependency constructions require
a context sensitive grammar (or, in any case, more than context free) (e.g., Shieber, 1985).
Interestingly, existing data give clues to the order of difficulty of learning the different
transforms that contrasts with the Chomsky hierarchy. Dowling (1972) found that in terms of
explicitly detecting the transform, inverse (context sensitive) was easier than either retrograde
or inverse retrograde (context free). Further, everyday experience in listening to music tells us
that transpose (context sensitive) is the easiest of the transforms to detect explicitly; relatedly,
tonal music makes extensive use of transposition. Consistently, the performance in experiment
2a (transposes: context sensitive) was significantly higher than performance in experiment 2b
(inverse retrogrades: context free). Sensitivity to which positions map onto which others may
arise from the way sequences are stored and retrieved. If the first hexachord is put in a buffer,
a first-in-first out buffer will facilitate detecting that the xth position in the first hexachord
predicts the xth position in the second (like transpose or inverse, and in natural language,
like the respectively and cross dependency constructions: context sensitive). On the other
hand, a last in-first out buffer will facilitate detecting retrogrades and inverse retrogrades (like
centre embedding in natural language: context free). If an implicit learning mechanism uses
a first-in-first out buffer, it may be able to learn constructions regarded as more than context
free, and be unable to learn constructions regarded as merely context free.
In summary, we have established that participants learnt more than n-grams, and indicated
a hierarchy of abstractness on which future research could locate implicit learning of musical
transforms. Clearly, locating implicit learning on that hierarchy will have important implications for how it should be modelled.
The experiments relied on a particular approach to measuring the implicitness of the knowledge, namely using subjective measures (guessing criterion and zero correlation criterion).
These measures have their assumptions, which are discussed in detail in Dienes (in press) and
Dienes and Perner (in press). For example, if participants deterministically applied a set of
rules so that they always gave the same answer to the same string, a null relation between confidence and accuracy does not necessarily mean the knowledge is unconscious. In the standard
artificial grammar learning paradigm, we know participants do not respond deterministically
to strings (Dienes, Kurz, Bernhaupt, & Perner, 1997; Reber, 1989). However, it is unlikely that
the null relation between confidence and accuracy in the current paper was due to the participants applying incorrect or partially correct explicit rules; the above chance performance when
subjects thought they were literally guessing still needs to be explained. Participants were told
that “guessing” means their answer had no basis or justification whatsoever. Given the sig-
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nificant guessing criterion, the zero-correlation criterion indicated that subjects were no more
correct when they thought that they knew than when they thought that they were guessing;
they literally could not discriminate states of guessing from states of knowledge. Whatever it
was that people learnt in experiment 2, we argue that the knowledge was implicit.
The experienced participants were selected by us to maximize the likelihood they could
perceive the transforms, and so they were selected to be people who like to listen to atonal
music. They likely differed from the inexperienced participants along a number of dimensions
though, not just in their experience of atonal music. They may have had superior perceptual
skills in various ways. Possessing perfect pitch is not logically relevant to performing the tasks
because the transforms are defined over intervals; the absolute label given any particular pitch
does not matter. Conversely, being able to perceive intervals precisely would make a major
difference to the ability to perform the task. For current purposes, it is enough to know the
transforms can be implicitly learnt. Future research can investigate exactly which characteristics
were important in allowing experienced rather than inexperienced participants to perform well.
A key musical question regarding serialist music is whether the same tone row can be recognized as the same under the transformations; this is the question of whether a tone row can
provide the unity that Schoenberg argued for. PF’s ability to classify the materials of experiment one, in which a hexachord was either followed by a transform of itself, or by a random
rearrangement of the transform, may reflect the ability to hear a tone row as a unified object despite transformation. Conversely, experiment 2 investigated the ability to perceive the different
transformations as different transformations. In that experiment, each hexachord was followed
by a transform of itself, and the task was to distinguish the transforms. Simply being able to see
the unity of a hexachord under transformation would not enable above chance classification in
experiment 2; it is the distinction between transforms rather than the unity of the hexachord
that must be perceived. Jointly, the results of PF and experiment 2 indicate the ability of experienced subjects to have some perception of the unity of a tone row, and also to distinguish
the various transforms of it. Presumably, both abilities contribute to musical experience.

Notes
1. We take it that it is desirable for the piece to be comprehensible and coherent to the
listener, but Schoenberg did not explicitly specify this.
2. For example, in modulo 12 arithmetic (clock face arithmetic), 11 + 2 = 1. But in “normal
arithmetic” (non-modulo arithmetic), 11 + 2 = 13. Hence, in a pitch class transpose, the
Bb above middle C could be transposed by +2 to the Db just above middle C, actually
dropping 10 semitones. In a pitch transpose, a transposition of +2 semitones means the
pitch must increase by literally +2 semitones. A pitch transpose is just one instantiation
of a pitch class transpose.
3. Subjective measures have a long history in psychology. In subliminal perception, they
have been used by Peirce and Jastrow (1884), and more recently by, for example, Merikle
(1992), Cheesman and Merikle (1984, 1986), Kolb and Braun (1995), and Kunimoto,
Pashler, and Miller (2001). In implicit learning, they have been used by, for example,
Dienes, Altmann, Kwan, and Goode (1995), Dienes and Altmann (1997), Allwood,
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4.
5.

6.

7.

8.

Granhag, and Johansson (2000), Kelley, Burton, Kato, and Akamatsu, (2001), Tunney
and Altmann (2001), Channon et al. (2002), Dienes and Perner (2003), and Tunney and
Shanks (2003).
There was no quadratic component in the plot of accuracy against confidence,
p > .10.
Collapsing over participants, the intercept in Fig. 2 at a confidence of 50% was 59.8%,
significantly above chance t(4) = 3.50, p = .025. The slope (−0.2%) was nonsignificantly different from zero, t(4) = 1.83, p = .14.
Collapsing over participants, the intercept in Fig. 3 at 50% confidence is significantly
above 50% (58.5%), t(4) = 2.50, p = .034, 1-tailed. The slope (−0.3%) is not significantly different from zero, t(4) = 2.33, p = .08.
Brooks and Vokey (1991) argued that participants could be sensitive to matches in
the repetition structure between test and training items. For example, the letter string
MMXMTX has the repetition structure 112132 indicating that the first element is repeated in the second and third positions and the second novel element is repeated in the
final position (see also e.g., Tunney & Altmann, 2001). For the stimuli in experiment
2a, no pitch class is repeated, so the repetition structure over pitch classes is identical
for all tone rows in the test phase. The repetition structure over pitch class intervals was
determined for the training and test tone rows. For each test tone row, the number of
times its repetition structure matched that of a training tone row was determined. In fact,
this allowed perfect discrimination between the transposes and inverse retrogrades in
the test set. For the inverse retrogrades, each tone row had zero matches with transpose
training tone rows. Transposes had between 1 and 20 matches. When the number of
matches was entered into a multiple regression, together with transform and the n-gram
statistics entered in the regression reported in the text, with participant’s response as
the dependent variable, transform remained a highly significant predictor (its regression
coefficient was positive for all 10 experienced participants, so p = (.5)10 by binomial,
1-tailed); repetition structure match had in fact an overall negative regression slope. In
sum, transform remains a significant predictor of participants’ responses when repetition
structure is partialed out.
Grammatical stimuli were constructed so as to be entirely regular with respect to
operations on pitch classes or pitch class intervals. Nonetheless, the stimuli would
also have instantiated operations over pitches or pitch intervals in a noisy way. For
example, in any of the transpose stimuli, a fragment of the second hexachord would
have been a pitch transpose of the corresponding fragment of the first hexachord
(i.e. a transpose with normal arithmetic rather than modulo 12 arithmetic). Participants may have implicitly learnt a noisy pitch transpose rather than a pitch class
transpose.
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Appendix A. Material for annexe
http://www.lifesci.sussex.ac.uk/home/Zoltan Dienes/music%20materials.html contains the
training and test materials for experiments 1 and 2 with audio samples. It also contains the
original 35 tone rows culled from serialist compositions and the 11 hexachords selected for
experiment 2.
http://www.lifesci.sussex.ac.uk/home/Zoltan Dienes/music%20ngrams.htm contains tables,
figures and further analyses of the n-gram structure of the materials in experiments 1
and 2.
http://www.lifesci.sussex.ac.uk/home/Zoltan Dienes/smooth.html contains a description of
the “smooth experiment” described in the introduction to experiment 2, and all materials (with
audio samples) and results.
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