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IN A PREVIOUS STUDY , MECHANICAL AND EXPRESSIVE

clarinet performances of Bach’s Suite No. II and Mozart’s
Quintet for Clarinet and Strings were analyzed to determine whether some acoustical correlates of timbre (e.g.,
spectral centroid), timing (intertone onset interval), and
dynamics (root mean square envelope) showed significant differences depending on the expressive intention
of the performer. In the present companion study, we
investigate the effects of these acoustical parameters on
listeners’ preferences. An analysis-by-synthesis approach
was used to transform previously recorded clarinet performances by reducing the expressive deviations from
the spectral centroid, the intertone onset interval and
the acoustical energy. Twenty skilled musicians were
asked to select which version they preferred in a pairedcomparison task. The results of statistical analyses
showed that the removal of the spectral centroid variations resulted in the greatest loss of musical preference.

the notion of interpretation is defined as ‘‘the act of performance with the implication that in this act, the performer’s judgment and personality necessarily have their
share” (Scholes, 1960). Previous studies on musical performance have shown that performers use timing and
intensity variations to play expressively (see Gabrielsson,
1999, for a review). However, less attention has been paid
so far to timbre (see e.g., Juslin & Laukka, 2003, for a
review), the perceptual attribute of sound that was
described by Seashore (1938/1967) as ‘‘the most important aspect of tone,” and which ‘‘introduces the largest
number of problems and variables.” This article is the
second part of a study designed to test whether timbre
variations are linked to the expressive intentions of performers and to the musical preferences of listeners.
Previous analyses of recorded clarinet performances
helped to determine the acoustical correlates of a performer’s expressive variations in timbre, timing and
dynamics (Barthet, Depalle, Kronland-Martinet, &
Ystad, 2010). The perceptual effects of these acoustical
parameters were investigated in the present study in
terms of musical preferences, using an analysis-bysynthesis approach (Risset & Wessel, 1999).
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8eXcpj`j$9p$Jpek_\j`jf]K`dYi\#K`d`e^#Xe[
;peXd`Zj`e<ogi\jj`m\:cXi`e\kG\i]fidXeZ\

The model for musical communication proposed by
Kendall and Carterette (1990) in the context of traditional Western art music describes a musical performance as an act during which a performer transforms
the composer’s notational signals into acoustical signals
that must be decoded by a listener. Whether this act of
performance can be said to constitute an (aesthetic)
interpretation depends on how the performer translates
the musical notations into sounds. As a matter of fact,
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In addition to measuring musical performances, many
authors have focused on modeling musical expressiveness. Detailed historical reviews of models for musical
interpretation have been published by Widmer and Goebl
(2004) and DePoli (2006). The strategies most commonly
used for this purpose are analysis-by-measurement (see
for example, Todd, 1992, 1995; Windsor, Desain, Penel,
& Borkent, 2006), analysis-by-synthesis, and music theory knowledge (see for example, Friberg, 1995), machine
learning (see for example, Goebl, Pampalk, & Widmer,
2004; Tobudic & Widmer, 2003), and combinations of
these methods. Some of these models are predictive and
account for the act of performance at its source, based on
the assumption that interpretation can be described as a
set of generative rules, while others are based on descriptive parameters and account for the effects of interpretation, i.e., the expressive deviations. All of the above
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models focus mainly on timing, dynamics, articulation,
and intonation, whereas timbre has often been neglected.
It seems necessary to model changes of timbre in order
to efficiently simulate expressive performances, especially
in the case of self-sustained instruments such as the clarinet or the violin, with which the sound continues to be
controlled after the onset of a note (Kergomard, 1991).
In their model, Canazza, Rodá, and Orio (1999) and
Canazza, De Poli, Drioli, Rodá, and Vidolin (2004) took
timbre variations into account in addition to the rhythmic and dynamic aspects of musical performance.
K`dYi\#8Dlck`[`d\ej`feXcG\iZ\gklXc
8kki`Ylk\f]:fdgc\oKfe\j

Timbre is by definition the perceptual attribute that
allows one to distinguish tones of equal pitch, loudness,
and duration (ANSI, 1960). According to Handel (1995),
the identification of timbre depends on on our ability to
recognize various physical factors that determine the
acoustic signal produced by musical instruments (called
‘‘source” mode of timbre perception in Hajda, Kendall,
Carterette, & Harshberger, 1997), as well as to analyze the
acoustic properties of sound objects perceived by the ear,
which has traditionally been modelled as a time-evolving
frequency analyser (called ‘‘interpretative” mode of timbre perception in Hajda et al., 1997). Timbre therefore
involves two complementary facets, as it relates to both
the identity and the quality of sound sources. No general
models for timbre have been developed so far. However,
the seminal research by Grey (1977), Wessel (1979),
Krumhansl (1989), Kendall and Carterette (1991) and
McAdams, Winsberg, Donnadieu, De Soete, and
Krimphoff (1995) developed geometrical models for timbre that represent the organization of perceptual distances (the so-called timbre space), measured on the basis
of dissimilarity judgments between tones with equal
pitch, loudness, and perceived durations. Two- to fourdimensional timbre spaces have often been found in dissimilarity studies between various natural or synthetic
tones corresponding to orchestral instruments (Caclin,
McAdams, Smith, & Winsberg, 2005). The main acoustic
correlates of timbre-space dimensions are the attack time
(correlated with the rate of energy increase in a sound,
see Krimphoff, McAdams, & Winsberg, 1994), and the
spectral centroid (the mean of the spectral energy distribution, see Grey & Gordon, 1978). The spectral flux
(measure of the fluctuation of the spectrum over time,
see McAdams et al., 1995), and the spectral irregularity
(an index to the disparities between the harmonic components, see Krimphoff et al., 1994) are examples of other
timbre descriptors that have often been proposed as correlates of timbre space dimensions.

Fek_\Ifc\f]K`dYi\`eDlj`ZXcG\i]fidXeZ\

In Western traditional music—which is the type of music
with which most studies on musical performance have
dealt—the role of timbre seems to be understimated compared to those of rhythm, pitch, and dynamics. This is
notably revealed by the Western traditional notation system that almost omits timbre except in the references to
the instrument (typological aspect of timbre), or in certain musical terms (e.g., dolce, duramente, con brio, legato),
which can refer directly or indirectly to morphological
aspects of timbre (Risset, 1994). It is worth noting that
some highly complex timbre notation systems including
more than one hundred symbols have been developed for
some traditional Chinese and Japanese instruments such
as the Chin, an ancient Chinese seven-string lute (see
Traube, 2004), and the Shakuhachi, a Japanese bamboo
flute. In the music played with these instruments, timbre
therefore seems to be given as much importance as rhythm
or pitch. It was not until the contemporary period and the
new possibilities provided by digital sounds that timbre
was placed at the foreground of Occidental music by composers such as Varèse, who proposed not only to compose
with sounds but to compose the sounds themselves
(Risset, 1994). The lack of notational information relating
to timbre in traditional Western tonal music certainly does
not mean that performers do not use timbre as a parameter to express feelings and emotions, however.
In a previous experiment (Barthet et al., 2010), we
investigated the acoustical parameters accounting for
expressiveness in clarinet playing. To address this issue,
mechanical and expressive performances of excerpts from
the Classical and Baroque repertoire were recorded and
analyzed. Several temporal and spectral parameters were
computed to characterize the acoustical features of the
performer’s interpretations. Statistical analysis of the data
showed significant effects of the expressive intention on
three timbre descriptors adapted to the clarinet (the
attack time [AT], the spectral centroid [SC], and the odd/
even ratio [OER], see Barthet, 2008), the intertone onset
interval (IOI), quantifying the durations of the tones (see
Repp, 1992), and the root mean square envelope (ENV),
characterizing the variations of the acoustical energy.
These results showed that changes in the timbre descriptors (AT, SC, OER), timing descriptor (IOI), and dynamics descriptor (ENV) occurred when the performer played
in a more expressive way. Among the three timbre descriptors of clarinet tones (attack time, spectral centroid, odd/
even ratio) that were analyzed in (Barthet et al., 2010), the
spectral centroid was found to be the main predictor of
the performer’s expressive intentions (among all descriptors, SC was the one that most frequently differentiated
between mechanical and expressive performances).
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FIGURE 1. <ogcfiXk`fef]k_\XZfljk`ZXcZfii\cXk\jf]dlj`ZXc\ogi\jj`m\e\jjYXj\[fek_\XeXcpj`j$Yp$jpek_\j`jXggifXZ_%

We therefore decided to focus on this timbre descriptor
in the present experiments. The variations of acoustical
features characterizing recorded clarinet performances
were modified using signal processing techniques in order
to further assess the effects of these changes on the musical preferences of listeners.
D\k_f[
General Methodology

We developed a general methodology to explore the role
of timbre in musical performance, based on the analysisby-synthesis paradigm (Risset & Wessel, 1999). The
method, which is summarized in Figure 1, comprises
four steps: the extraction of a representation from the
signal (analysis), the transformation of this representation in the frequency domain, the conversion of the
modified representation back to the time domain (synthesis), and the analysis of the perceptual effects induced
by the transformation.
In order to identify the acoustical parameters that contribute most to musical aesthetic judgments, we investigated the effects of reducing the performer’s original
expressive deviations on preferences expressed by listeners in a paired-comparison task.
Stimuli
JFLE;:FIGLJ

Expressive clarinet performances of the Allemande
movement of Bach’s Suite No. II (BWV 1008) and the
Larghetto movement from Mozart’s Quintet for Clarinet
and Strings (KV 581) were recorded in an anechoic

chamber (see Barthet et al., 2010, for further details).
The scores of the excerpts and the sound examples
related to the study are available at: http://www.lma.
cnrs-mrs.fr/~kronland/Interpretation_perceptual. The
first musical phrases in these pieces were selected to generate the stimuli. These excerpts were chosen so that they
would be sufficiently long to have a musical meaning
(a musical phrase), but sufficiently short for a pairedcomparison task (10 to 15 s excerpts; see (Gabrielsson
& Lindstrom, 1985) for a discussion on the stimuli durations in paired comparisons).
8E8CPJ@J$JPEK?<J@JDF;<C

The musical sequences were resynthesized using an additive-based synthesis model. The sound model decomposes an audio signal in to a deterministic part, consisting
of a sum of quasi-sinusoidal components plus a residual
part. A tone s(t) can thus be written as follows:
H

s(t ) 

£ A (t )cos[F (t )]
h

h

r(t )

h 1

(1)

t

Fh (t )  2P

¯ f (T )dT
h

Fh (0)

0

where Ah(t), Hh(t), and fh(t) are the instantaneous amplitude, phase, and frequency, respectively, of the hth among
H sinusoids, Hh(0) is the initial phase, and r(t) is the
residual. This method is particularly suitable for changing the characteristics of the tones related to timbre and
timing, for example, since sounds are reconstructed as a
superposition of partial components, the frequency and
amplitude of which can be individually controlled.
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In addition to their harmonic structure, clarinet tones
contain ancillary noises (for instance breath and key
noises) that also contribute to the identity of the instrument. The latter noises are partly contained in the
residual. The residual was obtained by performing a
time-domain subtraction between the original sequence
and the resynthesized deterministic part with no transformations. Resynthesized sequences were then obtained
by juxtaposing the resynthesized tones. This procedure
gives a high-quality resynthesis of the clarinet performances (cf. sound examples 1 to 3).
KI8EJ=FID8K@FEJ

Recordings of a players’ original performances can be
transformed by appropriately manipulating the control
parameters in the model. In order to assess the perceptual effects of spectral centroid (SC) variations, intertone
onset interval (IOI) deviations, and acoustical energy
(ENV) variations, three transformations were carried
out to independently modify these parameters.
Spectral centroid freezing (T T ). A transformation
acting on the spectral centroid was designed to control
the shape of the tones’ spectral centroids without affecting their acoustical energy. The method used for this
purpose was based on the transformation described by
McAdams, Beauchamp, and Meneguzzi (1999), which
consists in eliminating the spectral flux (measure of the
fluctuation of the spectrum over time), while leaving the
RMS envelope intact. As a matter of fact, the removal of
the spectral flux corresponds to canceling the time-dependent variations in the spectral envelope’s shape, thus
cancelling the spectral centroid variations. As the drastic
elimination of all spectral centroid variations may cause
tones to sound too artificial, the microfluctuations in the
instantaneous amplitudes were preserved by separating
the slow variations in the instantaneous amplitudes
Lh(t), defined as the amplitude variations of frequencies
below 10 Hz, from the fast variations Hh(t), defined as
the amplitude variations of frequencies above 10 Hz. The
modified instantaneous amplitude Ãh(t) of the hth component of a given tone is obtained as follows:
A h (t )  Bh (t )ENV (t )

Bh (t ) 

Ah H h (t )

(2)

£ hH1[ Ah H h (t )]2

where ENV(t) is the RMS envelope of the tone, and Dh(t)
is a term computed to fluctuate around the time-aver–
–
aged amplitude Ah of the hth harmonic. Ah was determined during the sustained part of the tone. Since the

high-frequency fluctuations Hh(t) are small in compari–
son with Ah, the term Dh(t) is almost constant with time.
The shape of the tones’ new instantaneous amplitudes
Ãh(t) is there fore very similar to that of the RMS envelope of the tone ENV(t) with various scale factors. Figure
2 shows the instantaneous amplitudes of a clarinet tone
before and after the transformation. The modified spectral centroid is almost frozen over time, although it varies quickly around the mean value of the initial spectral
centroid calculated during the sustained part of the
tone.
The application of this transformation to one of the
clarinet performances is given, as example, in Figure 3.
The original spectral centroid variations are presented
in Figure 3(a), and the modified ones in Figure 3(b).
Intertone onset interval deviation cancellation (TR). We
designed a transformation for replacing the effective
intertone onset intervals (as played by the performer)
with the nominal IOIs given by the transcription of thescore notations. This was done by applying time-scale
modifications to the instantaneous frequencies and
amplitudes of the tone’s components. These changes
were applied only to the sustained and release portions
of the tones, sparing the original attack, which is known
to be an important attribute of timbre. The time dilation/
contraction coefficient C was computed for each tone as
follows:

A

IOI eff

AT

IOI nom AT

(3)

where IOIeff and IOInom denote the tone’s effective and
nominal IOIs, and AT is the attack time. For each tone,
after the attack, the instantaneous frequencies f˜h(t) and
amplitudes Ãh(t) were transformed as follows:
fh (t )  fh (A t )
A h (t )  Ah (A t )

(4)

Figures 3(c) and 3(d) show the effect of the transformation on the IOI deviation descriptor $IOI. This transformation yields ‘‘mechanical” performances that are exactly
in line with the timing indications given on the score.
Compression of the dynamics (TD). In order to reduce
the variations in the acoustical energy, we used a dynamic
range controller serving as a compressor and limiter (see
Zölzer, 1997). The signal’s input level was determined
via an envelope follower based on peak measurements.
A gain factor was then used to adjust the amplitude of
the input signals. This compressor/limiter was controlled
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Y %KiXej]fid\[@ejkXekXe\flj8dgc`kl[\j

FIGURE 2. KiXej]fidXk`fejf]k_\`ejkXekXe\fljXdgc`kl[\j_Xidfe`Zj(kf. 1X fi`^`eXcZcXi`e\kkfe\$Y X]k\ik_\jg\ZkiXcZ\ekif`[]i\\q`e^%

by the parameters generally used with devices of this
kind, i.e., by the thresholds and slope of the limiter,
the thresholds and slope of the compressor, and the
attack and release times. Although this method is
based on nonlinear processing procedures liable to

cause harmonic distortions, the control parameters of
the dynamic range controller were carefully selected to
prevent the occurrence of any audible changes in the
timbre. The attack and release times were both set at
10 ms. As compression and limiting procedures lead to

MP2803_03.indd 269

1/12/11 6:03:58 PM

This content downloaded from 194.199.99.172 on Fri, 5 Jun 2015 15:47:42 PM
All use subject to JSTOR Terms and Conditions

270

Mathieu Barthet, Philippe Depalle, Richard Kronland-Martinet, & Sølvi Ystad

X Fi`^`eXcJg\ZkiXc:\ekif`[

Y KiXej]fid\[Jg\ZkiXc:\ekif`[

Z Fi`^`eXc@F@;\m`Xk`fej

[ KiXej]fid\[@F@;\m`Xk`fej

\ Fi`^`eXcIDJ<em\cfg\

] KiXej]fid\[IDJ<em\cfg\

FIGURE 3. Fi`^`eXcc\]k Xe[kiXej]fid\[i`^_k \ogi\jj`m\gXkk\iej]fiXZcXi`e\kg\i]fidXeZ\f]k_\DfqXik\oZ\igk%

MP2803_03.indd 270

1/12/11 6:04:01 PM

This content downloaded from 194.199.99.172 on Fri, 5 Jun 2015 15:47:42 PM
All use subject to JSTOR Terms and Conditions

Analysis-By-Synthesis of Timbre, Timing, Dynamics

changes in the signal levels, the loudness of each modified sequence was equalized to a constant value.
Examples of original and transformed RMS envelopes
are given in Figures 3(e) and 3(f), respectively. As was to
be expected, the range of variation of the acoustical
energy is much smaller in the modified version.
To avoid effects of pitch on the preferences of the listeners, the fundamental frequencies of the tones were set
at their mean values computed in the sustained parts, for
each transformation. The instantaneous frequencies
of
–
,
where
the
h
tones’
components
were
therefore
set
at
hf
0
–
f0 denotes the mean fundamental frequency of the tone.
We checked that the frequency changes were only weakly
perceptible in the musical excerpts selected (cf. sound
example 4).
;<J@>EF=K?<JK@DLC@

The three basic transformations (TT, TR, TD) and their
four combinations (TTR, TTD, TRD, TTRD) were applied
to the expressive clarinet performances. As the original
performances were recorded in an anechoic chamber, a
slight reverberation was added to the resynthesized versions to make them sound more natural. The eight stimuli listed in Table 1 therefore were generated for each
musical excerpt. The stimuli associated to the Bach and
Mozart excerpts correspond to the sound examples 5 to
12, and 13 to 20, respectively.
Participants

Given the relatively demanding requirements of the
auditory discrimination task, in which the participants
had to rate the interpretations with various levels of
expression, the experiment was carried out with skilled
musicians (14 males, 6 females; age  19–50 years) as
listeners. Most of the participants were students in musicology practicing various musical instruments such as
clarinet, guitar, piano, violin, etc., who were participating

TABLE 1.  ;\jZi`gk`fef]k_\Jk`dlc`%

Stimuli

Transformation description

M0
MT
MR
MD
MTR
MTD
MRD
MTRD

No transformation
Freezing of the spectral centroid (TT)
Canceling of the IOI deviations (TR)
Compression of the dynamics (TD)
Combination of TT and TR
Combination of TT and TD
Combination of TR and TD
Combination of TT , TR and TD

271

in improvisation workshops at the GRIM (Groupe de
Recherche et d’Improvisations Musicales, Marseille).
Apparatus

The experiment was carried out in an audiometric cabin.
The user interface was implemented in the Matlab environment.1 The sound files were stored on the hard drive
of an Apple iMac G4 computer and delivered to the participants via a STAX SRM-310 headphone system.
Procedure

Participants were asked to select which stimuli they preferred in a paired comparisons task. They first underwent
a training phase in order to become familiar with the task.
In order to assess the influence of the musical excerpt
being used, each participant attended two sessions, one
with the Bach sequences as stimuli, and the other with the
Mozart sequences as stimuli. The order of the two sessions
(denoted ‘Bach’ and ‘Mozart’) was counterbalanced across
participants. At the end of the test, the participants were
asked to complete a questionnaire specifying what criteria
they had used to assess the recordings.
During the experiment, participants listened to several
successive pairs of clarinet performances separated by a
1 s interval. They could listen to each performance as
many times as they wished. At each trial, participants were
asked to indicate which version they preferred. All the possible combinations (28) of the eight stimuli (the three
basic transformations, their four combinations and the
original performance) were presented to each participant.
The within-pair order and the order of the pairs were randomized. Each session lasted approximately 20 minutes.
I\jlckjXe[;`jZljj`fe
Presentation of the Perceptual Data

The responses of each participant m are presented in the
form of a preference matrix Pm. The elements of the preference matrix, denoted Pm(i,j), designate whether stimulus i was preferred to stimulus j. The global preference
matrix P of the sample is defined as the sum of the individual preference matrices Pm.
With each participant, the various performances were
given preference scores Sm(i), depending on the number
of times they were preferred to the others; with each
performance i, this corresponds to summing the preference matrix elements Pm(i,j) across the columns. The
scores range from 0 to 7 (times preferred). The mean
1

http://www.mathworks.com/products/matlab/
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preference scores, denoted S(i), were computed on the
basis of the preference scores Sm(i), associated with the
ratings of the participants.
An alpha level of .05 was used for all statistical tests.
Sample Homogeneity

The degree of agreement among the participants was
computed using the Kendall coefficient of agreement u
for paired comparisons, as described by Siegel and John
Castellan Jr. (1988). This nonparametric measure of
association can be written as follows:
2 £ i s1 £ j s1 C2P (i , j )
N

u

N

N

N

C2 m C2 s

(5)

1

where Ckn denotes the binomial coefficient, Ns is the total
number of stimuli, and Nm is the total number of participants. Here, Ns  8 and Nm  20. When Nm is even, u
1
can range from
to 1, the latter meaning that there is
Nm 1

complete agreement among the participants. Siegel and
John Castellan Jr. (1988) defined an index WT based on u,
which can range from 0 to 1. The statistic u can be taken
to be an estimate for a population parameter N, which
stands for the true degree of agreement in the population.
We tested the null hypothesis (H0 : P  0) that there was
no agreement among the participants against the alternative (H1 : P w 0) that the degree of agreement was greater
than what one would have expected had the paired comparisons been done at random. As the total number of
participants was large (Nm > 6), we used a large-sample
approximation of the sampling distribution, asymptotically distributed as a C2 distribution (df  28). The values
of u and WT calculated with both the Bach and Mozart
excerpts can be found in Table 2. These results show that
the agreement among the participants’ preferences was
significantly higher than chance both with the Bach (u  0.
58, p < .001) and Mozart (u  0.52, p < .001) sequences.
Analyses of Variance (ANOVA)

scores Sm(i) were subjected to a two-way repeated measures analysis of variance (ANOVA). The results of the
ANOVA, which are presented in Table 3, show that the
differences of preference scores between the two excerpts
were not sufficiently large to exclude the possibility that
they might be due to chance. Indeed, the effect of the
musical excerpt on the preference scores was not found
to be significant (the mean values of the preference
scores were identical for both excerpts). The interaction
between the musical excerpt and the transformations
was also not significant, F(7, 133) 1.05, p  .40.
Conversely, the effect of the transformations on the preference scores was highly significant, F(7, 133)  118.99,
p < .001. In order to compare the between-transformation effects, multiple comparison tests (Tukey Honestly
Significant Difference tests) were conducted for each
excerpt. This procedure determined the significant differences existing between the mean preference scores in
each 2 by 2 combination between the various transformations. The results of the multiple comparison procedure are presented in Tables 4 and 5. The preference
scores associated with the various performances are
described by the box-and-whisker diagrams shown in
Figure 4.
For both the Bach and Mozart excerpts, the version
M0 was the most frequently preferred rendering (see
Figure 4). This is not surprising, since the expressive
deviations associated with timbre, timing, and dynamics
had not been removed from this version. It is also not
surprising that the performance MTRD to which the three
basic transformations were applied was the least preferred on average.
The removal of the IOI deviations (TR) was the transformation that resulted on average in the least loss of
musical preference in the case of both excerpts (see Figure 4). The fact that the IOI deviations’ removal had
minor effects on the musical preferences does not mean
that the IOI deviations are not an important feature of
preference, but means that their effect was weak compared to that of the acoustical energy and the spectral
centroid variations for these excerpts.

In order to assess the influences of the musical excerpts
(two modalities) and the transformations (eight modalities) on the participants’ preferences, the preference

TABLE 3.  I\jlckj f] k_\ Knf$NXp I\g\Xk\[ D\Xjli\j 8eXcpj`j f]
MXi`XeZ\f]k_\Gi\]\i\eZ\JZfi\j%

TABLE 2.  :f\]]`Z`\ekjf]8^i\\d\ek8dfe^k_\GXik`Z`gXekjXkk_\

Excerpt
Transformation
Excerpt r Transformation
Error

Ê9XZ_ËXe[ÊDfqXikËJ\jj`fej%

Session

df

Bach
Mozart

28
28

0.58
0.52

u

Wt

X2

(p < .001)
(p < .001)

.60
.54

338.20
303.80

Source

df

F

p

1
7
7
133

0
118.99***
1.05
(1.11)

1.00
< .001
.40

Note. The result enclosed in parentheses represent the mean square error.
*p < .05, **p < .01, ***p < .001
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TABLE 4.  I\jlckjf]k_\Dlck`gc\:fdgXi`jfeGifZ\[li\N`k_`ek_\Ê9XZ_ËJ\jj`fe%

M0
MT
MR
MD
MTR
MTD
MRD

M0

MT

MR

MD

MTR

MTD

MRD

MTRD

—

13.21***
—

3.60 (p  .18)
9.61***
—

6.61***
6.61***
3.00 (p  .40)
—

15.82***
2.60 (p  .59)
12.21***
9.21***
—

22.62***
9.41***
19.02***
16.02***
6.81***
—

8.81***
4.41*
5.21**
2.20 (p  .78)
7.01***
13.82***
—

22.22***
9.01***
18.62***
15.62***
6.41***
0.40 (p  1)
13.41***

Note. The table presents the results of the pairwise multiple comparison procedure associated to the eight transformations (Tukey HSD tests). The values of the studentized
range statistic q are reported; *p < .05, **p < .01, ***p < .001.

However, it is worth noting that the differences of
preference between the sequence MR, without the IOI
deviations, and the expressive sequence M0 were not
significant for both excerpts (see Tables 4 and 5),
although significant effects of the performer’s expressive
intentions on the IOI deviations’ descriptor were found
for both excerpts in our companion study (Barthet et
al., 2010). Hence, even if the IOI deviations showed significant differences from the acoustical point of view,
the differences might have been too subtle to significantly alter the preferences of the listeners (cf. sound
examples 7 and 15). This finding proves the interest of
an analysis-by-synthesis approach to investigate the perceptual effects of specific acoustical features. In the case
of the Bach excerpt, the fact that the IOI deviations had
minor effects on preference is probably due to the style
of the musical piece, which is an instrumental dance.
Listeners might therefore expect the excerpt to be played
with smaller IOI deviations from nominal durations
(i.e., in a ‘‘mechanical” way). In the case of the Mozart
excerpt, the fact that the removal of the IOI deviations
had little effect on the listeners’ preferences is more surprising, as timing deviations are more likely to occur in
slow tempo movements (Larghetto in this case). However, the variance of the preference scores attributed to

MR was greater with the Mozart excerpt than with the
Bach excerpt.
After the removal of the IOI deviations, the compression of the dynamics was the transformation that had
the least effect on the musical preference. However, the
differences between MD and the reference M0 were significant with both excerpts (see Tables 4 and 5).
At both sessions, the performances that were processed
by freezing the spectral centroid (MT, MTD, MTR, MTRD)
were consistently the least preferred (see Figure 4). As
shown in Tables 4 and 5, these versions showed the most
significant differences with the reference version M0.
The spectral centroid freezing procedure therefore
resulted in a greater loss of musical preference than the
removal of the IOI deviations, or the compression of
the dynamics. It is worth noting that removal of the
spectral centroid variations had more degrading effects
than the removal of the IOI deviation and the dynamic
transformations combined (cf. score of MT versus the
one of MRD).
Hierarchical Cluster Analysis (HCA)

In order to determine which performances showed systematic similarities or differences in terms of musical

TABLE 5.  I\jlckjf]k_\Dlck`gc\:fdgXi`jfeGifZ\[li\N`k_`ek_\ÊDfqXikËJ\jj`fe%

M0
MT
MR
MD
MTR
MTD
MRD

M0

MT

MR

MD

MTR

MTD

MRD

MTRD

—

14.62***
—

1.40 (p  .98)
13.21***
—

6.81***
7.81***
5.41**
—

13.61***
1.00 (p  
12.21***
6.81***
—

21.02***
6.41***
19.62***
14.22***
7.41***
—

7.21***
5.37**
6.01***
0.60 (p  
6.21***
13.61***
—

20.02***
5.41**
18.62***
***
6.41***
1.00 (p  1)
12.61***

Note. Legend: see Table 4.

MP2803_03.indd 273

1/12/11 6:04:02 PM

This content downloaded from 194.199.99.172 on Fri, 5 Jun 2015 15:47:42 PM
All use subject to JSTOR Terms and Conditions

X Ê9XZ_ËJ\jj`fe
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FIGURE 4. 9foXe[n_`jb\igcfkjf]k_\c`jk\e\ijËgi\]\i\eZ\jZfi\jXkk_\Ê9XZ_Ëj\jj`feX Xe[k_\ÊDfqXikËj\jj`feY %K_\mXi`fljj\hl\eZ\jXi\
XiiXe^\[]ifdc\]kkfi`^_k`e[\Zi\Xj`e^fi[\i#YXj\[fek_\d\[`XemXcl\jf]k_\jZfi\j%K_\c`e\j`ek_\YfoXi\Xkk_\cfn\ihlXik`c\#d\[`Xe#Xe[
lgg\ihlXik`c\mXcl\j%K_\n_`jb\ijj_fnk_\iXe^\f]k_\i\jkf]k_\[XkX%K_\`ic\e^k_jnXj(%,k`d\jk_\`ek\ihlXik`c\iXe^\%Flkc`\ijXi\i\gi\j\ek\[
YpZifjj\j%K_\efkZ_\jfek_\Yfo^`m\XifYljk\jk`dXk\f]k_\leZ\ikX`ekpf]k_\d\[`Xej%Efk\k_Xkk_\eldY\if]k`d\j\XZ_j\hl\eZ\nXjgi\]\ii\[
iXe^\[e\Z\jjXi`cpY\kn\\e'Xe[.%

preference, the mean preference scores associated to the
performances were analyzed using a hierarchical cluster
analysis (HCA). Between-performance distances were
obtained by computing the Euclidean distances between
the mean preference scores S(i). Two different hierarchical clustering methods of the performances were tested:
(1) the complete linkage, which is based on the furthest
distance between the elements of each cluster, and (2)
the Ward linkage, which is based on the increase in variance for the clusters being merged (see e.g., Dillon &
Goldstein, 1984). Both methods returned similar hierachical cluster trees (dendrograms). As shown in Figure
5, which presents the dendrograms obtained with the
complete linkage method, the two main clusters associated to the ‘Bach’ and ‘Mozart’ sessions were identical.
One of them contains all the performances that underwent the spectral centroid freezing transformation (MT,
MTD, MTR, MTRD), and the other contains the remaining
performances (M0, MR, MD, MRD). These results show
that the spectral centroid freezing transformation
induced a drastic change of musical preference relative
to the intertone onset interval deviation cancellation
and/or the compression of the dynamics. They also show
that the preference scores of the performances MR, MD,
and MRD were systematically closer to the score of the
reference M0, in comparison to the scores of the performances that underwent the timbre transformation.

>\e\iXc;`jZljj`fe

The results showed that the preferences of the participants depended on which acoustical parameters had
been modified (spectral centroid and/or intertone onset
interval and/or RMS envelope). The preference scores of
sequences submitted to multiple transformations were
lower or, at best, equal to the score of the basic constituent transformation that was the least preferred. For
instance, the score obtained by the sequence MRD, for
which both the IOI deviations and the dynamics were
modified, was lower to that obtained by the sequence
MD, which was less preferred than the sequence MR.
No significant effect of the musical excerpt on the
preferences was observed. Among the seven transformations, the greatest effects observed were those caused by
the freezing of the spectral centroid. This transformation results in a greater loss of preference than the one
caused by removal of the IOI deviations or dynamic
compression or these two transformations combined.
McAdams et al. (1999) investigated subjects’ ability to
discriminate between various isolated instrumental
tones in which spectrotemporal simplifications had
been made. Among these simplifications, the freezing
of the spectral centroid (induced by the spectral flux
freezing process) was found to be most easily discriminated by the listeners. This effect was less marked,
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Y ÊDfqXikËJ\jj`fe

FIGURE 5. ;\e[if^iXdi\gi\j\ekXk`fejf]k_\?`\iXiZ_`ZXc:cljk\i8eXcpj`jf]k_\Y\kn\\e$g\i]fidXeZ\[`jkXeZ\jZfdgc\k\c`ebX^\d\k_f[ #]fi
k_\\oZ\igkj]ifd9XZ_X Xe[DfqXikY %

however, with clarinet and oboe tones since their spectra generally undergo much less spectral flux than most
other instruments, namely the brass instruments (Grey,
1977). The strong influence of the removal of spectral
centroid variations may be due to the fact that this
descriptor is correlated to one of the main timbre
dimensions (Grey, 1977; Krumhansl, 1989; McAdams et
al., 1995). Although analysis/synthesis techniques allow
the control of the spectral centroid independently from
other sound dimensions (such as the acoustical energy,
in particular), this process is not necessarily acceptable
regarding the timbral identity of instrumental tones.
However, the participants never preferred the versions
in which both the spectral centroid and the acoustical
energy variations had been transformed. The spectral
centroid freezing probably alters the original timbre of
the instrument so that it becomes unnatural, or at least
different. In this case, the transformation would do
more than simply remove the expressive deviations of
timbre, since it would change the nature of the instrument. It should be noted that the participants did not
report that they had relied on timbre identity changes.
Most of them showed a preference for performances
with ‘‘lively” rather than ‘‘static” tones, which refers
directly to the presence or absence of variations in the
intensity and/or timbre during the tones. The clarinetist
who had played the performances perceived that the
transformed sequences were different from his original
performances but still thought they were played with a
clarinet. Among the possible causal explanations for the

differences, he suggested, for instance, that the instrument might have been poorly controlled by the player
(e.g., students who move their mouthpiece), or that it
might have been in poor condition (e.g., an old reed),
resulting in a general lack of homogeneity in the interpretation. Abeles (1973) developed a clarinet performance adjudication scale and observed that the timbre
of the tones was one of the most important factors used
by music teachers to rate clarinet performances. It is
therefore not so surprising that the present participants
based their assessments mainly on the timbre of the
clarinet tones.
In these experiments, the intricate process of interpretation was reduced to a simple linear, additive model (SC
variations +/– IOI deviations +/– energy variations). This
is a first step towards reaching a better understanding of
the influence of the temporal and spectral parameters
related to timbre, timing, and intensity. However, these
parameters may interact at the level of both performers
(in the sound production process) and listeners (in the
decoding of the musical signals). For instance, when listening to his own performance of the excerpt from
Mozart’s Larghetto, the clarinetist was convinced that he
had deliberately lengthened one of the tones in the
sequence, causing the following one to be late. However,
the analysis showed that the onset of the second tone was
perfectly on the beat. The decrescendo in the first of these
two tones, which was associated with a concomitant
decrease in brightness, may have induced this feeling of
ritardando.
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JlddXipXe[:feZclj`fej

This study focused on the perceptual effects of variations in acoustical correlates of timbre, timing, and
dynamics on musical preference. To address this issue,
an experimental method based on the analysis-by-synthesis approach was developed, which consisted of
transforming the expressive content of recorded clarinet performances and assessing the effects of these
changes on listeners’ musical preferences. Seven transformations were designed to remove or compress the
variations in the spectral centroid (a timbre parameter), intertone onset interval (a timing parameter), and
acoustical energy, either separately or in various combinations. The statistical analyses carried out on the
listeners’ aesthetic judgments showed that the spectral
centroid freezing transformation most significantly
decreased the musical preference of the performances.
This finding seems to be due to the fact that this transformation altered the original timbre of the clarinet
tones (the identity of the instrument), as well as drastically affecting the time-evolving spectral shapes, causing the tones to be static and unlively (the quality of
the sound).
These results confirmed that the performer’s choices
of timbre, timing, and dynamics variables (see the companion article by Barthet et al., 2010) affect the listener’s
perception of the musical preference. The variations in
the spectral centroid during tone production seem to
be an important feature of preference in the musical
message transmitted from performers to listeners.
Indeed, in another study, we established that controlling
the time-evolving spectral centroid of tones improved

the preference of sampler-based generated sequences
(Barthet, Kronland-Martinet, & Ystad, 2008).
These findings suggest that it might be worth developing a general set of rules related to timbre, as previous
authors have done in the case of temporal and intensity
deviations (see e.g., De Poli, 2006; Mathews, Friberg,
Bennett, Sapp, & Sundberg, 2003; Widmer & Goebl,
2004). By taking the variations in the acoustical parameters associated with timbre into account in computational models of music performance, it might then be
possible to improve the automatic rendering of musical
pieces by computers.
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