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The present study investigates shared representations of syntactic knowledge in music and
action. We examined whether expectancy violations in musical harmonic sequences are
also perceived as violations of the movement sequences necessary to produce them. Pia-
nists imitated silent videos showing one hand playing chord sequences on a muted key-
board. Results indicate that, despite the absence of auditory feedback, imitation of a
chord is fastest when it is congruent with the preceding harmonic context. This suggests
that the harmonic rules implied by observed actions induce expectations that influence
action execution. As evidence that these predictions are derived at a high representational
level, imitation was more accurate for harmonically incongruent chords than for congruent
chords executed with unconventional fingering. The magnitude of the effects of context
and goal prioritization increased with musical training. Thus, musical training may lead
to a domain-general representation of musical grammar, i.e., to a grammar of action.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The same sensory event can acquire markedly different significance if perceived in different local contexts (depending on
the events that preceded it) and, as a consequence, elicit very different responses in the brain and behavior. Evidence in favor
of this general principle of perception, which has been referred to as ‘‘situatedness’’ (Clark, 1999; Markman & Dietrich, 2000),
has been observed in studies investigating the perception of complex auditory stimuli such as speech (Friederici,
Rüschemeyer, Hahne, & Fiebach, 2003; Hahne & Friederici, 2002), musical harmonic sequences (Koelsch, Fritz, Schulze,
Alsop, & Schlaug, 2005; Maess, Koelsch, Gunter, & Friederici, 2001; Tillmann, Janata, & Bharucha, 2003) and, more generally,
the visual perception of sequences of movements forming goal-directed actions (Iacoboni et al., 2005; Kilner, Vargas, Duval,
Blakemore, & Sirigu, 2004).

A key property shared by stimuli in the speech, music and action domains is that they consist of discrete items (i.e. words,
musical sounds, and movements) strung together in such a way that meaning builds up over the course of a sequence.
Specific rules determining how these chains of items are combined into structures help us to generate expectations for
up-coming events. Thus, one function of language-specific grammars is to dictate how words need to be arranged in a mean-
ingful sentence, culture-dependent tonal systems determine the degree of harmonic pleasantness and tension in a succes-
sion of sounds (Krumhansl, 2004; Patel, 2008), and task-specific motor constraints govern how sequences of movements
need to be ordered to successfully complete a goal-directed action (Bernstein, 1996; Grafton & Hamilton, 2007).
. All rights reserved.
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These rules are implicitly learned through individual experience (e.g. the grammar of a specific language, the tonal system
of a certain culture, proficiency in a motor task) and contribute to the establishment of internalized knowledge structures
that make online prediction possible (Castellano, Bharucha, & Krumhansl, 1984; Elman et al., 1996; Loui, Wessel, & Hudson
Kam, 2010; Meyer, 1956; Underwood & Bright, 1996). In this article, we will refer to these rules as ‘‘syntactic-structures’’. We
do so not in a language specific sense, but rather in terms of logical connotation: the branch of logic that deals with how the
meaning of individual signs can be altered depending on contextual factors such as their position within a sequence (Bunnin
& Jiyuan, 2004).

For some time, there has been interest in shared syntactic structures in language and music (Lerdahl & Jackendoff, 1983;
Patel, 2003). In support of such overlap, neuroimaging studies have found that the brain areas involved in syntactic analysis
during auditory language comprehension – including Broca’s area – are also recruited during the perception of harmonic se-
quences in music (Koelsch et al., 2005; Maess et al., 2001). Furthermore, lesions of these areas cause impaired syntactic pro-
cessing in both language and music (Patel, Iversen, Wassenaar, & Hagoort, 2008; Sammler, Koelsch, & Friederici, in press).
Such findings are consistent with the recent proposal that the brain regions involved in processing linguistic and musical
syntactic structures may be domain-general and therefore devoted to the processing of syntactic structures that determine
the meaning of all varieties of action (Fadiga, Craighero, & D’Ausilio, 2009; Pulvermüller & Fadiga, 2010; see also Janata &
Grafton, 2003). This leads to the intriguing hypothesis of a general ‘‘grammar of action’’, which constrains how a succession
of movements needs to be ordered if they are to be perceived as a goal-directed action.

The hypothesis of a grammar that controls movements had been previously advanced in relation to specific motor tasks,
such as drawing (Goodnow & Levine, 1973), music production (Baily, 1977) and dance performance and observation (Opacic,
Stevens, & Tillmann, 2009). However, interest in the domain-generality of this grammar has heightened only recently
(Clerget, Winderickx, Fadiga, & Olivier, 2009; Fazio et al., 2009), motivating questions concerned with, for example, ‘‘how
and to what extent action, music and language share similar syntactic structures and mechanisms’’ (Fadiga, Craighero, &
D’Ausilio, 2009, p. 456).

The present study aimed at providing behavioral evidence in favor of shared syntactic structures in action and music. We
assumed that such overlap should be dependent on expertise to the extent that long-term musical experience establishes
internalized knowledge structures (i.e. knowledge of musical harmony and proficiency in particular motor skills) that con-
tribute to the derivation of strong expectations. If a musical context can induce specific expectations in the auditory domain
(i.e. a specific tone or combination of simultaneous tones in a chord), then establishing the same context in the action do-
main should generate comparable expectations (i.e. the specific movement required to produce the expected tone(s)). Given
the growing body of evidence for especially well developed audio-motor coupling in musicians’ brains (Bangert &
Altenmüller, 2003; D’Ausilio, Altenmüller, Olivetti Belardinelli, & Lotze, 2006; Drost, Rieger, Brass, Gunter, & Prinz, 2005;
Haueisen & Knösche, 2001), we hypothesized that violations of syntactic rules in the musical domain are also violations
of syntactic rules in the action domain for experienced performers.

In order to investigate this question, we employed a task that required pianists to imitate actions shown in silent videos
depicting the right hand of a pianist producing chord sequences on a piano keyboard. The chord sequences were based on
those previously used to induce harmonic expectations in the auditory domain (Koelsch et al., 2005; Maess et al., 2001). In
our first experiment, the action sequences established a local musical context over the course of four chords, and then a fifth
chord was presented that could be either congruent or incongruent with this context according to the rules of classical har-
mony (Bharucha & Krumhansl, 1983; Krumhansl & Kessler, 1982). As the sequences were presented in the action domain, we
termed the Incongruent condition ‘‘Goal-Incongruent’’. In fact, this violation did not explicitly involve auditory representa-
tions of the harmonic sequences of chords (i.e. as the videos were silent), but rather the movements necessary for producing
them. In addition, to assess the extent to which context-based motor expectations are goal-directed and independent of the
movements employed to achieve the goal, we included a third condition in which a harmonically congruent final chord was
executed using unconventional fingering (Manner Incongruent, i.e., the performance manner was unconventional) (see
Fig. 1). A ‘double violation’ condition (in which both the goal and manner are incongruent) was not included because we
sought to use ecologically valid action sequences that are consistent with those commonly encountered in musical contexts
that abide by the rules of Western harmony. This design was intended to allow us to ascertain the level(s) of the motor con-
trol hierarchy at which local context is established. We were specifically interested in the distinction between high-level goal
representations of the target keys and lower level motor representations of the specific fingers used to press these keys.

Two experiments were conducted to address the above issues. In both, skilled pianists were asked to watch and simul-
taneously imitate the chord sequences on a muted keyboard. The first experiment employed sequences of five chords, while
the second experiment used shorter sequences comprising two chords in order to reduce contextual information for control
purposes (see below). The imitation task, which required direct matching of the observed action onto a corresponding inter-
nal motor representation (cf. Buccino et al., 2004; Haslinger et al., 2005; Iacoboni et al., 1999), was performed in the total
absence of sound: both the videos and the keyboard were silent. To the extent that the harmonic contexts defined by the
chord sequences are converted into action contexts, the process of observation and imitation should lead to expectations
in the action domain that are analogous to those that occur when listening to auditory chord sequences. Therefore, we ex-
pected imitation of congruent chords to be faster than imitation of (Goal and Manner) incongruent chords, implying the exis-
tence of a context-dependent action prediction mechanism.

In addition, we were interested in comparing pianists’ accuracy (both in terms of keys pressed and fingering used) by
examining errors produced when imitating chords in the Goal and Manner Incongruent conditions. This comparison was
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expected to shed light on the nature of the hypothesized prediction mechanism by revealing whether the goal of the actions
had priority over specific movements.

Finally, we expected participants’ musical expertise to modulate the magnitude of the above effects. This hypothesis was
based on previous studies indicating that musical enculturation and training leads to richer mental representations of hier-
archical structure in musical harmony (Hannon & Trainor, 2007; Jentschke & Koelsch, 2009; Koelsch, Schmidt, & Kansok,
2002; Loui & Wessel, 2007; Regnault, Bigand, & Besson, 2001), and that the strength of auditory-motor integration can vary
as a function of musical training (Bangert & Altenmüller, 2003; D’Ausilio, Altenmüller, Olivetti Belardinelli, & Lotze, 2006;
Drost et al., 2005; Haueisen & Knösche, 2001; Keller & Koch, 2008; Lahav, Saltzman, & Schlaug, 2007). Therefore, we expected
that disruption by incongruent chords, and the prioritization of goal representations, should be relatively strong in partici-
pants with large amounts of musical experience.

2. Experiment 1

2.1. Methods

2.1.1. Participants
Thirteen right-handed pianists (seven females), aged 19–34 years (mean = 23.92; SD = 3.66), participated in Experiment

1. All had at least 10 years of formal training in classical music. A questionnaire assessed the age at which piano studies com-
menced (mean = 9.08 years; SD = 3.61), years of piano training (mean = 14.84; SD = 2.91), and weekly amount of practice
(mean = 1.98 h; SD = 2.78). The pianists were naïve with regard to the purpose of the study and were not debriefed after
the experiment was completed.

2.1.2. Stimuli
Stimuli were videos showing a female pianist’s right hand playing sequences of five chords on a muted keyboard (Yamaha

EZ200). We used a keyboard equipped with red light-emitting diodes (LED) positioned at the top of each key because, in a
pilot study, we found that the identity of chords executed on a muted keyboard was occasionally unclear to participants. The
LEDs were illuminated for the duration of each key press and made the identity of the pressed keys clear to the participant.
Although the original keyboard already housed this LED feature, we modified it by moving the position of the LEDs approx-
imately 3 cm higher, towards the back of the keyboard, to avoid occlusion by the hand. LEDs on black and white keys
appeared to differ slightly in intensity due to the differences in the luminance of the keys’ plastic surfaces (see Fig. 1, right
panel).

A total of 120 different chord sequences were created for the experiment: 40 were regular in the sense that they came to a
conventional harmonic resolution (Congruent), 40 were irregular in that they ended in an uncommon and unresolved har-
mony (Goal Incongruent), and 40 were irregular in terms of fingering but not harmony (Manner Incongruent) (see Fig. 1,
right panel).1 The chord sequences in each condition were in the key of C, D, F, or G major (10 sequences per key). All chords
included in the sequences consisted of three piano keystrokes. The first chord was always the tonic of the given tonal con-
text. Chords at the second position were the tonic, supertonic, or subdominant. Chords at the third position were the tonic,
subdominant, supertonic or submediant. Chords at the fourth position were dominant seventh chords presented in root po-
sition, or in first or third inversion. The chord at the fifth position differed between three conditions: a tonic chord (Congru-
ent), a Neapolitan chord (Goal Incongruent), or a tonic chord played with unconventional fingering (Manner Incongruent). A
Neapolitan chord is a minor subdominant with a diminished sixth instead of a fifth. Although classical Neapolitan chords
most often occur in first inversion, they were presented in both first and second inversion, which is permissible according
to the principles of Western classical harmony (Schoenberg, 1969). Chord sequences were constructed in such a way that
they had different ‘melodic contours’ (e.g. starting with the first, third, or fifth degree of the tonic chord) in the top voice.
Tonic chords (i.e. the first chord of all sequences and the last chord of congruent sequences) were presented in root position,
first, and second inversions. Examples of the chord progressions are provided in Fig. 1 (left panel).

Because the data of interest were participants’ imitations of the fifth chord in each sequence, the time at which this chord
was presented was locked to the video onset. Specifically, every video was individually examined and edited in such a way
that the fifth chord occurred precisely 11 s after video onset. This manipulation was performed by decomposing each video
into its constituent frames (of which there were 30 per second), and then ensuring that the first frame showing the hand
producing the fifth chord was presented 11 s following video onset (movies were edited using the software iMovie HD
6.0.3, Apple Computer, Inc.). With the exception of the first chord duration (which was extended or shortened so that the
fifth chord occurred precisely 11 s after video onset), videos depicted real motion.2
1 Twenty pianists were asked to watch the videos and to judge whether the last chord was congruent or incongruent with the rest of the chord sequence. The
pianists did so by pressing one of two buttons: one for ‘‘correct sequences’’ and the other for ‘‘incorrect sequences’’. Judgments confirmed that our classification
was valid. Accuracy was high for Goal Incongruent sequences (judged to be incorrect, mean = 90.65%, SE = 2.95), Manner Incongruent sequences (judged to be
incorrect, mean = 79.90%, SE = 4.95) and congruent sequences (judged to be correct, mean = 89.95%, SE = 2.52).

2 An anonymous reviewer raised the point of whether preparatory (hand or finger) movements made before initiating an incongruent sequence might have
been informative about how the sequence would end. Although we cannot exclude this possibility, we can note that the pianist who performed the sequences
was highly familiar with them and all performances appeared fluent.



Fig. 1. Examples of musical scores of the stimulus sequences (left) and visual examples of sequences’ last chord from the sequences (right). The figure
shows a right hand performing (A) a congruent chord, (B) a Goal Incongruent chord and (C) a Manner Incongruent chord. Chord Sequence A consists of the
following five chords (from left to right): tonic; tonic; subdominant; dominant; tonic. Chord Sequence B consists of: tonic; subdominant; supertonic;
dominant; Neapolitan. Chord Sequence C consists of: tonic; subdominant; tonic; dominant; tonic. Numbers indicate which fingers are used to play each
chord. Videos in all conditions were presented without sound.
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2.1.3. Procedure
Participants were asked to watch and simultaneously imitate the video chord sequences, which were presented on a com-

puter monitor placed on a MIDI piano (Yamaha Clavinova CLP150). Participants were instructed to imitate the key presses
and fingerings as fast as possible with the right hand. Stimulus presentation and response registration were controlled by
Presentation Software (Version 14.2, Neurobehavioral Systems, Inc.) while the performed fingering was recorded with a vi-
deo camera (Sony, Digitale HD-VideoKamera, HDR-HC9E) placed above the piano, giving an aerial view of the participant’s
hand.

Each trial consisted of a visual fixation cross presented on the computer monitor for 500 ms followed by the visual pre-
sentation of one chord sequence video with 13 s duration. Each presentation began with a frozen frame lasting 2 s followed
by 1 s of video showing the stationary model hand about to press the three keys associated with the first chord. This gave the
participant enough time to match the initial position of his or her own hand with the position of model hand in the video.
After that, the model hand performed a progression of five chords, with each chord lasting approximately 2 s. When a trial
was over, participants could initiate the next trial by pressing the leftmost key of the piano keyboard with their left hand. The
order of stimulus presentation was randomized individually for each participant. All participants saw all 120 videos (40 Con-
gruent; 40 Goal Incongruent; 40 Manner Incongruent).

A MIDI interface connected the piano keyboard used for imitation and the program controlling the experiment. This de-
vice converted the MIDI key values received from the piano keyboard into a serial signal that was compatible with Presen-
tation Software. This permitted us to compute time and codes of the pressed keys in relation to event timing in the video.

2.1.4. Data analysis
Errors and response times for imitation of only the last chord of each trial were analyzed. Error rates were calculated with

respect to the goal (keys pressed) or the manner (fingers used). The fingering performed by each participant was examined
visually (off-line) by inspecting the video camera recordings and comparing them with the fingering in the stimulus videos. If
the last chord was correctly imitated in terms of the keys pressed, but incorrectly in terms of the fingering employed, then
we counted a manner error. Conversely, if it was correctly imitated in terms of the fingering, but incorrectly in terms of the
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goal, then we counted a goal error. Goal errors and manner errors were counted only if the previous chord (i.e. the second
last chord) had been correctly imitated in terms of both goal and manner. Trials in which keystrokes within the last two
chords of the sequence were not synchronous (i.e., when more than 150 ms intervened between the first and the last key-
stroke of either chord) were excluded from analysis (cf. Drost et al., 2005).

Response times (RT) were measured by calculating the time elapsed between the presentation of the last chord and the
participant’s execution of the same chord (i.e. mean of the three keystroke times composing the chord) in correct trials. Re-
sponse times exceeding 3000 ms were not analyzed (cf. Drost et al., 2005). Data from two participants were excluded due to
an insufficient number of correct trials (i.e. >66% missing).

2.2. Results and discussion

2.2.1. Errors
Fig. 2 (panel A) displays the mean number of errors — summed across goal errors and manner errors — produced in the

three conditions (Congruent, Goal Incongruent, Manner Incongruent). A repeated measures ANOVA on these data yielded a
main effect of Condition, F (2, 24) = 17.83, (P < .001). The first of two planned orthogonal contrasts revealed that more errors
were produced for imitation of incongruent chords (Goal Incongruent and Manner Incongruent combined) than for congru-
ent chords, F (1, 12) = 49.44, (P < .001). A second contrast indicated that participants performed more errors in the Manner
Incongruent condition than in the Goal Incongruent condition, F (1, 12) = 5.06, (P < .05).

A second analysis was conducted to examine the likelihood of producing different types of errors across conditions. Fig. 2
(Panel B) shows the distribution of errors (goal errors vs. manner errors) expressed as a percentage of total errors in each
condition. Here it can be seen that, although manner errors were overall more frequent, relatively more goal errors were
committed in the Congruent condition than in the two Incongruent conditions. The significance of this pattern of results
was confirmed in a 3 � 2 chi-square test assessing the effects of the three experimental conditions (Congruent, Goal Incon-
gruent, Manner Incongruent) on the two specific types of errors committed (goal errors, manner errors). This test reached
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Fig. 2. Panel A shows mean number of errors for each condition. Error bars are 1 standard error of the mean. Panel B shows the distribution of errors (goal
errors or manner errors) expressed as percentages in each condition.
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significance: v2 (2) = 9.00 (P < .05), indicating that different conditions were associated with different proportions of goal and
manner errors. Specifically, goal and manner errors were more equally distributed when imitating congruent chords, while
manner errors were more prevalent during the imitation of incongruent chords. An additional 2 � 2 chi-square test, with
data representing the two types of errors in only the two Incongruent conditions, yielded a non-significant result, v2

(1) = .09 (P > .05). This indicates that the relative percentage of manner and goal errors was constant across Incongruent con-
ditions: more manner errors than goal errors were committed irrespectively of whether the video displayed a Manner Incon-
gruent or Goal Incongruent final chord.

2.2.2. Response times
Fig. 3 shows mean RT for correctly produced target chords in each condition. A repeated measures ANOVA on these data

yielded a main effect of Condition, F (2, 20) = 16.59, (P < .001). Planned contrasts revealed that RTs were faster in the Con-
gruent condition than in both Incongruent conditions combined, F (1, 10) = 98.03 (P < .001), while RTs did not differ signif-
icantly between the two Incongruent conditions, F (1, 10) = 1.53 (P > .05). Thus, imitation was faster when target chords were
congruent than when they were incongruent with the preceding harmonic context.

In order to investigate individual differences in the prioritization of high level (goal) and low level (manner) action rep-
resentations, we computed the difference between mean RT for Goal Incongruent trials and Manner Incongruent trials for
each participant. For this ‘‘Goal-Manner’’ index, positive difference scores indicate that imitation of Goal Incongruent trials
took longer than Manner Incongruent trials, while negative values indicate the opposite. We assumed that a positive value
indicates that action prediction is disturbed to a greater degree in the Goal Incongruent condition, while a negative value
indicates that the Manner Incongruent condition is more disturbing. We ran a correlation analysis to examine the relation-
ship between this Goal-Manner index and participants’ years of piano training, which was quantified by subtracting the age
at which piano studies commenced from each participant’s age at the time of the experiment. (One participant’s data were
excluded because his Goal-Manner index was greater than two times the SD of the residuals.) This analysis revealed a sig-
nificant positive correlation (r(8) = 0.687, P < .05), indicating that—as can be seen in Fig. 4—the size of the RT difference for
imitation of goal-violated and manner-violated trials increased with the amount of musical training. Thus, experienced pia-
nists prioritized goal over manner while less experienced pianists prioritized manner over goal.

Our main finding—that imitation was faster for congruent than incongruent chords—is consistent with the notion that
expectancies build up over the course of each observed (silent) movement sequence, resulting in relatively fast responses
to strongly expected endings and slower responses to less expected endings. There is, however, an outstanding issue that
needs to be resolved before this interpretation is warranted. This issue relates to the distance that the pianist’s hand was
required to travel between the penultimate and ultimate chords in the different experimental conditions. Specifically, be-
cause chord sequences in the Goal Incongruent condition ended with a Neapolitan chord, the trajectory that the hand
was required to perform when moving from the fourth chord to the last chord was longer in this condition than in the Con-
gruent and Manner Incongruent conditions. We quantified this difference by computing the spatial distance between the
fourth chord and the last chord of each sequence in terms of the number of semitones separating the piano keys associated
with the two chords. Mean spatial distance was identical in congruent (mean = 2.00, SD = .00) and manner-violated se-
quences (mean = 2.00, SD = .00), while goal-violated sequences had higher and more variable spatial distance (mean = 4.95,
SD = 2.73). Because of this difference, one could argue that the stimuli belonging to the Goal Incongruent condition would
require more time in order to be imitated independently of the preceding context. We addressed this potential confound
in a second experiment that aimed to disentangle these two different components (i.e. context and spatial distance).
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Fig. 3. Mean Response Time (RT) during imitation of Congruent, Goal Incongruent, and Manner Incongruent chords. Error bars are 1 standard error of the
mean.
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3. Experiment 2

Experiment 2 was conducted to confirm that the congruency effect found in Experiment 1 was attributable to context
based expectancies (as we hypothesized) rather than greater spatial distance between penultimate and ultimate chords in
the Goal Incongruent than the Congruent condition (a potential confound). To this end, the same pianists who took part to
Experiment 1 were invited back to the lab. They were presented with stimuli consisting of only the last two chords of the
sequences from the Congruent condition and the Goal Incongruent condition in Experiment 1. This manipulation reduced
the musical context and was therefore expected to dilute or eliminate the contextual congruence effect found in
Experiment 1. We were thus able to estimate the magnitude of the effect of spatial distance on RT. We expected that this
would account for only a small portion of the large RT differences between Congruent and Goal Incongruent conditions
observed in Experiment 1.

3.1. Methods

Ten of the pianists who took part in Experiment 1 participated in Experiment 2. These individuals returned 9–11 weeks
after participating in Experiment 1, and were naïve with regard to the purpose of this second experiment.

Stimuli were excerpts from the videos presented in Experiment 1, showing the performance of only the last two chords of
the sequences belonging to the Congruent condition and the Goal Incongruent condition described above. The Manner Incon-
gruent condition was not included in Experiment 2 because spatial distance in this condition was the same as in the Con-
gruent condition. Each trial began with presentation of a fixation-cross (500 ms). After that, a frozen frame presenting the
hand about to press the fourth chord was shown (2 s). Finally, the video displayed the performance of the two sequential
chords, with each chord lasting 2 s.

Experiment 2 was identical to Experiment 1 in terms of all other aspects concerning task, procedure and data analysis.

3.2. Results and discussion

We first report an analysis of data from Experiment 2 alone and then compare the results of Experiments 1 and 2. The
number of errors committed (summed across key errors and manner errors) for imitation of the final chord was greater
in the ‘Goal Incongruent’ condition than in the ‘Congruent’ condition, F (1, 9) = 6.55 (P < .05). Since target chords were no
longer preceded by context-forming sequences, this difference is most likely due to the relatively high complexity of the
Neapolitan chords—which required combinations of black and white keys to be pressed—in the ‘Goal Incongruent’ condition.

The distribution of key and manner errors was consistent with that observed in Experiment 1: more manner errors
(82.1%) than goal errors (17.9%) were observed overall. However, the distribution of goal errors and manner errors within
each condition was more even within ‘Congruent’ than within ‘Goal incongruent’ sequences. The significance of this pattern
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of results was confirmed in a 2 � 2 chi-square analysis with data representing the two types of errors (goal errors, manner
errors) within the two conditions (‘Congruent’, ‘Goal Incongruent’), v2 (1) = 4.94 (P < .05).

The analysis of RT revealed that, as can be seen in Fig. 5 (right columns), participants were faster at imitating final chords
in the ‘Congruent’ condition (where spatial distance between keys for the two chords was small) than in the ‘Goal Incongru-
ent’ condition (where spatial distance was large), F (1, 9) = 8.36 (P < .05). This suggests that the greater spatial distance may
have indeed contributed to the prolongation of RTs in the Goal Incongruent condition, independently of the preceding con-
text, in Experiment 1.

Therefore, we conducted an inter-experiment analysis to test the degree to which this spatial distance effect accounts for
the RT differences between Congruent and Goal Incongruent conditions in Experiment 1. It seemed unlikely to be fully
accountable since (a) the effect observed in Experiment 2 (82 ms) was numerically much smaller than in Experiment 1
(293 ms) and (b) RTs were consistent across experiments in the Congruent condition but not in the Goal Incongruent con-
dition (see Fig. 5). Nevertheless, to address this issue, we performed an item-analysis that examined mean RT (averaged
across all participants) for each individual target chord (i.e. last chord) of the stimulus sequences from the Congruent and
Goal Incongruent conditions in the two experiments.

A 2 � 2 repeated measures ANOVA with variables Experiment (Experiment 1 and Experiment 2) and Congruency (Con-
gruent or Goal Incongruent) yielded a significant main effect of Experiment, F (1, 39) = 80.70 (P < .001), a significant main
effect of Congruency, F (1, 39) = 36.30 (P < .001), and a significant Experiment � Congruency interaction effect,
F (1, 39) = 20.59 (P < .001). These results were replicated in a second item-analysis where the spatial distance (i.e., the num-
ber of semitones separating penultimate and final chords in each sequence) was included as a covariate: main effect of
Experiment F (1, 38) = 42.87 (P < .001), Congruency F (1, 38) = 10.25 (P < .01), Experiment � Congruency interaction,
F (1, 38) = 7.84 (P < .01). Moreover, the Experiment � Congruency � spatial distance (covariate) interaction was not signifi-
cant: F (1, 38) = .063 (P > .05).

These results rule out the possibility that the effect found in Experiment 1 (i.e. the difference between RT in Congruent
and Goal Incongruent trials) was solely due to the higher complexity of the stimuli (measured in terms of spatial distance).
Rather, the results show that this effect is attributable to the preceding context, which induced strong expectations in
Experiment 1 but not in Experiment 2.3 Nevertheless, it is worth pointing out that the higher complexity of the ‘Goal Incon-
gruent’ stimuli probably introduced a delay in the RT. This was not the only source of variability, however, as confirmed by
the significant Experiment � Congruency interaction in both analyses.

In a final analysis, we explored whether the strength of expectations induced by the preceding context varies as a function
of amount of piano playing experience. For each participant, we calculated a new index that we termed ‘‘contextual congru-
ency’’. This variable was computed by first subtracting the mean RT in the Congruent condition from the mean RT in the Goal
3 The reader might wonder whether the different percentage of congruent trials (66.66% in Experiment 1 and 50% in Experiment 2) or the temporal order of
the two experiments (i.e. Experiment 1 was performed before Experiment 2) may have influenced RTs or task strategies. We can exclude that this was the case
on the basis of a recently completed EEG experiment with only two conditions (Congruent and Goal-Incongruent) and two contexts (five-chord and two-chord
sequences, presented in separate blocks whose order was counterbalanced). The results of this new experiment replicate the RT effect described here,
demonstrating that neither the percentage of correct trials nor the temporal order of the two experiments caused it.
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Incongruent condition in each experiment, and then subtracting the resulting Experiment 2 difference score from the
Experiment 1 difference score (i.e. (Exp1Goal-Exp1Congr) � (Exp2Goal-Exp2Congr)). The larger the value of this index,
the higher the context-dependent delay in mean RT. We ran a correlation analysis to examine the relationship between this
‘‘contextual congruency’’ index and participants’ years of piano training. This revealed a significant positive interaction
(r(8) = 0.675, P < .05) (see Fig. 6), indicating that the strength of goal expectations and, critically, their dependence on the
previous context increased with musical experience.

4. General discussion

The present study provides behavioral evidence in support of domain-general syntactic structures regulating the
progression of motor acts associated with producing music. Specifically, our results suggest that when musical chord se-
quences—which have been shown to lead to harmonic expectations in the auditory domain (e.g., Koelsch et al., 2005; Maess
et al., 2001) — are converted into musical action sequences, these action sequences lead to the generation of equivalent pre-
dictions in the motor domain in skilled musicians. We interpret our results in terms of four main conclusions concerning the
nature of these motor predictions: (1) they depend on context, (2) they do not require auditory feedback, (3) they are derived
at a high representational level in the motor control system, and (4) they vary as a function of musical experience. Each of
these features will be discussed in turn.

First, the results of our two experiments, taken together, demonstrate that imitation of a motor act (i.e. the movement
necessary to produce a chord) is faster when it is embedded in a well-learnt syntactic structure, i.e., into a congruent context.
This finding is noteworthy in that it sheds light on the similar nature of musical perception and musical production. On the
one hand, performing a musical piece involves manipulating a number of acts (i.e. movements) into an integrated motor
structure (i.e. action) wherein events are ordered correctly. This process has been referred to as ‘‘sequencing’’ in the motor
control literature (for a review see Rosenbaum, 1991), where its has been assumed to play an important role in motor skill
learning (Schmidt, 1975; Willingham, 1998). On the other hand, perceiving a sequence of acts seems to be sufficient to trig-
ger an internal representation of the motor structure, and to derive predictions about the goal of the observed action. There-
fore, it seems reasonable to conclude that there is such an entity as an action context, which is used to generate predictions
about up-coming motor acts when controlling our body, as well as when watching someone else performing an action we are
familiar with (Schütz-Bosbach & Prinz, 2007a, 2007b).

This interpretation is consistent with evidence showing that stronger motor activations are elicited in the brain while lis-
tening to a succession of musical sounds that one can produce than when listening to a different combination of the same
sounds (Lahav et al., 2007). Moreover, it is consistent with the notion of a mechanism shared by perception and motor con-
trol – such as the mirror neuron system (for a review see Rizzolatti & Sinigaglia, 2010) – which has been proposed to facil-
itate the process of inferring others’ intentions through observation of their movements in a context-sensitive manner
(Kilner, Friston, & Frith, 2007). This mechanism has been proposed to play a key role in music perception (Overy &
Molnar-Szakacs, 2009), where it has been shown that visual observation of musical performance can significantly improve
the communication of the performer’s expressive intentions (Chapados & Levitin, 2008; Davidson, 1993; Vines, Krumhansl,
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Wanderley, & Levitin, 2006). The present study suggests that a similar inference mechanism may be involved when
musicians watch one another performing: visual cues may assist a performer to predict what another is going to do during
joint musical interactions.

Our second main finding is that music-related motor predictions operate in the absence of auditory feedback. Although
auditory perception obviously did not drive the observed effects, as the task was to imitate silent videos on a muted
keyboard, auditory imagery may have played a role. A number of fMRI studies have shown that mute piano performance
(Bangert et al., 2006), as well as visual observation of mute piano performance (Hasegawa et al., 2004; Haslinger et al.,
2005), elicits stronger activation of auditory brain regions in musicians than in non-musicians (for a review, see Hubbard,
2010). Therefore, we cannot ascertain whether the expectations triggered by the musical context were fully derived within
the motor system, or whether these expectations were the result of multimodal sensorimotor integration involving specific
forms of auditory imagery. We are currently addressing this question using brain imaging methods.

Our third finding is that musical motor predictions appear to be derived at a high representational level in the control
system, i.e., at the level of the movement goal. We found that, compared to manner-violated chords (with unconventional
fingering), goal-violated chords elicited significantly less errors. Furthermore, participants produced significantly more fin-
gering errors than key errors, irrespective of the condition. Taken together, these results show that, when a relatively unex-
pected chord was observed, imitation was more accurate with respect to the goal than to the manner independently of the
type of violation. This finding has two potential explanations. On the one hand, it could suggest that the goal of an action has
priority in the action control hierarchy over the specific movements necessary for achieving it (Grafton & Hamilton, 2007).
This interpretation would be consistent with previous findings showing that, during imitation, aspects of an action such as
the goal and the manner are hierarchically ordered, and that highest priority is given to the intended goal of a certain action,
rather than the means used to achieve it (Bekkering, Brass, Woschina, & Jacobs, 2005; Bekkering, Wohlschlaeger, & Gattis,
2000; Wohlschläger, Gattis, & Bekkering, 2003; see also Grafton & Hamilton, 2007). On the other hand, goal prioritization
could also be attributed to the lights on the piano keys in our stimulus videos: these may have directed participants’ atten-
tion to the goal rather than the manner due to the higher salience of the lights relative to the pianist’s fingers in the displays.
We reject this latter interpretation for two reasons.

First, participants were given clear instructions to imitate both the key presses and the fingering. If, despite the instruc-
tions, participants’ attention had been more focused on the goal than on the manner, this would still speak for a different
priority of the two components (i.e. imitation of the keys and imitation of the fingering) of the task. The second reason is
that attention to the lights would not explain the finding that pianists with longer training history were relatively more af-
fected by goal violations than by manner violations in terms of response times. These individual differences are unlikely to be
due to the salience of the lights because expert pianists do not usually play with lighted keys and, in fact, they visually fixate
less on the keyboard and the hands with increasing experience. Hence, we favor the first interpretation, which implies that
pianists’ action prediction was driven by a high-level mechanism that inferred the goal of the observed actions relatively
independently of the specific movement used to achieve it. We therefore assume that the context we introduced provided
stronger expectations with respect to high-level perceptual analysis (i.e. goal of actions) rather than the specific movements
needed to perform a particular action.

Finally, we found two pieces of evidence that the strength of musical motor predictions varied as a function of musical
training. First, as mentioned in the preceding paragraph, we showed that pianists with longer training history were relatively
more affected by goal violations than by manner violations. On average, highly trained pianists took more time in order to
successfully imitate a Goal Incongruent target chord than a Manner Incongruent chord, while the opposite held for the less
experienced pianists. This result implies that musicians with more expertise had stronger expectations regarding the goal of
the observed actions and therefore were more perturbed by Goal Incongruent target chords. A second piece of evidence con-
verges on a similar conclusion. By means of a comparison between the two experiments, we showed that the strength of goal
predictions (as indexed by the size of the ‘‘contextual congruency’’ effect) and their dependence on preceding context, was
positively correlated with the number of years of piano training. This suggests that the effect of context becomes stronger
with increasing musical experience, and that the source of goal predictions may lie in pianists’ specific motor experiences.

Although musical goals are typically auditory, our experiment was performed in the total absence of sound and in an
uncommon setting, since pianists usually do not watch others’ hands while performing. Therefore, the reported effects tell
us more about the motor representation of musical actions in trained musicians (rather than the motor representation of
sounds) and how such representations might develop with experience. Our results imply that, through training, motor ex-
perts develop an action prediction mechanism characterized by increasing predilection for goal-predictions and, perhaps,
increasing flexibility with regard to the way in which a specific goal is achieved (see Palmer & Meyer, 2000). This distinctive
aspect might be due to longer training history or to the fact that these musicians started training at a young age and thus
benefited from especially high brain plasticity (Pantev et al., 1998; Schlaug, Jaencke, Huang, Staiger, & Steinmetz, 1995).
The hypothesis of increasing goal prioritization and manner flexibility, which deserves to be further investigated, could ex-
pand and complement previous research on motor expertise (Calvo-Merino, Glaser, Grèzes, Passingham, & Haggard, 2005;
Cross, Hamilton, & Grafton, 2006; Haslinger et al., 2005; Vogt et al., 2007) and its relationship to perceptual anticipation
of actions performed by others (Aglioti, Cesari, Romani, & Urgesi, 2008; Farrow & Abernethy, 2003).

In conclusion, the present results are consistent with the hypothesis that – in musicians – a syntactic violation of a mu-
sical structure is also a violation of the motor structure necessary to produce it. This suggests that, throughout one’s musical
experience, rules determining the position of one item within a sequential structure are internalized as a form of ‘‘embodied
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harmony’’ that is concerned with high level aspects of actions (e.g. goals rather than the mere reproduction of music related
movements) in a context-dependent manner. According to this view, a long period of musical training results in equivalence
between a ‘‘musical grammar’’, i.e. the rules determining the correct position of a chord within a sequence, and a ‘‘grammar
of action’’. Please note that the latter term does not necessarily exclude the involvement of movement effects (such as those
provided by auditory imagery). However we argue that physical sounds are not a prerequisite for the grammatical rules to be
used in generating predictions. The generative character of this grammar, i.e. the property by which it can be used to predict
which combinations of movements will form a musically correct (e.g. harmonic) phrase, might become particularly impor-
tant for composition and improvisation (Baily, 1977, 1985; see also Johnson-Laird, 2002). We speculate that this might be
one of the resources that expert players rely on when deriving predictions during music perception. A similar resource might
be recruited during joint performances, when a player is required to monitor others’ performance and integrate this infor-
mation with one’s own performance. This resource may be especially useful during musical interactions that require players
to infer others’ intentions under conditions of uncertainty, such as joint musical improvisation.
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