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This paper presents an analysis of the asynchronies among nominally simuitaneous notes in ten
graduate student pianists’ performances of three compositions (Schumann’s “Triumerei,”
Debussy’s “'La fille aux cheveux de lin,” and Chopin’s Prelude in D-flat major), each repeated .
twice and recorded in MIDI format on 3 Yamaha Disklavier, Note onset times wers sensed from
hammer moton shorty before hammer-string contact. A pervasive tendency was found for the
highest-pitched notes (usually the principal melody) to lead lower-pitched notes, especially thoge
played with the same hand. Inner notes of within-hand chords tended to lag behind outer notes,
Strong correlations between average MIDI velocity difference and average lead time were found
within each hand, as well as between hands for some of the pianists, Other pianists had a tendency
to lead with the left hand, independent of MIDI velocity. These individual differences in
between-hand coordination were stable across the three compositions and did not reflect
handedness. The results suggest that within-hand asynchronies and melody leads are largely a

consequence of dynamic differentiation of voices (j.e.,
left-hand leads are an individual characteristic and, in

an artifact of hammer trave! time), whereas _
part, a deliberate expressive strategy exhibited

by some pianists. @ 1996 Acoustical Society of America,

PACS numbers: 43.75.5¢t, 43.75.Mn (W1s)

INTRODUCTION

Notes that are simultaneous in the printed score often are
not played synchronously in piano performance. One obvi-
ous reason for this is the imperfection of the human motor
system, which introducss a certain amount of temporal vari-
ability, both berwesn the two hands and among the fingers of
each hand. Synchronization of the two hands is 4 problem for
any beginning piano swdent. and precise synchronization of
the fingers in chords remains a technical problem even for
advanced pianists. However, onset asynchronies are often
larger and/or more systematic than is to be expected on the
basis of motor inaccuracy alone, which suggests that addi-
tional factors are at work. :

Pianists play notes by moving their hands and fingers to -

dEpress keys which cause hammers to hit strings which pro-
duce tones that reach a listener’s ears. Asynchronies may be
observed at different stages in this process—at kinematic,
mechanical, acoustic, and perceptual levels. Finger-key con-
tact asynchronies (kinematic level) have rarely been studied,
as this requires video recordings or sensors on the key sur-
faces. Key-bed contacr asynchronies (kinematic/mechanical

levels) were analyzed in a recent study by Palmer (in press), -

Most performance studies have used photoelectric systems
that register the movement of the piano hammers shortly
before their collision with the strings, so that hammer impact
asynchronies (mechanical level) may be observed. If a MIDI
system is used to acquire these data, the registered times are
known as “‘note onsets,” so the term note onset asynchro-
nies may be used in referring to MIDI data.! At the acoustic
level, rone onser asynchronies may be observed, though they
are difficult to determine accurately from a composite wave-
form. Tone onset asynchronies are virtually identical with
hammer impact asynchronies, but they will differ from key-
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bed contact asynchronies, especially at low keyfhammer ve-
locities where the key travel time exceeds the hammer ravel
time (Askenfelt and Jansson, 1990). Piano tones may have
perceptual onsets that lag behind their acoustc onsets by
several tens of milliseconds. depending on their amplinude
rise time (Schiwe, 1978: Vos and Rasch. 1981; Gordon.
1987). Since rise time increases with pitch (Repp. 1995a),
perceptual onser asvnechronies may differ from tone onser or
hammer impact asynchronies. Moreover. they are subject to
limits of auditory sensitivity such as the temporal order
threshold (Hirsh, 1959). .

If a pianist aims for synchrony of finger-key contacts,
then a source of systematic but unintended asynchrony at
subsequent levels is the velocity artifact. When different
keys are depressed stmultaneously with different forces, the
keys having a higher velocity will redch the key bed earlier
and will also make their hammers reach the strings earlier to
produce louder tones. Consequently, .the asynchrony mea-
sured at mechanical or acoustic levels will increase mono-
tonically with the difference in key or hammer velocities (or
sound levels). A pianist may counteract the velocity arrifact
by striking the keys asynchronously, aiming instead for syn-
chrony of key-bed contacts or for peiceptual synchrony of
tone onsets. To what extent pianists adopt such strategies is
unknown, but the velocity artifact must be reckoned with in
any investigation of asynchronies, particularly among notes
played by the same hand, as noted by Ortmann (1962, p.
358). In addition, pianists may introduce asynchronies inten-
tionally or habitually to achieve special expressive effacts,

In one of the earliest objective analyses of piano perfor-
mance, Hartmann (1932) compared two famous artists® pi-
ano roll recordings of the first movement of Beethoven’s
Senata in ¢-sharp minor, op. 27, No. 2, and observed thatin
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both performances the left hand almost always preceded the
right hand at the beginnings of measures. One of the two
pianists also tended to play the lower note of left-hand oc-
taves before the higher note, whereas he tended to play notes
in the right hand (soprano melody and alto accompaniment)
simultaneously. The absoluze magnitude of the asynchronies
was not reported.’ Left-hand leads are unlikely to be a ve-
locity artifact, as the rght hand usually plays at a higher
dynamic level than the left hand. Presumably, they are em-
ployed to anticipate the harmony andfor lend accent to a
melody note by defaying its onset, a strategy that is conven-
tionalized in notated arpeggi and grace notes.

Henderson (1936), in another early study, examined twa
pianists’ performances of the central chorale-like section in

Chopin’s Noctume in ¢ minor, op. 15, No. 3, recorded with'

the help of the “piano camera™ in Seashore's laboratory
(Henderson er al., 1936). In this passage the left hand plays
single bass notes while the right hand plays mostly 3-note
chords. Henderson found an average *‘chord spread’ (the
difference between the earliest and latest onsets within a
chord) of 20 ms for one pianist and of 70 ms for the other.
The latter tended to play the bass notes before the chord.’
Both pianists consistenty played the melody note (the so-
prano voice) befors the other notes in the right hand, which
may well represent the velocity artifact. Henderson pointed
out that the melody was about 5 dB mors intense than the
accompaniment but seemed to regard the melody leads as an
independent expressive strategy.

Still the most thorough study of asynchronies in the lit-
erature is Vernon's (1936) analysis of four famous pianists’
performances of eight pieces or sonata movements, pre-
served on Duo-art rolls. Unfortunately, thers are some mea-
surement artifacts in his data. One of these. a tendency to
substitute’ zero for small asynchronies. was mentioned by
Vemnon himself. However. his frequency histograms of chord
spreads show a much higher incidence of zero values than
one would expect on these grounds alone: The percentage of
perfectly synchronous chords per performance ranges from

44% to 92%, which seems imptausibly high. Vernon noted a
tendency for right-hand melody notes to be played in ad-

vance of other right-hand notes, but not in advance of left-

hand notes. Individual pianists differed in the frequency and
magnitude of chord spreads and in their tendency to lead
with the left hand. That tendency seemed to accompany (or
be the cause of) Jarge asynchronies. Pianists who used large
asynchronies purposefully also seemed to be more consistent
across repetitions of the same musical material. probably due
to the increase in systematic variance. '

Yemon proposed five ‘‘explanatory principles” for
chord spreads: (1) difficulties in synchronization (e.g., in

chords with many notes, or when the two hands have differ-

ent rhythms); (2) tempo changes (e.g., during slow passages
or ritardandi, or while playing rubato in one hand against a
steady beat in the other hand, or during accelerandi when the
melody may run ahead of the accompaniment); (3) highlight-
ing of melody notes (especially in close or bass-heavy
chords, also for contrapuntal reasons); (4) conveying of an
.accent or a climax; (5) avoidance of abruptness (e.g., at the
beginnings and ends of phrases, in legato passages, at points
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of large pitch jumps or modulation), He found support for
some of these principles in his data, especially (2) and (3),
but not for (5). With regard to (3), he mentioned that *‘in
close chords the melody must come first or be louder to have
any clarity. Making it louder may also make it eariier.”” (p.
322). This indicates some awareness of the velocity artifact *

Rasch (1979) proposed 2 quantitative measure of the
amount of asynchrony in a whole performance: The root
mean square of the standard deviations of the onset differ-
ences among all pairs of voices. He applied this measure in
an acoustic analysis of ensemble performances and obtained
values between 30 and 50 ms, depending on the music. He
found that melody instruments tend to lead, while middle ‘
voices tend to lag, though by rather small average amounts,
Like Vernon before him, he also observed that (absolute)
asynchronies decreased as tempo increased.

Hammer impact asynchronies were examined by Shaffer
(1981) in his studies of piano performance from a motor
control perspective. In one pianist’s rendition of Chopin's

. Nouvelle Etude No. 1. he found that the right hand tended to

lag on the first beat but to lead on the second beat and else-
where. He inferred from this that the two hands were oper-
aung on different time scales, which is consistent with Ver-
non’s second principle. Shaffer also noted a break in the
cumulative distribution of asynchronies; he atributed values
below 40 ms to random vasiation and longer values (melody
leads) to ‘‘voice singing.” However, since the dynamics
were swonger for the right hand than for the left. at least the
shorter melody leads may have represented the velocity arti-
fact. The correlation between the asynchronies in two sue-
cessive performances by the same pianist was 0.63 (Shaffer,
1984). '

More recently. Palmer (1989) has studied note onset
asynchronies in performances recorded on an electronic key- -
board in MIDM format. (On an electronic instument. kev-bed
contact asynchronies are identical with tone onset asynchro-
nies.) Palmer used Rasch’s {1979) index of global asyn-
chrony to characterize six pianists® playing of the first § bars
of Mozart’s Sonata in A major, K.331. She found asyn-
chrony values between 13 and 23 ms, as well'as a tendency
for the melody to lead the other voices by about 20 ms, on
the average. Both asynchronies and melody leads were sub-
stantiaily reduced when the pianists were instructed to play
“unmusically,” which suggested to Palmer that melody
leads were used deliberately for expressive purposes. She did

investigate whether melody leads were a consequence of

playing melody notes louder but found significant correla-
tions between MIDI velocity and temporal onset differences
for only two of six pianists. Palmer also examined the reli-
ability of asynchrony parterns across repeated performances
of the same music. Five of her six pianists showed significant
but only moderately sized comelations, ranging from 0.54 to
0.61. Thus only about one third of the variance seemed to be
systematic. In a second study, Palmer (1989) did not find a
consistent melody lead in eight pianists’ performances of the
initial 16 bars of Brahms’s Intermezzo in E-flat major, op.
117, No. 1, probably because the melody is in an inner voice
most of the time. However, the melody did tend to lead on
the first beat of each bar. Asynchronies were again reduced
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in ‘‘unmusical” playing, and four of the eight pianists
showed a significant correlation between melody leads and
velocity differences.

Paimer’s most recent study (in press) focused entirely on
meiody leads in performances recorded from a computer-
monitored Bdsendorfer grand piano that registered key-bed
contacts. Six pianists performed the first 27 bars of Chopin’s
Prelude in D-flat major, op. 28, No. 15.% Average melody
leads ranged from 20 to 40 ms, except for one student pianist
who showed negligible leads. The lead times were reduced
in deliberately *‘mechanical’’ performances, though not by
very much. They were larger in metrically strong (on-beat)
than in metrically weak (off-beat) positions, and one experi-
enced pianist showed large left-hand leads at phrase begin-
nings. There were no significant correlations of asynchronies
with MIDI velocity differences. In a second experiment, ten
pianists gave repeated performances of part of Besthoven's
Bagateile in G major, op. 126, No. 1, which they had not
played before. Average melody leads ranged from 19 to 20
ms and, for stucent pianists, incraased as a function of prac-
tice, approaching the somewhat longer leads of expert pia-
nists. Melody leads were most pronounced on the downbeat,
and they were much reduced in *‘mechanical™ performances.
Only four of the ten pianists showed correlations indicative
of a velocity amifict. In a third experiment, one pianist was
instructed to emphasize either the upper {right-hand) or the
lower (left-hand) voice in the initial bars of Besthoven's So-
nata in E major, op. 109. When the upper voice was in focus.
. itled the other voices by 54 ms, on the average, but that lead
was reduced to 25 ms when the lower voics was in focus.
When the later strategy was intentionally exaggerated, the
lower voice began to lead. Of course. there wers correspond-

ing differences in dynamic balance. and within the unexag- .

gerated conditions there were significant cormrelations be-

twesn velogity differences and asynchronies. Finaily, Paimer

also showed that musical listeners can idemify the voice in-
tended to be in focus when presented with musical excerpts
in which the note onsets in one or the other voice are ad-

vanced by means of computer editing. However, the effect -

was rather small and present only for listeners who were
pianists, whereas dynamic differences provided a much
stronger ‘cue to voice emphasis.

Palmer’s results have been described in so much detail
because she advocates the view that melody leads are an
expressive strategy that is largely independent of dynamic
differentiation. In is difficult to be convinced of this, how-
ever, given the intermittent correlations berween dynamics
and onset timing in her data. It is possible that a velocity
artifact was present but obscured by random timing variabil-
ity and a relatively small number of observations. Many of
her findings—the reduction of asynchronies in *“‘unmusical*
playing, the changes in asynchrony with voice emphasis, the
difference between expert and student pianists—<ould have
been due to differences in dynamic voice differentiation that
entailed changes in relative onset times, Moreover, Palmer
did not clearly distinguish between within-hand and
between-hand asynchronies, and between individual voices
within each hand, The.velocity artifact is likely to be present
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more strongly among the fingers of the same hand than be-
tween hands.

The purpose of the present study was to re-examine
some of the issues surrounding asynchronies in 2 set of ex-
pressive performances by graduate student pianists, with spe-
cial attention to individual differences. A tendency for the
left hand to lead the right hand is often observed in pianists
of an older generation, and it is sometimes considered a man-
nerism (cf. foomote 3). Wil it be encountered in the present
sample of young pianists? Are melody leads as common as
Palmer’s data suggest? What is the relationship between
asynchronies and velocity differences within and berween
hands? These and other questions can be addressed more
effectively with the help of a substantial MIDI data base.
Such a data base was recently compiled by the author and
forms the basis of the following analyses.

. METHQD
A. The music

The purpose of collecting the present MIDE data was to
smdy aspects of expressive piano performance. Thersfore,
pleces were selected that were expressive in characer bue
technicaily refatively undemanding. They ail had 2 moderate

to slow tempo and required legaro articulation and pedaling

throughout. They were: “*Triumerei”” (No. 7 of “‘Kinder-
szenen,” op. 15) by Robert Schumann; **La file aux chev-
eux de lin’* (No. 8 of the Prefudes, Book D by Claude De-
bussy; and Prelude in D-flat major (No. 15 of the 24
Preludes, op. 28) by Frédéric Chopin.® These pieces were
selected in part because they were likely to be familiar to ail

' pianists. at least from listening,

Space limitations prohibit reproduction of the musie
here. It would be helpful if the reader had the scores avail-
able. but this is not essential.” Occasionally. specific posi-
tions in the scores will be referred to by using the convention
“bar-beat-subdivision"; thus, **15-3-2"" refers to the second
note in the third beat in bar 15,

- B, The pianists . S T

Ten pianists _(Pl.'PZ....,PIO)'pnrtici'patcd in- the study as

“ paid volunteers. Nine of them were graduate students of pi-
-ano performance at the Yale School of Music: three were

third-year (artist’s diploma) students, one was in her second
year, and five were in their first year. The tenth pianist was

' about to enter the graduate program. Their age range was 21

10 29, and they had started to piay the piano between the ages
of 4 and 8. Seven were female, three male.

C. Procedure

The pianists were informed of the chosen repertoire and
were sent copies of the music prior to the recording session.
The session took place in a room housing an upright Yamaha
MX100A Disklavier connected to a Macintosh computer.
The pianist was asked to rehearse the music at the Yamaha
for an hour. Subsequently, the pieces were recorded in
whichever order the pianist preferred, and then they were
repeated twice in the same order. If something went seriously
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wrong in a performance, it was repeated immediately. One

pianist, P4, was able to record only two performances of

each piece; ail others recorded three, as planned. At the end
of the recording session, the pianist filled out a questionnairs
and was paid $50. ‘

The questionnaire asked the pianists, among other
things, how well they knew each of the pieces. Schumann’s
“Traumerei’” had been previously studied by three pianists
(P5,P7,P8) and played informally by two; the rest knew it
well from listening only. Debussy’s *‘La fille aux cheveux de
lin”* had been studied by three pianists (P5,P7,P9), played
informally by three, and heard repeatedly by four. Chopin’s
Prelude in D-flat major had been studied by four
(P1,P6,P8,P9), informally played by three, and heard by
three. The pianists were also asked to indicate how satisfied
they were with their performances, choosing from the cat-
egories ‘‘best effort,” “‘good effort,” “‘average,” “‘below
average,” and “‘poor.’”” The distributions of responses wers
as follows: 0, 4, 5, 1, 0 for Schumann, 0,6 4,0, 0 for
Debussy, and 0, 3, 4, 3, 0 for Chopin. Even though most,
performances were not of recital quality, due to the minimal
preparation, they were ail fluent and expressive,

D. Data analysis

The Yamaha Disklavier registers a **note onset’ when a
hammer passes a sensor located 1.5 mm from the strings.
Thus this study deals with hammer impact times, which are
virtuaily equivalent to acoustic tone onsets. The onset times
were recorded with a temporal resolution of 5-§ ms.?

The MIDI dara were imported as text files into a spread-
sheet program. where the note onsets were filtered out and
the highest note in each chord was labeled with reference to
2 numerical (MIDI pitch) wanscription of the score. In a
second stage. the onset time of this highest note was dupli-
cated next to the onset time of each lower note in the same
chord. In the course of that laborious process, wrong pitches
were identified and corrected, omitted notes were inserted
(but not given an onset time), and added notes were re-

moved. (For an error analysis, see Repp, in press.) Finally, )

individual note asynchronies (lag times) were computed by

subtracting the onset time of the highest note from that of

each lower note in the same chord. Thus 2 positive asyn-
chrony indicates that a note lagged behind the highest note,
whereas a negative asynchrony indicates that it preceded the
highest note.” In genéral, the asynchronies were unimodally
and fairly symmerricaily distributed within a performance, so
that they could be characterized in terms of means and stan-
dard deviations. In the process of calculating these statistics,
extreme outliers (more than four standard deviations from
the mean) were identified and removed. While some of these
outliers represented timing errors, the majority were merely
exaggerations of systematic tendencies observed in the bulk
of the data, as described below,

E. The velocity artifact

In order to be able to gauge whether a pattern of asyn-
chronies could have arisen from the velocity artifact, it
would be good to know how hammer travel time increases
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FIG. 1. Onset tims (relative to 3 note with a MIDI velocity of 60) as 2
function of MIDI velocity. A quadratic function has been fued 1o the data
poins. .

- with MIDI velocity. The author had an opportunity to mea-

sure this relationship on 2 Yamaha Diskiavier Mark [T baby
grand piano. Disklavier software normally includes a
“prelay’’ function that compensates for the velocity artifact
by delaying MIDI input by 500 ms and then activating the
key solenoids eartier for soft notes than for foud notes. '™ This
function was in effect on the upright Disklavier used for the
recordings. but—for unknown reasons—it was not working
on the baby grand piano that became available later, result.
ing rhythmically distorted MIDI playback. To measure the
magnitude of the distortion, two series of simple MIDI se-
Quences were construcied, each sequence consisting of two
notes {C; and E,) altemating five tmes. with nominal inter-
onset intervals of 300 ms. In one series. C, had a fixed MIDI
velocity of 60, while the MID{ vetocity of E; ranged from 30
0 100 in steps of 10. In the other series. the roles of C;and
E; were reversed. The sequences were played back on the
Disklavier, and an acoustic recording was made of the radi-

. ated sound with a microphone placed ¢lose 1o the open lid of

the piano. The recordings were subsequently digitized, and
the relative onsets of successive tones were measured in the
waveform. The measurements were averaged over the five
repetitions and across the two tone combinations. '
The results are shown in Fig. 1. It can be seen that
relative onset time decreased as a negatively accelerated -
{quadratic) function of MIDI velocity. Between the softest
and the loudest note, there was an onset time difference of
about 110 ms."" At lower dynamic levels, relative onset time
changed by about 2 ms per velocity unit, whereas at higher
levels this was reduced to about 1 ms. Although these rela-
tionships may differ slightly from instrument to instrument
and perhaps also across piwch registers, Fig. | provides a
general idea of the magnitude of the velocity artifact.'?

Il. RESULTS

The results will be presented by composition, in order of .

increasing length and difficulty (Schumann, Debussy,
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Chopin). These pieces represent different kinds of textures
that make different demands on within- and between-hand
coordination.

A. Schumann’s “Traumerei"

This composition has a very regular structure compris-
ing eight four-bar phrases. Phrases 1 and 2 are repeated as
phrases 3 and 4; phrase §, related to phrase 2, is transposed
to become phrase §; phrase 7 repeats phrase 1, and phrase 8
is a modified and abbreviated version of phrase 2. The writ-
ing is partially polyphonic in four paris.

1. Outllers

In bar 22-2-1, there is a large fermata chord which ¢an-
not be spanned by small hands. Only two pianists (both
male) played it synchronously as notated, two played the
bass note early, two played the left hand arpeggio, and four
played both hands arpeggio. Two planists also arpeggiated a
subsequent left-hand chord (23-1-1) in oge or two perfor-
mances. In addition, one pianist (P9) consistenty played the
left-hand note early in the three-note chord in bar 2-2-1 and
its six similar recurrences, Five additional large asynchronies
apparently represented timing errors, as each occurred only
once.

2 Asynchrony distributions

“*Traumerei’" can be divided fairly consistently into four
voices (soprano, alto, tenor, bass), with some subsidiary
notes. The soprano is the leading voice most of the time, but
occasionally other voices compete or take over the principal
melody (bars 7-§. 10~12. 14-16). All soprano {S) and alto
{A) notes are played by the right hand. and all tenor (T) and
bass (B) notes by the left hand. Occasional ““extra’ notes are
considered subsidiary to the principal voices: they are aiways
lower in pitch. All simultaneities have 5aprano notes as their
fughest potes, with the exception of one true four-note chord
occurring six times (bar 1-2-1 and analogous positions),
whose highest note was attributed to the alto voice.?

Mean asynchronies and standard deviations were com-
puted separately for the four voices in each of the three {or
two) individual performances of each pianist and then aver-
aged across performances. Between-performance differences
in these global statistics were generally small. The resuits are
displayed in Fig. 2, with the zero. line representing the
highest-pitch reference. The soprano asynchronies represent
only the relative onsets of a small number of subsidiary so-
prano notes {S++), such as E, at 3-4-2 and F, at 4-1-1. It can
be seen that the ten pianists were quite consistent in that their
lower right-hand notes (S+, A) generally lagged behind the
soprano voice, with the alto voice lagging more than S+ for
five of the pianists, and less for one (F3). There were large
individual differences, however, in the relationship of the
two hands. Four pianists (P1, P5, P7, P8) showed a slight
tendency for the left hand (T, B) to lag even more than the
alto notes in the right hand. Two pianists (P§, P9) showed rio
such tendency, but their left hand still had positive average
lag times. Three pianists (P2, P4, P10) showed a tendency
for the left-hand notes to azpproximately coincide with the
soprano voice, and thus to lead.the lower notes in the right
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FIG. 2. Average lag times relative 1o the highest note in each chord plus/

mious one standard deviation for the individual voices in Schumann's

“Triumerei,”

hand. Finally, P3 even showed a tendency for the left hand to - - |

precade the right-hand melody. The lag times for the two
left-hand voices. tenor and bass. did not differ much in most
cases. though P2. P3, and P10 showed 2 tendency 1o lead
with the bass, PS5 the opposite.

3. Reliabilities

The differences in mean asynchrony among the different

voices (or hands) were quite similar in each pianist’s three =

(or two) performances. The next question of interest was
whether there were, in addition, reliable patterns of asyn-
chrony variation within each voice, P3 and P10, who showed -
the fargest standard deviations and the strongest tendency to
lead with the left hand, also committed the largest number of
pitch errors (Repp, in press). Thus it seemed possible that
these pianists were merely careless, in which case their asyn-
chronies should show a fairly random: distribution. To ad-
dress this issue, correlations were computed between pairs of
performances (1-2, 1-3, 2-3) for each voice separately as
well as overall, and each triplet of correlations was then av-
eraged. The results are shown in Tabie I,

The correlations in Table I indicate that the distribution
of asynchronies was not random. Although the refiabilities
were not high, they were always positive and nearly all sig-
nificant. This was true not only overall, but also for each
individual voice. Only the subsidiary soprano voice, which
inciuded only 12 notes, showed inconsistent results for four
pianists, whereas the other six pianists showed their highest
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TABLEL Average between-performance correlations of asynchronies, overall and for each voice separately, in
.Schumann's “Trinmersi,” Nonsignificant correlations (2>0.05) are indicated.

All voicas Soprano+ Allo Tenor Bass
Planise (g 223} (Mg 1) (e ™ 53) (1o ™87} (1t gy =69}
Pl 0.48 0.55 0.37 0.3t 0.47
P2 -0.56 0.58 0.21 (ns.) - 0.55 0.36
P3 0.69 0.08 (n.s.) 0.61 0.54 0.64
P4 0.53 0.82 0.36 0.46 0.50
Ps 0.46 0.17 (ns.) 0.51 0.41 047
Pé 0.3t 0.03 (n.s.) 0.40 0.31 0.26
B7 0.40 0.78 039 032 0.37
P3 0.52 0.56 0.53 0.52 0.43
P9 0.50 0.12 (n.s) 0.55 0.45 0.50
PlO 0.66 0.81 0.30 0.62 0.73

-

reliabilities for this voice. P3 and P10 generally had high
reliabilities, suggesting that, far from being careless, they
used left-hand leads systematically for expressive purposes.
However, pianists who generaily led with the right hand and
had very tight asynchrony disaibutions also showed signifi-
cant reliabilities. Nevertheless, thers was evidently a large
amount of *‘motor noise’; the reliabilities usually accounted
for less than one third of the variance, '

4. Principal components analysis

To reduce the random variability in the data somewhat,
the asynchronies were averaged at this point across the three
{or two) performances of each pianist. The intercorrelations
among the asynchronies of the ten pianists’ average perfor-
mances were then computed. As previously observed for ex-
pressive uming in these performances (Repp. 1995b), the
intercorrelations were uniformly lower than each pianist's
individual reliabilites (Tabie I), despite the reduction of up-
Systematic variability in the data; in other words, pianisis
Wwere more consistent with themselves than with any other
pianist, There were 2 number of nonsignificant and even

negative correlations, mainly due to the individual differ-

ences in mean asynchronies across voices {Fig. 2).

To determine how many different individual patterns of
asynchronies there were, principal components analyses
(PCAs) with subsequent Varimax rotation of the significant
compaonents were conducted, first on the complete data and
then on each voice separately. To be considered significant.
& component needed to have an.eigenvalue greater than |
and be associated with the initial steeper-slope section of the
eigenvalue plot. For the complete data, two significant com-
ponents emerged, accounting together for 47% of the vari-
ance. The rotated component loadings showed a clear pat-
tern: P3, P2, P10, P4, and P9 had their highest loadings (0.79
t0 0.51) on the first component, whereas P5, P8, P1, P7, and
P6 had their highest loadings {0.73 to 0.48) on the second
component. This result divides the pianists into two groups,
those who often led with the left hand and those who did
not.'’ They will be referred to as groups I and Ii in the
following.

Similar resuits were obtained in separateé analyses on the
tenor and bass voices. These within-voice analyses, unlike
the overall analysis, were independent of average tendencies

to0 lead with the left hand (Fig. 2). What they suggest is that,
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the timing of the left hand (relative to the $oprano voice in
the right hand) across the different positions in the music
followed different patterns for groups I and M. The results
were different for the aito voice. Thers was only a single
significant component, suggesting thac all pianists followed
more or less the same pattern of relative onset timing within
the right hand.'$ '

5. Asynchrony profiles

The component scores from the overail PCA correlated
very highly with the average asynchronies of the two groups

.of pianists {component 1 versus group I mean: r=0.989:

¢omponent II versus group Il mean: r=0.977). Therefore. it
is appropriate and more straightforward to present the group
profiles in terms of average asynchronies. Separate averages

for the two groups of pianists were obtained for the tenor and
~ bass voices: for the S+ and alto voices, however. only a

single average was calculated across both groups. The data
were also averaged over the two renditions of bars -3 (a
repeat prescribed in the score), which showed very similar
patterns of asynchronies. Figure 3 shows the daa for groups
['and IT side by side. Average lag times are plotted as a

function of position in the score.!” The soprano voice refer-

ence is represented by the horizontal line at lag zero, the
lower right-hand notes by filled symbols, and the left-hand
notes by open symbols. A+ and T+ represent subsidiary
notes of the alto and tenor voices, respectively, The data for
the right hand are identical in the two panels. but the scale is

expanded for group II.

The first thing to note is the similarity of the patterns for
bars 1~4 and 17-20 in each group; these measures represent
identical music. This is another indication of systematicity:
the correlations were 0.89 and 0.82-(p<0.001) for groups {
and II, respectively, :

Next, consider the downbeats at phrase beginnings (bars
1-1-1, 5-1-1, 9-1-1, 13-1.1, 17-1-1, and 21-1-1). Here, a low
bass note coincides with 2 soprano note. In group I, the bass
led the soprano by some 20 ms in bars 1, 5. 9. and 21, but by
about three times as much in bars 13 and 17. These latter
positions mark modulations to different keys, which group I
pianists gave extra emphasis by anticipating the bass note.
Group II pianists, by contrast, did not trear these bars differ-
ently. In their playing, the bass always lagged behind the

 soprano-by 20 to 30 ms,.as it did in most other positions, ~
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FIG. 3. Average asynchrony profiles of (z) group [ pianists (P2, P3, P4, P9, P10) and (b} group Il pianists (P1, PS, PG, F7, PB) in Schunmnn‘s “Triumerei.'

Another striking contrast between the two groups QCeurs

in bars 2-2-1, 6-2-1. and 18-2-1, where thres or four.notes

coincide. In both groups. the alto note(s) in the right hand
fagged behind the soprano by some 40 ms. but in group [ the
left-hand tenor note led slightly whereas it lagged behind
even more than the aito in group IL'® An even larger differ-
ence can be seen in the analogous chords at 10-2-1 and 14-
2-1, which are preceded by an inner voice entry in the len‘qi’
together with the bass (10-1-2, 14-1-2). Group I played the

entry almost synchronously with the soprano, but showed 2 -

substantial left-hand lead on the following chord. Group II,
as usual, lagged all the lower voices.

- Additional details may be pursued with the score in
hand. However, these examples will suffice to demonstrate

that the pianists of group [ employed left-hand leads system-

aticaily to highlight certain positions in the music, whereas

group II showed lefi-hand lags only. According to psychoa-

coustic research (e.g., Hirsh, 1959; Pisoni, 1977), asynchro-
nies of up to 20 ms are probably perceived as simultaneities,
though Rasch (1978) has demonstrated that even shorter
leads can result in perceptual enhancement of the leading
tone. However, the purpose of left-hand leads is probably not
{or not only) to enhance perception of the lower notes but
rather 1o give emphasis to 2 melody note by delaying it rela-
tive to the left hand.'? The accent-lending function of a me-
lodic delay may derive from the fact that it is contrary to the
velocity actifact: It is the more intense event that is delayed,
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6. Asynchronies and dynamics

It is now time to examine to what extent the velocity
artifact may account for the pattern of asynchronies, particu-
larly in group II. A detailed analysis of the dynamic micro-
structure of the “*Triumerei™ performances has besn pre-
sented eisewhere (Repp. 1996), The soprand voice melody
was more intense than the other voices by 16 MIDI velocity
units (about 4 dB), on the average, whereas the other voices

did not differ much in their average levels. This in itself is - '. .
“sufficient to account for the average melody leads in group 11
and in the right hand of group I (Fig. 2). Even stronger

evidence for'a velocity antifact would be obtained, however,
if the dynamic differences between pairs of voices from po-
sition to position were correlated with the asynchronies be-
tween them,

The alto voice asynchronies indeed showed a striking ‘
dependence on dynamics: The correlation between the aver-
age lag times of the primary alto notes (Fig. 3) and the av-
erage velocity differences between alto and soprano was,
—0.83 (p<0.001). The regression line had an intercept close
to zero, which indicates that the average lag of the alto voice
behind the soprano voice can be auributed entirely to the
dynamic difference. The slope of the regression line was
—~1.67 (i.e., a lag of 1.67 ms per velocity unit), which is
consistent with Fig. L.

To see whether a similar relationship obtained within the
left hand, asynchronies between the tenor and bass voices
(specially computed for this purpose) wére regressed against
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their velocity difference, separately for each group of pia-
nists. A smaller but significant correlation was obtained in
each case: —0.42 (p<0.01) for group I, —=0.64 for group II.
Again, the intercepts of the regression lines were close to
zero, and the respectve slopes were —[.55 and —1.49, a
lictle shallower than for the right hand.®® While the refation.

ship was less tight here, it seems that the temporal relation-

ship of tenor and bass voices was at least partially due to
their relative velocities, even in group L

In contrast to these within-hand relationships, the
between-hand asynchronies (tenor and bass relative to so-
prano) did not show any significant correlations with dynam-
fcs in group L In group II, only the bass voice showed a
small trend (r=-0.37, p<0.01). '

B. Debussy’s “La fille aux cheveux de lin”

In contrast o Schumann’s *“Triumerei,” this piece is
predominantly chordal in naturs: there is no polyphonic
Structure, and the simultaneities are truly vertical sonorities.
It was of interest 10 ses whether this would reduce the range
of asynchronies and/or the tendency of some pianists to lead
with the left hand, :

1. Qutliers

The number of abnormally large asynchronies excluded -

from the analyses was larger here than in the Schumann
piece. There are four notated arpeggi in the score (positions
12-1-1, 36-1-1, 37-1-1, 38-1-1), one notated *split™ chord in
the left hand (16-1-1), two unnotated left-hand splits (i.e..
chords that cannot possibly be spanned and must be divided:
6-3-1, 30-1-1), and one additional left-hand chord that is
difficult to span for small hands (32-1-1). These were obliga-
tory outliers. as it were. In addition. full or partial arpeggia-
tion was encountered in other places. where it was not no-
tated {a total of 76 instances in. the 29 performances). This
Was common in positions 6-3-1 and 12-]-| (left hand), and
occurred more idiosyncratically elsewhere, such as in 22.2-3,
23-1-1, 32-)-1 (left hand), and 36-1-1 (right hand). Further-

more, a number of additional splits were observed, usually . .
. between the hands (with the left hand leading), sometimes

within the left hand (with the bass.note leading); some of
these occurred in all three of 2 pianist’s performances, others
only in one or two (a total of 32 instances). Nearly ail of
these liberties were due to P2, P3, P4, P6, P9, and P10, who,

except for P6, are the group I pianists of the Schumann -

analysis. Thus the splits may have been just extreme in-
stances of a tendency to lead with the left hand. Neverthe-

less, the resulting asynchronies were excluded from the fol.

lowing analyses because they were more than four standard
deviations from the mean, Finally, there were a number of
apparent timing errors (58 instances) that were excluded ac-
cording to the same criterion; P3 was the only pianist that
committed some of those consistently,

2. Asynchrony distributions

When pianists’ grand average lag times and standard
deviations were computed, high correlations were found with
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the corresponding statistics in the Schumann piece (r=0.35

- and 0.93, respectively, 2<0.001). Thus individual tendencies

0 lead with the left hand were preserved,

The dara were divided into right-hand (within-hand) and
lefi-hand (between-hand) asynchronies. The former wers fur- -
ther divided into middle notes and bottori notes (usually
played with the thumb), the latter into top notes (usually -
played with_the thumb), middle notes, and bottom: notes
(usually played with the fifih finger). The division was not
based on. voice leading but simply on the number of notes in
each hand. The right-hand top notes served as the reference.” .
The mean lag times and standard deviations are shown in
Fig. 4, .

The middle and lower notes in the right hand lagged
behind the top notes in ai] cases, Several pianists (P3, P4, P§,
P8, P10) showed longer lag times for the middle notes than -
for the bottom notes; the others showed little difference, In
the left hand, too, there was 2 tendency for the inner notes to
lag a little more than the outer notes. P3, P4, and P10 again
showed strong tendencies to lead with the left hand: P2 and
P9 showed weaker tendencies; Pl and PS an opposite ten-
dency. ' : : :

3. Rellabilitles

The reliabilities for a] asynchronies, and for the right
and. left hand separately, are shown in Table IL They are
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TABLE IL. Average between-performance correlations of asynchronies,
overall and for each hand separately, in Debussy’s *‘La flle sux cheveux de
lin.”” All gorrelations are significant (p<0.001).

All notes Right hand Laft hand

Pianist (g =321) {(ppey=124) (e =197)
Pl 0.67 0.38 ’ 0.67
mn 0.55 0.46 0.53
P3 0.63 0.53 0.61
P4 0.64 0.61 0.57
Ps 0.64 0.33 0.67
P 0.39 0.52 0.63
) 048 0.51 0.45
P8 0.69 0.64 0.71
P9 0.42 0.47 0.45
P10 [ v 7 0.57 *0.75

somewhat higher than in the Schumann piece. Clearly, there
was some consistency in the patterns of asynchronmies for
both hands, and for all individual pianists,

4. Principal components analysis

As in the Schumann analysis, the intercorrelations
among the pianists’ average asynchrony profiles were uni-
formly lower than their individual reliabilities, despite the
reduction of noise in the data through averaging, This was
also essentially true for each hand separately, though there
were a few excepdons,

A PCA on the complete data again yielded two compo-
nents which together accounted for 53% of the variance. The
rotated components divided the pianists into two groups, cor-
responding to groups I and II of the Schumann analysis, An
analysis of the left-hand asynchronies alone yielded a similar
rasuit. Again, however, the right-hand asynchronies followed
a different pattern. There was evidence for two components,
but they divided the ten pianists differently: P8, P6, P10, P3,
P1, and P4 versus PS5, P9, P7, and P2. The pianists in the first
group tended to lag middle notes more than bomom notes,
whereas the pianists in the second group tended toward the
opposite (see Fig. 4). This difference will not be considered
further here as 1t 1s of marginal interest.

&, Asynchrohy profiiles

The data for groups I and II are shown in Fig. 5. The
right-hand averages were computed for each group sepa-
rately in this instance. The structure of the Debussy prelude
is more irregular than that of Schumann’s *“Triumerei,’* and
there are few passages that are repeated liternlly, Different
sections of the piece are characterized by differsnt types of __
collaboration between the hands,

The first ten bars have 2 melody in the soprano voice,
harmonically supported by chords that are diswibuted be-
tween the two hands. In both groups of pianists. right-hand
lags hovered between 10 and 40 ms, except for two rather
deiayed notes (F,) in bar 5 in group L. The left hand gener-
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ally lagged behind even further in group II, whereas in group
I it tended to lag less and even lead on occasion. Slight
left-hand leads were observed in positions 3-1-1 and 10-1-],
where the left hand plays an open fifth. (However, only a
single “‘split’*—excluded as an outlier—occurred. in these
two positions.)

A different texture occurs in bar 14, where the soprano
voice alternates rapidly with chords moving in parallel; this
passage recurs in similar form in bars 33 and 34. In group II,
the left hand sometimes coincided with the right hand here or
even led very slightly, though most of the tme jt lagzed
behind. In group I, stronger lefi-hand leads can again be
observed. What both groups have in common here, though
this is difficult to see in the graphs, is a pronounced tendency
to play the left-hand notes earlier in the anacrusic positions
(14-1-4, 14-2-4, 14-3.4, etc.) than when they occur on the
bear (14-2-1, 14-3-1, 15-1-1, etc.). :

Bars 16 through 19 have again a soprano melody with
chordal accompaniment. Here the differences between the
W0 groups are most striking. In position 16-1-1, the left
hand tended to be synchronized with the right hand in group
L but it lagged strongly in group I In the foilowing posi-
tions, left- and right-hand notes lagged equaily behind the
soprano voice in group I, but in group I some of the largest
left-hand leads.occurred: in fact, thers was 4 progressive in-
crease in lead time, The bass note in position 19-1-1 showed
an average lead of about 70 ms in group L. compared to an
average lag of more than 20 ms in group II. (A number of
large splits and arpeggi occurred in these bars as well, typi-
cally in group I pianists.)

In bars 20 and 21, there are paralle ocrave runs ending
in chords. Even in these scalelike bimanual passages, group
II pianists had a slight but consistent tendency to lag with the
left hand. whereas in group I the two hands were generaily
svachronous. In the chords. as in the following bars 22 and
23 (which are a variation of bars {7 and 18) and 30 t0 32. the
tendency of group [ 10 occasionally lead with the left hand s
again exhibited. Rars 24 through 28 contain parallel chords

in both hands, and here both groups played similarly, without .

left-hand leads, though relatively speaking the left hand still
came in eaclier in group [ than in group II. Finally, there isa
brief passage of right-hand dyads in bar 35; these were

played by both groups with the lower note progressively lag- |

ging.

In summary, this comparison stows that, while group [

generally tended to advance the left hand more than did
group II, this difference was more pronounced in passages
characrerized by a functional differentiation of the two

hands, viz., melody versus harmonic support. Where the two

hands have more similar roles, as in parallel scales and dis-
tributed chords, the differences between the groups were
smaller,

6. Asynchronies and dynamics

The right-hand asynchronies were averaged across all
planists and regressed against the average velocity differ.
ences between the corresponding notes. There was a corre-
lation of ~0.60 (p<0.001), and the regression line had a

slope of ~1.11 and a small intercept (7 ms). The correlation '
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was lower than in the Schumann piece and the slope was
correspondingly shallower, but clearly thers was again a re-
lation to relative velocity, Within the left hand (with the top
notes serving as the reference), the analogous correlations
were ~0.65 for group [ and —0.76 for group I The regres-
sion lines had slopes of ~2.22 and = 1.91, respectively, al-
most twice as steep as for the right hand, and the respective
intercepts were —6 and —1 ms. Since the left hand played
softer than the right hand. the steeper slopes are consistent

- with the velocity ardfact (Fig. 1). Finally, the correlation

between the between-hand asyachronies and velocity differ-
ences was assessed. It was weak for gowp I (r=-0,3],
2<0.001) but substantial for group II {r=~0.61). The slopes
were —0.74 and —1.37, respectively, and the intercepts were
=38 and 2 ms. The small intercepts and moderately high cox-
relations suggest that asynchronies were in part 2 conge-
quence of velocity differences, espacially in group II.

C. Chopin’s Prelude in D-flat major

This piece is longer than the preceding two. comprising
89 bars. It has a tripartite structure, and the sections have
very different texrures. The initial section (bars 1~-27) and jts
abbreviated recapitulation (bars 76~89) feamre 2 soprano
melody with 2 left-hand accompaniment consisting of sparse
chords alternating with pulsating bass notes. The right hand
is purely monophonic hers, except in the final bars (84-39),
In the middle section. a two-voiced melody in the left hand is
accompanied by pulsating notes in the right hand which
grow into octaves and then into chords with a prominent
inner voice. This passage. which is repeated once (bars 28~
+4, 45-59), provides an opportunity to study the effects on
asynchronies of a shift of the melodic lead 1o the left hand
and of prominence given to inner notes of chords in the right
hand (cf. Palmer. in press). The ransitional section following
the climax (bars 6075 returns melodic dominance 1o the .
right hand. which now has ful] chords in which the melody
shifts back and forth betwesn the top notes and inner notes,
while pulsating eighth notes continue below the melody,
played by the same hand. These shifting emphases make this
piece the most interesting of the three from the perspective of
asynchronies. .

.1. Cutliers

~ In contrast to the Debussy Prelude, this music did not
invite arpeggiation of chords: there were only ten instances
overall. Split chords, on the other hand. were very frequent;
159 instances were excluded as outliers, They were clearly
used for expressive purposes in certain positions in the mu-
sic, and the left hand always led the right. While splits be-
tween soprano and bass notes were rare on the first downbeat
of the first statement of the theme (positions 1-1-1, 20-1-1,
76-1-1; n=4), they were common on the downbeat of the
repeated statement which js preceded by an embellishment
of the soprano melody {positions 5-1-1. 24-1-1, 80-1-1;
n=33). Splits were especially frequent at the beginning of
the embellishment (positions 4-4-1, 23-4-1, 79-4-1; n=41).
P3, P9, and P10 were Particularly prone to splits, though al}
pianists contributed some. The remaining outliers were
mostly late notes (n=45) and a few early notes (n=6), some
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TABLE {II. Average between-performance correlations of asynchronies,

:m P1 :q x::; Pe oveall and for cach hand separately, in Chopin's Prelude in D-fiac major,
. e AHbot All comelations are significant (p<0.001),
LHtoa i LHico
L s Limia All nores Right hand Left hand
vex_ |~ Woot| Pianist (s = T74) (g =304) {Mmay ™470)
Rrmid1 P2 - RHemidt p7 ™ 1 0.76 : 0.63 0.70
RHmia2 -1: Arimicz = )2} 0.64 0.60 0.59
RAkbot AHvot - P3 0.61 0.60 0.60
Lo — LHoo T
md —— Ui e pa 0,60 0.56 0.54
ot —a oee o 3 0.64 0.65 0.61
T hl T T—— T —re— Bs 0.58 0.31 0.59
AHmidt —r——
= A el == L e A A
— —_ m R el P9 0.59 054 " 0.59
Loy 1 iy - - PIO ¢.53 049 ' 0.53
Lioot —— LHbat - K
AHmidy g RHmit -P- ‘ . . ' | g
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_ D-flat majoe,

of which represented thythmic errors: for example. two pia-
nists played the eighth-note octaves in positions 41-4-2 and
57~4-2 consistentlv us sixtesnth notes. - - -

2. Asynchrony distributions

The pianists’ grand average lag times correlated strongly
with those in the Schumann piece (r=0.78, £2<0.01) and in
the Debussy Prelude (r=0.85), as did the standard deviations

(r=0.95 and 0.88, respectively). Again, i_ndivic_iual differ-

ences seemed to be preserved. .

As in the Debussy Prelude, the data wers divided into -

right-hand (within-hand) and left-hand (between-hand) asyn-
chronies. The former were further divided into middle notes
and bottom notes (usually played with the thumb), the latter
into top notes (usually played with the thumb), middle notes,
and bottom notes (usually played with the fifth finger). The
lower notes of the lefi-hand dyads in bars 1-27 and 76-39
were classified as middle notes. The prominent right-hand

middle notes in bars 36~42 and $2-58 (Type 1) were further '

distinguished from the less prominent middle notes in bars
60~75 (Type 2). The individual mean lags and standard de-
viations for these six categories are shown in Fig. 6.

The by now familiar individual differences between
group [ and group II pianists can again be seen, with only
P10 showing no average tendency to lead with the left hand
here, but large stendard deviations instead. Even more
clearly than in the Debussy piece, there is a tendency for
inner notes of chords to lag behind outer notes, in both
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3. Rellabilities

The reliabilities are shown in Table [I1. They are similar
in magnitude to those in the Debussy Preiude. The patterns
of both within-hand (right-hand) and between-hand (left-
hand) asynchronies were replicable to some extent from one

performance to the next.

4. Principal components analysis
Once again, the intercorrelations among the pianists’ av-

“erage asynchrony profiles were uniformly lower than their

individual reliabilities, despite the reduction of noise in the
data through averaging. This was also essentially 7't_ruq__for
each hand separately, though there were a few exceptions,
The PCA, too, brought few surprises. In the overall analysis,
IWo components accounted for 57% of the variance. The

loadings on the rotated components defined group [ and 11, as

~ previously. P6 loaded almost equally highly on the two com-

porents, and P10 had a rather low loading on the group I

component. but an even lower one on the group II compo-
nent. A separate analysis on the lefi-hand (between-hand)

asynchronies yielded a similar resuit, except that now P2 and

P9 loaded almost equally highly on the two components. The

PCA on the right-hand asynchronies yielded a different re-

sult: The first component was defined by P5, P4, P2, P3, P1,

and P9, whereas the second component represented P6, P10,

P7, and P8. This grouping is quite different from that ob-

tained in the Debussy analysis. However, before Varimax

rotation, the first component accounted for $0% of the vari-

ance but the second for only 12%, so that the pattern of
right-hand asynchronies may be considered faicly homoge-

neQus.
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major, The **+'" eutries in the legend indicate additionaf notes in chords having more than three notes in one hand,

3. Asynchrony profiles

The asynchrony profiles of groups ! and II are shown in
Fig. 7. As in Fig. 3. average right-hand asynchronies were
compuced separately for each group. The top panels (up to
bar 27) and the right-hand portions of the bottom panels
(from bar 76 to the end) show sections of the music where
the left hand accompanies a right-hand melody. Once again,
the most striking difference between the pio groups is in the
timing of the left-hand bottom notes, which typically lead by

20~50 ms-in group I, but lag by up to 40 ms in group II.

There are some instances of lagging bottom notes in group I
closer inspection reveals that they all occur betwesn beats
(positions 4-2-2, 8-4-2, 14-1-2, 14-2-2, 15-1-2, 15-2-2, 15-
4-2, 17-1-2, 17-2.2, 79-2-2) or on the fourth beat (positions
5-4-1, 24-4-1, 764-1, 30-4-1), whereas the leading botiom
notes occur on strong beats. The middle and top notes of the
left hand, which nearly always occur as dyads, usually lag
behind the right hand in both groups, with the middle notes
lagging more than the top notes. In some instances the left-
hand dyad occurs without a right-hand melody note, so that

the asynchrony of the middle note was compurted relative to

the top note in the left hand: in some of those instances, the
middle note tended to lead (positions 10-4-1, 14-4-1, 19-3-
1). In the final bars, where the pulsating eighth notes are top
notes in the left hand, they tended to lead the right hand in
group I

In the middle section of the piece, three types of passage
can be distinguished. In the first type (bars 28--34, repeated
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in bars 44-50), left-hand melodic dyads occur below puisat-
ing eighth notes in the right hand. In group [. the left hand
teaded to lead by up to 20 ms. with the melodically more
important top notes leading more than the bowsm notes, In
group II a similar differentiation can be sesn. but the asyn-
chronies hovered around the point of synchrony. Compared
to the strong Jeft-hand lags of group I elsewhere, however,

- there is clear evidence for a temporal advancement of the
. left-hand melody notes, ' : -

The passage of the second type (bars 3543, rcpeaﬁ:d in

bars 51-60) is divided into two haives of 4 bars each, In the

first haif, the dyadic lefi-hand melody is accompanied by
puisating octaves in the right hand that bracket melodic
middle notes an octave above the upper voice of the left
hand, and there is a strong crescende during these bars, In
group I the left-hand leads decreased as the dynamics in-
creased; in group 11, on the other hand, the left hand started
to lag as soon as the right-hand octaves started, and these
lags decreased somewhat with increasing dynamics. Both
groups showed 2 clear tendency for the bottom notes of the
right-hand octaves to lag by up to 20 ms behind the top
notes; this tendency again decreased during the crescendo.
Some of the right-hand middie notes tended to lead in group
L, but not in group II. During the climactic second half, the
left hand has fortissime octaves and the rght-hand middle
notes become dyads, while the pulsating eighth-note octaves
continue. Here group I showed virtual synchrony of all notes,
but group II still showed a very slight lag of the right-hand
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middle and bottom notes and a somewhat greater lag (about
10 ms) of the left-hand bottom notes.

The passage of the third type {bars 60-~75) is the tech-
nically most difficult one and gave rise o many inaccuracies
which are documenred elsewhere (Repp, in press). The asyn-
chronies were correspondingly varjable, Both groups showed
right-hand lags of up to 40 ms, with the middle notes typi-
cally lagging more than the bottom notes, regardless of
whether the pulsating eighth notes are in the middle {bars
60-63 and 68~70) cr at the bottom (bars 64~67 and 71-75).
The left hand was particularly variable hers in both groups,
bat there was the familiar group difference in bottom notes
and occasionally top notes, which tended to lead in group 1
but to lag in group II. A more orderly pattern can be ob-
served in bars 71-75, where there were no left-hand leads in
group I (though the left hand was still in advance of right-
hand middle and bottom notes) and left-hand lags in group IT
were between 20 and 40 ms, simjlar to right-hand middle
notes but later than right-hand bortom notes.

This descriptive analysis shows that asynchronies de-
pend very much on the function the notes subserve, and in-
deed the graphic parerns in Fig. 7 nicely defineats the soruc-
tural sections of the music, The question remains to what
extent these changing patterns were mediated by changing
dynamic relationships.

6. Asynchronies and dynamics

A strong relationship berween asynchronies and dynam-
ics was indeed found once again. Within the right hand, av-
eraged across all ten pianists, the correlation was =0.92, the
highest obtained yer: the slope of the regression line was
— 1.3, and the intercept was 3 ms. Within the left hand. the
correfation was —0.32 for group [ and =0.76 for group II;
the respective slopes were =221 and =1.89—again much
steeper than for the rght hand—and the intercapts were — 35
and =1 ms. Finaily. the betwesn-hand asynchronies and ve-
locities showed correlations of ~0.55 (p<0.001) and —0.82
for the two groups; the slopes were —0.76 and ~0.99, and

the jntercepts were —7 and 9 ms, respectively. The Jower

correlation for group I was due to a distinet swarm of data
points that deviated from the general rend. having negative
lag times where positive lag tmes were predicted by the
regression equation. Of course, these were exactly the notes

that tended to be amticipated by the left hand; the analysis’

merely confirmed that this anticipation was an expressive
strategy and not a comsequence of the refative intensity of
these notes. Elsewhere, however, the asynchronies were 2
likely consequence of the velocity artifact,

IIt. DISCUSSION

The present study complements and extends previous
studies of onset asynchronies in keyboard performance, most
of which employed smaller samples of music or musicians,
Or were representative of earlier performance styles. The 10
{pianists)X 3 (pieces)X3 (renditions) design made possible a
systematic exploration of individual differences, of their con-
sistency across different pieces, and of the reliability of asyn-
chrony patterns across repetitions of the same music. The
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pianists’ technical skill is representative of thar of profes-
sional musicians at the beginning of their career, The main
limitation of this study is that the performances wera re-
corded after only minimal rehearsal and hence were not
“*polished.”” This may have increased uncontrolled variabil-
ity and may also have encouraged systematic between-hand
asynchronies such as observed in the group I pianists. Ney-
ertheless, to emerge under these conditions, such tendencies
must have been latenty present, and it seems uniikely that
they would disappear endrely with practice. On the contrary,
the temporal coordination of fingers and hands in pianists
presumably depends on highly overlearned skills and strate-
gies that are applied automatically in any performance sjtu-
ation, ' ’
The present analyses suggest that systematic variation in
asynchronies is to a large extent a consequence of expressive
dynamic differentiation, ¢specially within each hand—the
velocity artifact. Although the correfation between asyn-
chrony and relative intensity does not prove a causal connec-
tion between these two variables, it sesms plausible that pia-
nists aim for synchrony of finger-key contacts. This is
suggested by the very small intercepts of the regression lines:.
When there is no difference in hammer velocity, there is no
asynchrony either. The general magnitudes of the regression
slopes (1~2 ms per velocity unit) and the larger slopes for
the left hand than the right are also consistent with the ve-
locity artifact (Fig. 1), taking into account that random vari-
ability in the data reduces the slope of a regression line.
There is an apparent discrepancy with the findings of
Palmer (1989, in press). who found no consistent correlation
between lag time and velocity difference, even in the same
Chopin Prelude (Paimer. in press).?! The reasons for this
may lie in the way the correlations were computed: Palmer
averaged across several nonmelodic voices and considered
each pianist separately. whereas here pairs of individual
voicss were compared after averaging across pianists. The
present method reduced random variability more effectively,
and there was also a Jarger number of duta points, It is pos-

' sible, however, that some of Palmer’s more experienced pia-

nists had learned to compensate for the velocity artifact by
striking keys asynchronously. The fact that Palmer measured
key-bed contact rather than hammer impact asynchronies
cannot account for the different findings, as the velocity ar-
tifact should be even more pronounced in the former than in
the latter (Askenfelt and Jansson, 1690},

. Clearly, the temporal relationship between the two
hands is more flexible than thac among fingers of the same
hand. There was only weak evidence for a berween-hand
velocity artifact in the present data, though this could also
have been due to larger random variability in between-hand
than in within-hand asynchronies. The average left-hand lags
of the group I pianists in the present study are consistent
with the velocity artifact. The left-hand leads of group [ pia-
nists, however, obviously constitute an expressive strategy,
whether or not the pianists were conscious of it. One main
finding of the present study is that there are individual dif-
ferences among pianists in their tendency to lead with the
left hand, and that these differences are consistent across
rather different pieces of music. Although the extreme lefi-

Bruno Repp: Piano nota ésynchrdnies 3929



hand leads heard on some historic recordings seem to be 2
thing of the past, a smaller tendency in the same direction
seems [0 be alive and well among today’s young pianists,
The question of handedness is likely to come to mind
here. Stucchi and Viviani {1993) have reported that, in si-
multaneous drawing movements with both hands, the domi-
nant hand tends to lead the nondominant hand by about 25
ms. Could the difference berween groups I and I then have
been due to handedness? This question can be answered con-
‘Bdently in the negatve: All group I pianists considersd
themselves right handed. Among group II pianists, however,
there were two left handers (P5 and P7). Thus there seems to
be no relation between hand dominance and a tendency to

lead with that hand. That tendency must reflect either ag .

unconscious habit or a deliberate strategy (perhaps both) ac-
quired during training. Conversations with several of the
group I pianists suggested that they were aware of their lefi-
hand leads bur seamed to regard them more as a habit than as
a deliberate strategy (cf. foomote 3). How this habit is ac-
quired is presently unknown. The pianists came from differ-
ent conservatories and diverss backgrounds, and six of them
had barely begun their graduarte studies, so that a common
teacher can be ruled out as 2 factor.2

The perceptual and sesthetic effect of left-hand leads
seems to be an accenmation of the delayed melody note,
similar to that conveyed by a grace note or arpeggio. At the
same time, the lower note stands out mors clearly by virtue
of its lead time, and this may reinforce the bass line or har-
mony. The expressive effect of left-hand leads derives
largely from the fact that it runs counter to the velocity arti-
fact (if the right-hand melody is the strongest voice). Al
though small right-hand leads, such as may resuit from the
velocity amifact. may help to enhance the melody (Rasch.
1978), large right-hand leads (>100 ms) are hardly ever ob-
served. The fact that left-hand leads end themselves o ex-
aggeration whereas right-hand [eads do not suggests that
only the former represent an expressive strategy. This strat-
gy comes with a certain risk, for while it may often be
effective Jocally, it can easily sound mannered or sloppy if

applied indiscriminately or too frequently.

Paimer (1989, in press) found that melody leads were

more pronounced in metrically strong than in metrically
weak positions. The present data were not analyzed system-
aticaily with regard 10 metrical effects, in part because of the
heterogeneity of musical events occurring in different metri-
<al positions, which makes it difficult to attribute any effects
to metricai strength alone. In Schemann's “Triumerei,” the
analysis is further complicated by a structural de-emphasis of
downbeats. In that music, there are a number of metrically
weak—~strong, multivoiced harmonic progressions (7-2-2 to
7-3-1, 7-4-2 to 8-1-1, 10-1-2 to 10-2-1, 11-2-2 to 11-3-1,
11-4-2 10 12-1-1, 14-1-2 to 14-2.1, 15-22 to 15-3-1, and
13-4-2 to [6-1-1} in each of which group [ showed an in-
crease in left-hand lead from the first to the second chord,
whereas group [l showed an increase in left-hand lag (see
Fig. 3). These effects may well reflect metrical strength, but
they may also be due o the resolution of a dissonant chord
into a2 more consonant one. In any event, the two groups of
pianists reacted with opposite strategies. Group I also
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marked the beginnings of new phrases with left-hand leads,
whereas group II showed merely their typical left-hand lags,
In the Debussy Prelude, however, a passage was found in
which group I pianists showed greater left-hand leads in 5
metrically weak Yanacrusic) than in 3 metricaily strong posi-
tion. .
Metrical effects (j.e., effects due 1o meuical structuze
alone} should-emerge most clearly in sections of relatively
homogeneous texture. In the Debussy Prelude, one such sec-
tion occurs in bars 24~27, but nejther group of pianists
showed a systematic pawem of asynchronies as a function of
metrical position, In the Chopin Prejud » Palmer (in press)
found for the initial section (bars 1-27) that melody leads
were more pronounced in on-beat than in off-beat positions,
Inspection of the music reveals, however, that opportunities
to observe off-beat asynchronies are lesg frequent than op-
poraunities to observe gn-beat asynchronies, especially in the
second haives of measures, and that thers js 1 systematic .
difference in the left-hand notes between these positions.
“This confounds the comparison. In bars 10, 11, 14, 15, and

17, where several consecutive eighth notes occur in the
- melody, the present group T showed left-hand leads on bears

1'and 3, but left-hand lags in between; this difference may or
may not be metric in origin. Group II showed no clear pat-

- tern., A bewter opportunity 10 observe metrical effects is of-

fered by the middle section, where 3 lefi-hand melody in
quarter-note dyads is pitted against repeated eighth notes in
the right hand (bars 28-39 and 44-.35). However, there was
no trace of a merrical pattern in these sections for either
group of pianists. Thus the present data offer no direct sup-
port for Palmer’s contention that asynchronies vary with
metrical strength: some of the apparently metrical variation
may be due to other factors, such as different dynamic
sirengths of the notes involved (j.e.. the velocity amifact).

In conclusion. the results of the present analyses contirm
that note onset asynchrony is a parameter that can serve
structural and expressive functions. To a considerable extent,
however, its systematic variation seems to be a consequence
of variation in dynamics—the velocity antifact. Only those
asynchronies that run counter to the velocity ‘artifact may
Tepresent a deliberate expressive strategy. Such a strategy
Wwas seen in some young pianists’ tendency to lead with the
left hand, which seems to be modeled on the style of an
earlier generation of pianists.
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IStrictly speaking, there is no such thing as an asynchrony ameng notes
because—contrary to popular usage of the term——notes are Jjust symbols of
musical notation (analogous to letters in weiting), not sounds, They are
simultaneous when they ace in the same merrical posidon (usually aligned
vertically) in the printed score, and successive otharwise,

*Hurmann gives mieasurements in fracdons of cendmeters but does not
mention the playback speed of the piano roll, - .

"Incerestingly, this pianist “reporced that this was a habic acquired quitg

early in life, and one which, in recent years, he hos been trying to modify'*
(Henderson, 1936, p, 299). -

“Vernon (1936) also rised the question of the percepdbility of asynchro-
nies. On the basis of 4 smell experiment wich isolated two-tone chards ke
concluded that trained: musicians can detsot asynchronies smaller than 20
ms. in some cases s small as & ms. These observations were supported by
a more detailed study carried out latey by Rasch (1978), Rasch measured
the detection threshold for a complex tone in quiet, when it as accompa-
nied by a lower-frequency complex tone, and when the onset of that lower

tone was delayed by smail amounts, He found that the threshold for the -

higher tone decreasid by about 10 4B for every 10 ms of lower-tone delay

and reached the quiec threshold at 2 30-ms delay. This suggests that even

very brief asynchronies can enhance the percepdon of the leading tone
substantially, At the same time, a brief asynchirony may be difficult to
perceive as such. Raschcommentsthnc"memnommpﬂcdvedumo

Separare but simuitanecusly occurring sounds” (p. 29), Asynchronies hava

besn empioyed gs a means of enhancing and segreguing individual come

ponenss of complex sounds in many psychoacoustic studies {e.z., Bragman

and Pinker, [978; Darvin and Ciocea, 1992).

*By coincidence, the samne composition was Included in the present study.

*A fourth piece, ““Erotic”™ (No. 5 of the Lyric Pieces, ap, 43) by Edvard
Grieg, was recorded but not analyzed for asynchronies because it contains
a large number of arpeggiated chords thntmthesubjectofnsepmwsmdy
(Repp, subrnitted),

™The score of "“Triumenni™ may be found in Repp (1992, 1994, 1996}, tha
of the Chopin Prefude in Repp (in press),

is appears to have been a limitarion of the scanning mechanisms in the
upright Disklavier: it was discoversd only when the asynchronies were
tbulated and found 10 be quandzed {rounded to the nearest millisecond).

More recent recordings from Disklavier grand pianos have 3 resolution of |

ms or less,

Of course, o asynchrony was obtained for omitted notes, However. when
the highest note in a chord had besn omited {which happened anly rarely).
it was assigned the onset time of the next-lower note. so that the asvn-
chrony of the latter was zero.

"1t should be remembered that the **note onsats™ in & MID file represent
hammer impact times. not kev surface contagt tmes, The solenoids. al-
tough they aperate on the distal parts of the key levers. substitute for the
pianist’s fingers and thus need 1o be timed so 25 to achieve the hammer
impact times specified in the MID} instructions. A similar “transport delay
correction procedure™ (Moog and Rhea, 1990) is in effect on the Bésen-
dorfer 290 SE piano used by Palmer (in press), although MIDI note onsets

. are recorded at the key bed, e

"Although the MIDI velocity scale ranges from § to 127, the range from 30
t 100 almast spans the full dynamic range of the insrument, The precise
refationship between MIDI velocity and (finzl) hammer or key velocity
was not determined, . - .

“An external “*prefay™* function based on Fig. I and writen in MAX (a
srphic programming language for MIDI apptications) resulted in undis-
toried MIDI playback on this instrument.

PFor the sake of consistency in the assignment of voices to hands. both
notes played by the right hand in this chord were assigned to the alto,
whereas the two left-hand notes were assigaed to the tenor, even though
the lower aito note is below the higher tenor note.

"“The S+ data were not subjected to a PCA because of the small number of
data points,

P9 occupied a borderiine position. having 1 moderaie loading on the sec-
ond component as weil,

*No PCA was conducted on asynchronies within the left hand {i.e., between

+ the tenor and bass voices), but the results would probably have differsn.
tizted groups [ and U once again,

""The figure may be rotated clockwise by 90 deg and read vertically, with
real time along the abscissa and score position along the ordinate,

"As mentioned above under **Outliecs,” P9 (group i) always showed a very
substantial lead of the tenor note here. which was not included In the
avemges, :
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¥Given the short time intervals involved and the large variation in expres-
sive timing (sce Repp, 1995b), it is hard to tell whieh nocs in an asynchro-
nous chord is *‘on the beac’” and which is anticipated or delzyed,

Mt should be kept in mind thac the slope of the regression line decranses
with the correlation between two variabies,

*'Palmer employed only the first section of the Prelude where the asynchro-
nies are mainly between hands; this may account for the low correlations.

ZThe only exception are P1 and P$ (both group I pianists) wito had the
same teacher as undergraduatss, : .
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