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Abstract: Digital models of the piano sound have become increas-
ingly realistic, either with deep-layered sample-based solutions or phys-
ical models of the instrument. Now, it becomes crucial for a digital
piano model to provide an expressive response to performance control
parameters. Those are widely carried by the MIDI communication
protocol, which essentially limits performance information to timing
and velocity. While it may suffice for adequately conveying broad traits
of expressive piano performance, finer features like timbral nuances,
achieved through subtle and largely intuitive playing variations, may be
lost. Consequently, digitally reproducing performer-controlled timbral
nuances may be impaired by the limitations of both the MIDI protocol
and the responsiveness of piano-modeling algorithms. This study exam-
ines this potential issue, by comparing the perception and identification
of piano timbre nuances by expert listeners, between audio recordings
and digital simulations of piano performances. For this aim, three
pianists were asked to perform two short pieces with different timbral
intentions (bright, dark, dry, round, and velvety). Audio and MIDI
recordings were made. Digital simulations were created from the MIDI
recordings, with the physical piano-modeling software Pianoteq, and
also with the basic GarageBand sample-based model. Participants
were then asked for a comparative identification of the five timbral
nuances, for each type of audio stimuli (direct recordings and both
digital simulations). The results indicated that expert listeners could
successfully identify the timbral nuances in both the direct audio
recordings and the high-quality physical-model simulations, but not
so much in the coarser, sample-based simulations. Identification rates
also varied between timbral nuances, with the patterns between the
three types of audio stimuli correspondingly varying in range and
spread. These results suggest that the limitations of the MIDI protocol
may not impede the expression of piano timbre nuances, as long as
digital performance simulations involve sufficiently realistic-sounding
and responsive piano models.

1. INTRODUCTION

In classical piano music, the role of the performer is crucial,
for the expressive interpretation can enliven the composed work
and convey emotions to the audience. Accordingly, the art and
technique of piano performance is illustrated by an extensive,
empirical body of knowledge, such as [1, 2]. Meanwhile, the
characteristics of expressive piano performance have also been
studied scientifically, especially with regard to the performance
parameters of timing and dynamics. Indeed, those can be controlled
directly by pianists, and were shown to bear a significant influence
on the perception of emotional expression [3]. Furthermore, these
expressive parameters can be indicated only coarsely on scores
(with traditional notation), which leaves further leeway for a per-
former’s own musical expression [4]. Accordingly, computational
models of expressive piano performance [4] have applied deviations
to the score in terms of timing and dynamics, or in terms of
higher-level concepts (such as ritardando, legato, or voicing) that
are reduced to timing or dynamics. Those deviations are applied
according to hierarchical models of musical structure [5, 6], to
general low-level rules [7], or with machine learning algorithms [8].
Noticeably, most expressive models rely on MIDI files, as data to
be modified by the model and as training sets for machine learning
models. Conversely, the MIDI protocol has also been largely used
for acquiring piano performance data [9], which in turn could be
used for building expressive performance models (in a synthesis-
by-measurement paradigm) and for ‘re-performances’ [10]. The

ubiquitous MIDI communication protocol [11] can indeed convey
musical information about pitch, timing (note-on and note-off ) and
dynamics (note velocity), as well as pedalling.
And MIDI is used for input in nigh all digital models of the piano
as instrument. Many commercially available digital piano software
rely on samples, with increasingly deep layers (different samples for
different velocities for each note) that can provide a more realistic
response (at the cost of ever larger sample libraries). However,
these sample-based solutions are usually oriented toward popular
music production, and the adequacy of their response in rendering
the expressive nuances of classical music performance is debatable
[12]. On the other hand, there has been considerable improvement
in the physical modeling of the acoustic piano, following the
increase in computational power of personal computers. Different
strategies (finite-difference [13], waveguides [14], modal synthesis
[15]) have been employed to model the different parts of the
piano (vibrating strings and soundboard, hammers, etc.) and their
interactions with increasing accuracy. These strategies propose or
simulate approximate solutions to the differential equations that
govern the physical dynamic behaviour of the piano parts with
increasingly higher order of non-linearity.
However realistically the acoustic piano and its sound may be
digitally simulated, it is yet crucial that digital piano models can
convey the expressiveness of a performance, whether the expres-
siveness is digitally modelled or stems from the MIDI recording of
an actual human performance. To this end, digital piano models
must offer a fast and accurate dynamic response to expressive
performance control parameters. In relation to our study is raised
the research question of whether a high-grade digital piano model
can faithfully reproduce the finer expressive subtleties that can be
conveyed through the MIDI protocol.
Nevertheless, with regard to expressiveness in piano performance,
the reliance on MIDI for models and simulations of expressive
piano performance can only remain adequate in so far as one
assumes that all the relevant subtleties of piano performance can
be reduced to timing and dynamics (and pedalling), within the
limits temporal accuracy (on the order of a few milliseconds) and
velocity resolution (7-bit) offered by MIDI [16]. In particular, this
assumption may undermine the role of another musical attribute
that pianists deem essential to expressive performance [17]: tim-
bre. Further than the inherent characteristic of a sound source
or instrument, pianists envision timbre as the subtle tone quality
that can emerge from the expressive nuances of their performances
[18]. The different timbral nuances that are familiar to pianists,
as empirically-defined abstract concepts, are described with an
extensive vocabulary of adjectival descriptors [19, 20], and are used
in piano performance to convey specific expressive intentions [21].
On the other hand, timbre control is closely associated with the
controversial concept of piano touch. In fact, with regard to the
actual sound production, timbre control for a single, isolated note
was shown long ago to only rely on keystroke velocity at the
instant of hammer let-off, thus inseparable from intensity with no
independent influence of touch [22]. However, in a polyphonic,
musical context, piano touch was shown to provide a kinaesthetic
feedback helpful to the expressive control of timbral nuances [23].
In our previous research, a quantitative study of the semantic
similarity between verbal descriptors of piano timbre [24] showed
that the semantic space of timbre descriptors that pianists com-
monly employ could be best represented by a minimal set of five
adjectives: bright, dark, dry, round, and velvety. The production of
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these five different timbral nuances was then shown to involve fine-
grained performance subtleties in terms of touch and articulation
(in addition to more MIDI-suitable subtleties) [25]. Moreover,
a preliminary study revealed that the five timbral nuances could
be reliably identified by pianists, upon listening to performances
guided by these timbral intentions. More precisely, the timbral
nuances appeared to be easily distinguished into four quadrants:
bright, dry, round, and dark/velvety.
Yet it remains undetermined whether the nuances of performance
and touch bear a direct effect on sound production or are only
indirectly involved in helping pianists reach their expressive in-
tentions (which would then be instantiated solely in terms of
polyphonic timing, dynamics and pedalling). This issue brings
forth the following research question: can expressive nuances of
piano timbre be effectively conveyed by the MIDI protocol, with
performance data reduced to note timing, velocity and pedalling, or
is there more (piano touch) to it?
Consequently, digital simulations of expressive piano performances
could be confronted with two potential information bottlenecks in
the rendering of expressive timbral nuances: (1) the reduction of the
complete features of expressive performance to only the parameters
which can be conveyed with the MIDI protocol, and (2) the limits in
the response of digital piano models to such control parameters, in
terms of speed, accuracy and finesse. In the face of these potential
issues, this study thus aims at determining whether the expressive
timbral intentions of pianists in their performances (following
instructions given by the five adjectival descriptors bright, dark, dry,
round, and velvety) can be identified once the performance data is
reduced to MIDI parameters then used as input to audio simulations
by digital piano modeling. For this aim, the identification of piano
timbre nuances by expert pianists listeners is compared between
direct audio recordings of the performances and their corresponding
MIDI-driven digital simulations.

2. METHOD

The design of the perception and identification test of piano timbre
nuances in digital performance simulations vs. audio recordings
took the following steps, within the framework of the larger research
project on piano timbre:

• selection of the timbral nuances to examine, by way of their
verbal descriptors;

• conception of musical pieces to be expressively performed
according to these different timbral nuances;

• audio and performance-data recordings of timbre-coloured
performances by several pianists;

• creation of digital performance simulations based on the
performance-data recordings reduced to MIDI;

• implementation of a graphic user interface for the perception
test;

• and the testing of 19 participant pianists.

2.1. Timbral nuances
Five verbal descriptors were selected: dry, bright, round, velvety
and dark, previously identified as the most salient and representa-
tive in the semantic space of piano timbre description [24]. They
were used first as timbral instructions to performers, then as the
answer choices for participants to the perception test.

2.2. Musical pieces
All five timbral nuances had to be expressed by performers over
the same piece, with equally good fit of each timbral nuance to the
musical material. Consequently, original, short solo piano pieces
were written by local composers, under this timbre-fit constraints.
Two pieces were selected for this study (cf. Fig. 1), as they were
considered the best suited to the expression of each of the five
timbral nuances. They were composed by Ana Dall’Ara-Majek and
Frédéric Chiasson, respectively.

2.3. Performance recordings
Four pianists, all with extensive professional experience and
advanced-level piano performance diploma, were recruited to
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Figure 1: Scores of the two pieces composed and selected for the
study.

perform the pieces. They were first given time to practice in the
days prior to the recording session. The timbral instructions were
provided with only the five adjectival descriptors (dry, bright,
round, velvety, and dark), to which they confirmed their familiarity
as a piano timbre nuance. They were asked to perform each piece
with each of the five timbral nuances, separately. The sequence was
repeated three times. The recording session took place at BRAMS
(International Laboratory for Brain, Music and Sound Research,
Montreal) in a professional recording studio. The performances
were played on a Bösendorfer Model 290 grand piano.
For the audio recording of the performances, two DPA 4011-TL
professional cardioid microphones were used. They were set in
XY type, in a ‘sweet spot’ about 1 m off the open-side ream at
mid-frame, at a height of about 1.20 m (diving toward the far
side of the soundboard). The microphone signals were routed to
a Millenia HV-3D preamp, and were recorded at 44.1 kHz and 24-
bit resolution. Unfortunately, during the recording of one pianist’s
performances, a failure of one of the two microphones occurred,
leaving only monophonic recordings. Those could not be used in
the perception test, but were instead used in the familiarization and
training phase preceding the actual perception test. Ninety recorded
performances thus remained (3 pianists × 2 pieces × 5 timbres
× 3 same-condition repetitions). Out of the three performances
that featured the same pianist, piece and timbral nuance (i.e. the 3
same-condition repetitions), one recording was selected, according
to criteria of performance quality and fidelity to the score, quality
of recording (especially the absence of background noise, such as a
creaking chair or a singing pianist), and consistency and reliability
of timbre expression. In total, 30 audio recordings were thus
selected for the perception test, featuring every combination of the
five timbral nuances, the two pieces and the three performers. Ten
additional recordings of the fourth pianist were likewise selected for
the training phase to the perception test.
In parallel, all performances were recorded with the Bösendorfer
CEUS system [26]: high-sample-rate (500 Hz) tracking of key and
pedal positions and recording of peak hammer velocities, with 8-
bit resolution. These high-accuracy piano performance recordings
were useful for a previous study of the individual fine-grained
performance features involved in expressive timbre production [27].
However, for the purpose of this study, they were used as input to
digital piano models. Thirty high-accuracy CEUS recordings were
thus selected, corresponding to the 30 performances whose audio
recordings were to be used for the perception test.
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2.4. Performance simulations
In order to create digital simulations of the 30 performances from
their CEUS recordings, the data first had to be scaled as a suitable
input for digital piano models, i.e., MIDI. Each CEUS recording
was thus converted and reduced to MIDI-format data. First, the
PianoTouch Matlab toolbox [28] was used to identify the notes
within the streamline of CEUS data, and to extract their relevant
characteristics (key number, onset, offset, hammer velocity). Pedal
use was also retrieved for both the soft and sustain pedals. The
note characteristics were then scaled and converted into MIDI note
information, while the pedals data were scaled and converted into
MIDI control changes. Lastly, the MIDI performance information
was formatted according to MIDI specifications, and output as a
MIDI file.
After careful consideration of different digital piano modeling
solutions, the commercial Pianoteq R© 4.5 software [29] was chosen.
Using a detailed physical model of the piano and its different parts
(hammers, strings and soundboard), Pianoteq indeed indeed allows
for the fine-tuning of numerous physical parameters (including,
but far from limited to, string length, sympathetic resonance,
soundboard impedance, hammer hardness and strike point, piano
tuning, sustain pedal noise, as well as velocity curves and virtual
microphone position).
The ability to control so many physical parameters allowed for the
fine-tuning of the Pianoteq digital piano model, in order to match
as precisely as possible the sound of the Bösendorfer grand piano
that was used for the performances and their audio recordings. The
Pianoteq ‘Grand K1’ digital piano model was thus carefully fine-
tuned, slightly differently for each pianist in order to compensate
for small variations in the piano tuning and in microphone position
between recording sessions (the pianists were recorded on three
different days spanned over three weeks). The same fine-tuned
model was otherwise used for the performances of all pieces
and all timbres by one pianist. Although the fine-tuning of
Pianoteq was essentially conducted empirically, the goodness-of-
fit evaluation was systematically assessed with spectral analyses of
several short sound samples corresponding to specific notes and
chords. Furthermore, great attention was paid in this process of
evaluation to balancing the goodness of fit of the sound response
between timbral nuances. Thirty digital performance simulations,
corresponding to the 30 selected audio recordings, were thus
created. The MIDI files converted from high-accuracy CEUS
performance recordings were used as input to the Pianoteq physical
model of a grand piano. The model was fine-tuned in its physical
parameters to fit the general sound of the piano captured in the audio
recordings, independently of the expressive inflections infused by
the performers. The digital simulations were recorded as 44.1 kHz,
24-bit wav files.
Lastly, another type of digital performance simulations was created,
using the grand piano samples from GarageBand R©. With 23 piano
keys sampled (and pitch-shifted to fill the whole piano register)
and three velocity layers (three samples per key corresponding to
different dynamics, along with different samples for the same keys
played with pedals), this sample-based model was expected to be
of relatively low quality. The 30 MIDI files of the performances to
render were used to create 30 other digital performance simulations,
this time with a low-resolution, sample-based piano model. Those
were included in the experiment in the aim of testing whether the
quality of a digital piano model would matter for the perception of
expressive timbral nuances.
In total, 90 audio stimuli were created: 30 direct audio perfor-
mance recordings, 30 performance simulations created from MIDI-
reduced performance recordings with the Pianoteq physical piano
model, and 30 performance simulations of expected lower quality
created from the same MIDI-reduced performance recordings with
the GarageBand low-resolution sample-based model. Each of these
sets of 30 stimuli corresponded to the performances of two pieces
by three pianists with five different timbral nuances expressed.

2.5. Perception test
Perceptions tests were conducted at CIRMMT (Centre for Inter-
disciplinary Research in Music Media and Technology, Montreal),

in the acoustically treated Critical Listening Lab, on a Mac Pro
computer, with stereo sound output through a RME MADI HDSPe
audio interface on two Bowers & Wilkins 802D speakers.
The Max/MSP graphical user interface used for the test was de-
veloped by Sébastien Bel in collaboration with the first author.
Through the interface, each participant was presented with 18
successive pages, each corresponding to the performances of one
piece by one pianist for one type of recording (direct audio,
Pianoteq simulation, or GarageBand simulation). Each page thus
contained five audio stimuli corresponding to the five different
timbral intentions. The five audio stimuli were represented by
grey disks, unidentified and placed at random. Participants could
choose which stimulus to listen to by moving the mouse over the
corresponding grey disk. As all five sounds played continually in a
loop (with four of them muted in the background), it was possible to
switch seamlessly between stimuli. Participants could also control
the audio playing loop, with pause, stop, start, resume and scrolling
commands. They could thus listen to the audio stimuli in any
manner and order, for as long as deemed necessary.
The main frame of the page also featured the five timbre descriptors
(dry, bright, round, dark, velvety), each written within a static
yellow disk. The task for participants was then to match each
audio stimulus with the most fitting timbre descriptor, by dragging
and dropping the grey disks (audio) onto the yellow disks (timbre
descriptors).
Additionally, participants were asked to rate with a slider their
confidence in assessing correspondence between audio stimuli and
timbre descriptors for the page. An example page of the GUI is
presented in Fig. 2.

Figure 2: Example page of the Max/MSP graphical user interface
used in the piano timbre identification test. The small, darker disks
represent the audio excerpts. Each is to be dragged towards the
timbre descriptor judged the most fitting.

2.6. Participants
Nineteen participants have taken this perception test (age range:
19 to 37; 13 female, 6 male; six Canadian, three American, two
French, two Iranian, two Russian, one Colombian, one Dutch, one
German, one Vietnamese). They were all pianists and either were
professional, had obtained an advanced diploma no more than five
years prior, or were currently pursuing advanced studies in piano
performance. They had followed between 10 and 25 years of piano
performance training.

3. RESULTS

The average timbre identification rates over all participants, per-
formers, pieces and timbres, were, for each type of recording:
0.591 for audio recordings (standard deviation between partici-
pants: 0.164); 0.616 for Pianoteq physical-modeling digital sim-
ulations (S.D. 0.191); and 0.454 for GarageBand low-resolution
sample-based digital simulations (S.D. 0.147). All three timbre
identification rates are highly significantly (p< 10−3) above chance
level (0.2).
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3.1. Factor effects
The Generalized Estimating Equations [30] statistical procedure (a
variant of generalized linear modeling) revealed significant effects
on timbre identification (binary dependent variable) for the within-
subjects factors of Recording type (Wald χ2(2) = 25.92, p < 10−3)
and Timbre (χ2(4) = 57.89, p < 10−3).
Post-hoc pairwise comparisons indicated significant difference be-
tween timbres [dry and bright] vs. [round, dark, and velvety]
(p < 10−3), as well as between round and dark (p = 0.026).
Timbre identification was significantly lower (p < 10−3) for the
GarageBand simulations than for either the audio recordings or the
Pianoteq simulations. However, no significant difference in timbre
identification was found between Pianoteq simulations and audio
recordings (p = 0.447).
The effect of the recording-type×timbre interaction was also found
significant for identification rates (χ2(8) = 31.81, p < 10−3). In
particular, dry and bright timbral nuances were correctly identified
significantly more frequently (p < 10−3) in audio recordings and
Pianoteq simulations than in GarageBand simulations. Timbre
identification rates were higher for Pianoteq simulations than audio
recordings for dry, bright, round, and velvety timbres, as well
as overall, but not for the dark timbre. In all cases though,
the differences are not significant. These interactions, and the
corresponding timbre identification rates, are presented in Fig. 3.
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Figure 3: Timbre identification rate, by timbre and type of
recording/simulation. Error bars: ±2 S.E. between participants.

3.2. Confidence ratings
The ratings of confidence in timbre identification (evaluated for
each of the 18 combinations of recording type × performer ×
piece) were normalized per participant (z-scores). A 3-way repeated
measures ANOVA revealed significant effects of recording type
(F(2,36) = 92.88, p << 10−4), as well as of performer (F(2,36) =
15.46, p < 10−4) and piece (F(1,18) = 16.27, p < 10−3), on the
normalized confidence ratings. In particular, the confidence rat-
ings for GarageBand digital simulations were significantly lower,
pairwise, than for either audio recordings or Pianoteq simulations.
Confidence ratings for the latter two did not significantly differ (cf.
Fig. 4).
However, the correlation between all normalized confidence ratings
and the corresponding timbre identification rates, although signif-
icant, is fairly weak (Spearman’s ρ = 0.24). In other words, the
participants have not been very good at assessing their ability to
correctly identify timbres.

3.3. Confusion matrices
The three timbre-wise confusion matrices, corresponding to audio
recordings, Pianoteq simulations and GarageBand simulations, are
presented in Tab. 1 , Tab. 2 and Tab. 3 (resp.). In addition
to identification rates per timbre (diagonal elements), they also
indicate the patterns of errors made by the participants. Rows
correspond to the timbre nuances expressed in the audio excerpt,
while columns correspond to the participants’ answers. Thus,
the same-row elements outside the diagonal indicate the patterns
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Figure 4: Normalized ratings of confidence in timbre identification,
for each type of recording/simulation (error bars: ±2 S.E. between
participants).

of false negatives, while the same-column elements outside the
diagonal indicate the patterns of false positives.

Table 1: Matrix of confusion between timbral nuances for
audio recordings. Rows: timbres expressed in the performances.
Columns: timbre descriptors chosen by participants. Diagonal
elements: correct identification rates.

Dry Bright Round Dark Velvety
Dry 0.798 0.123 0.044 0.018 0.018

Bright 0.132 0.737 0.079 0.026 0.026
Round 0.026 0.105 0.526 0.149 0.193
Dark 0.000 0.018 0.237 0.439 0.307

Velvety 0.044 0.018 0.114 0.368 0.456

Table 2: Matrix of confusion between timbral nuances for Pianoteq
performance simulations.

Dry Bright Round Dark Velvety
Dry 0.816 0.140 0.035 0.000 0.009

Bright 0.114 0.798 0.061 0.026 0.000
Round 0.018 0.061 0.614 0.149 0.158
Dark 0.018 0.000 0.228 0.386 0.368

Velvety 0.035 0.000 0.061 0.439 0.465

Table 3: Matrix of confusion between timbral nuances for Garage-
Band low-resolution sample-based performance simulations.

Dry Bright Round Dark Velvety
Dry 0.553 0.263 0.105 0.035 0.044

Bright 0.246 0.588 0.088 0.035 0.044
Round 0.096 0.114 0.421 0.167 0.202
Dark 0.035 0.018 0.246 0.351 0.351

Velvety 0.070 0.018 0.140 0.412 0.360

Timbre identification was more accurate, for all timbral nuances
but dark, with Pianoteq simulations than with audio recordings.
Timbre identification rate was always the lowest for GarageBand
sample-based simulations. Timbre-wise, dry and bright timbres
were the most accurately identified in all three cases. The accuracy
in the identification of dry and bright timbres is especially salient,
relative to the other three timbres, in audio recordings and Pianoteq
simulations, whereas the difference is much smaller with sample-
based simulations.
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The patterns of errors are essentially similar for all three types.
Dry and bright timbres, in case of errors, were mostly confused
or misused with each other. Meanwhile, dark and velvety timbres
were highly confused with each other, and to a lesser extent with
round. Round as a descriptor was especially misused for dark-
timbre audio excerpts. Now for some slight differences in error
patterns, the confusion between dark and velvety was a little less
pronounced with the audio recordings. The confusion and misuse
of round (both toward dark/velvety and dry/bright) was also more
frequent with sample-based simulations.

4. DISCUSSION

First, the results suggest that advanced-level pianists are able
to identify mostly correctly the timbral nuances highlighted in
performances of short piano pieces. In particular, the timbre
identification rate for audio recordings is on par with the results
of a previous preliminary study (0.627 identification rate) which
involved more pieces but the same five timbre descriptors [25].
With regard to the different types of audio stimuli, the consistently
lower timbre identification rate for the GarageBand low-resolution
sample-based digital performance simulations was expected. This
result essentially confirms that conveying timbre expression by
digital piano synthesis is non-trivial, and requires a certain amount
of audio fidelity and responsiveness to expressive control parame-
ters for timbral nuances to remain identifiable by expert listeners.
Indeed, the more sophisticated Pianoteq physical piano model,
finely tuned over its many physical instrument parameters (in a
non timbre-specific way) so as to match as closely as possible the
sound of the acoustic piano featured in the audio recordings, was
used to create higher-fidelity digital performance simulations. The
timbre identification rate for those simulations was comparable to
that of the audio recordings, indicating that digital performance
simulations with a sufficiently realistic and responsive digital piano
model are able to convey expressive timbral nuances, even after
reducing the original performance control parameters to MIDI data.
Timbre identification rates were surprisingly even better on average
in Pianoteq performance simulations than in the audio recordings,
although not significantly so. As a possible explanation, the
Pianoteq simulations might present a ‘cleaner’ sound, unaffected by
potential sources of perturbation in sound recording such as extrane-
ous noise, complex reverberation, or microphone response. Timbral
nuances would then possibly become easier to identify. However,
the difference in identification rate between audio recordings and
Pianoteq simulations is slight, and may disappear under a larger
sample size.
Identification rates were also dependent on the timbral nuances.
Dry and bright timbres were highly correctly identified, especially
in audio recordings and Pianoteq simulations. For all three types
of audio stimuli, identification rates of dry and bright were signifi-
cantly higher than for round, dark and velvety. In case of errors, dry
and bright were essentially confused with each other (or, to a much
lesser extent, with round, mostly in sample-based simulations). On
the other hand, dark and velvety timbres were sometimes confused
with round, but essentially showed high confusion between each
other. In fact, we can infer that participants could highly identify
four quadrants of timbral nuances, corresponding to dry, bright,
round, and the association of dark and velvety. With the results for
dark and velvety assimilated (including their confusion with each
other), the identification rates are indeed noticeably improved, at
0.712, 0.764, and 0.575 (resp.) for audio recordings, Pianoteq sim-
ulations and sample-based simulations. The identification patterns
between types of audio stimuli remain unchanged.
Other interesting conclusions may be gained from the effects
of the interactions between types of audio stimuli and timbral
nuances. The observation that Pianoteq simulations showed lower
identifications rates than audio recordings for, and only for, the
dark timbre, might suggest (with all reservations due to non-
significant differences) that Pianoteq simulations were less effective
in reproducing certain acoustical characteristics of the dark timbre
(presumably a predominance of the lower register). Furthermore,
the low-resolution sample-based performance simulations were
most unsuccessful (relative to the other two stimulus types) in

reproducing the dry and bright timbres, possibly due to a lesser
dynamic range or a lack of energy in high frequencies.
Lastly, the confidence ratings present the same average pattern, with
regard to each type of stimulus, as the average timbre identification
rates.

5. CONCLUSION

The results of this study suggest that the timbral intentions of a
pianist in expressive performances can be reproduced in digital
performance simulations, using a sufficiently realistic digital piano
model controlled with MIDI performance information.
The question of what constitutes a ‘sufficiently realistic’ digital
piano model, between the extremes (fine-tuned Pianoteq model
vs. coarse sample-based model) envisioned in this study, should
deserve further inquiry.
Second and foremost, the results of this study indicate that the
control information required for the expression of piano timbre
nuances is essentially, if not only, contained within the MIDI
information: note onset and duration (with an accuracy on the order
of a millisecond), velocity (with 7-bit resolution), and pedalling. As
it was shown that, for the expression of different timbral nuances,
pianists use distinctive subtleties of key depression (attack, release,
touch) [25] that cannot be contained in standard MIDI messages,
the results of this study would suggest that such additional, beyond-
MIDI control information may stem from the ancillary gestures that
can help pianists (by providing kinaesthetic feedback or by working
around physiological constraints) obtain the actual effective playing
nuances, which can be conveyed as MIDI information.
Finally, in light of the conclusions of this study, a computa-
tional model may be designed, relying only on the processing and
modification of MIDI data, to reproduce the performance control
parameters required for the expression of different piano timbre
nuances.
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