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ACOUSTICALCORRELATEF TIMBRE AND EXPRESSIVENESS
IN CLARINET PERFORMANCE

MATHIEU BARTHET, PHILIPPE DEPALLE asynchronization) and dynamics (see e.g., Kendall &
RicHARD KRONLAND-MARTINET, AND S1VvI YSTAD Carterette, 1990; Repp, 1992; Todd, 1992), intonation,
CNRS Laboratoire de MZcanique et dDAcoustique, phrasing, and articulation (see e.g., Gabrielsson &
Marseille, France Lindstrom, 1995), less attention has been paid so far to
timbre (see Juslin & Laukka, 2003, for a review). Here we
THIS STUDY DEALSWITH THE ACOUSTICALFACTORS  present the first part of a study on the role of timbre in the
liable to account for expressiveness in clarinet perfomusical message transmitted from performers to listen
mances. Mechanical and expressive performances @fs. For this purpose, mechanical and expressive clarinet
excerpts from Bach8site No. lland MozartG3uintet ~ performances were recorded and analyzed in order to
for Clarinet and Stringgere recorded. Timbre, timing, determine which (if any) acoustical correlates of timbre
dynamics, and pitch descriptors were extracted from thehange when a performer plays more expressively.
recorded performances. The data were processed using
a two-way analysis of variance, where the musicianOs K_\ Efk fe f] <ogi\jj m\ ;\m Xk fej
expressive intentions and the note factors were defined
as the independent variables. In both musical excerpt8arly studies carried out around 1930 by C. E. SeashoreOs
a strong effect of the expressive intention was observgeup at lowa University led to the conjecture that OOthe
on the timbre (attack time, spectral centroid, odd/everartistic expression of feeling in music consists in aes
ratio), timing (intertone onset intervals) and dynamicsthetic deviation from the regularNfrom pure tone, true
(root mean square envelope) descriptors. The change#ch, even dynamics, metronomic time, rigid rhythms,
in the timbre descriptors were found to depend on theetc.O (Seashore, 1967). This suggests that expressiveness
position of the notes in the musical phrases. These resuitsmusic can be characterized by measuring acoustical
suggest that timbre, as well as timing and dynamideatures of the musical instrumentOs tones related to
variations, may mediate expressiveness in the musidahe, energy, frequency, and/or the performerQs instru
messages transmitted from performers to listeners. mental gestures. In line with these early studies, artistic
Received September 11, 2008, accepted March 14, 2§f8fe$5i°” has often been approached by measuring the
eviations of time and frequency parameters with respect
Key words:timbre, timing, dynamics, musical to fixed and regular values corresponding to a strictly
interpretation, expressive clarinet performance OOmechanicalO rendering of the score (Gabrielsson, 1998;
Seashore, 1967).

K_\ D\Xjli\d\ek f] DIj*ZXc G\i]fidXeZz\
8Zfljk zZXc :fiileXk\j f] K dYi\ Xe]
<ogiljj'm\e\jj "e :cXi“e\k G\i]fid X ®&tailed reviews of studies taking a psychological
approach to the measurement of musical performance
Since the beginning of the twentieth century, the authorkave been published by Gabrielsson (1998) and Palmer
of studies on musical performance have attempted t1997). Repp (1992) investigated the timing differences
analyze, understand, and model the processes underlyiagd commonalities between several famous pianistsO
the act of musical interpretation, namely OOthe act of gaterpretations of SchumannO3rSumereiSiatistical
formance with the implication that in this act the per analyses of the intertone onset intervals (I0ls) showed
formerOs judgment and personality necessarily have thidie existence of recurrent patterns, such as the ritardandi
shareO (Scholes, 1960). Although many studies hasteserved at the end of musical phrases, corresponding
focused on timing (e.g., note durations, tempo, chordo Ohow most pianists transmit musical structure and
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136 Mathieu Barthet, Philippe Depalle, Richard Kronland-Martinet, & S¢ lvi Ystad

expression through timing variations,0 as well as othare due to the performersO control gestures. A description
patterns reflecting the individuality and eccentricity ofof timbre cannot therefore be limited to the typological
some performers, such as Vladimir Horrowitz and Alfredaspects mentioned above but should also include the
Cortot, in particular. In a study on the interpretation of morphological aspects. Timbre can therefore be regarded
a Mozart piano sonata, Palmer (1996) established thas an elementary perceptual property of sound that can
expert pianists consistently repeated the same prosodiary in a single instrument with time. This two-fold
timing and intensity patterns. These results tend to proveature of timbre (identity/quality) can be explained in
that timing and dynamic deviations are not random, butterms of cognitive categorizationOs theories: musical
are linked to musiciansO expressive intentions. Note thaiunds can be categorized either in terms of the sources
the observations from Repp (1992) and Palmer (1997yom which they are generated, or simply as sounds, in
may be related to the fact that the piano is impoverisherms of the properties that characterize them (Castellengo
in terms of its ability to manipulate timbre and thatper & Dubois, 2005; Handel, 1995).
formers naturally use the degrees of freedom at their
disposal in a performance, namely timing and dynamics K_\ K'dYi\ ;\jzi gkfijl K_\ 8Zfljk*ZXc
(however, due to the sympathetic resonances of the fiile Xk\j f] K dVYi\
strings, the piano allows to perform subtle timbre mod
ifications by varying the playing technique). In the cas&lany studies on timbre have consisted of quantifying its
of timbre, based on their analysis of spectrograms -of seacoustical correlates, which are also knowtinalsre
eral interpretations of an aria by Ver@Rarmi veder le descriptor&ee Hajda, Kendall, Carterette, & Harshberger,
lagrimen the piec®Rigoletthy@3dermayr and Deutsch  1997; McAdams, 1994, for detailed historical reviews).
(1993) noted that one of the singers applied a subtl€éhe methods used to address this issue are mostly based
change of timbre to a vowel for expressive effect. The pres multidimensional scaling (MDS) techniques, with
ent study focuses on whether changes of timbre of thighich various timbres can be mapped in a low-dimen
kind occur arbitrarily or whether, on the contrary, they sional space (the so-calléhbre spag¢ewhere the rela
are dictated by the performerOs expressive intentions. tive positions reflect the degree of perceived proximity.
The structure of the perceptual representation of timbre
Fe k_\ ;\]"e k™ fe f] K'dVYi\ is sensitive to the choice and number of stimuli used in
these studies. However, the differences in timbre between
Back in 1938, Seashore (1967) was already convinaahestral instruments® tones are usually modeled in a
that timbre contributes importantly to musical aesthet three-dimensional perceptual space (see e.g., Grey, 1977,
ics, but no appropriate means of measurement werendall & Carterette, 1991; Krumhansl|, 1989; McAdams,
available for examining this parameter more closely: OGWasberg, Donnadieu, De Soete, & Krimphoff, 1995;
should here recognize that timbre as a fourth attributéVessel, 1979). The dimensions of this space are generally
of tone is by far the most important aspect of tone andvell correlated with descriptors based on the temporal
introduces the largest number of problems and-vari(e.g., attack time), spectral (e.g., spectral centroid) and
ables.O More than seventy years later, there still existsspectro-temporal (e.g., spectral flux) aspects of sounds
widely accepted definition of timbre on which research(see Krimphoff, McAdams, & Winsberg, 1994, for the
ers can base general models. In the psychoacoustidafinitions of these descriptors).
context, timbre is defined as the attribute of the auditory

sensation that allows to distinguish different sounds D\k_fJ
equal in pitch, loudness, and duration, depending on
some of their temporal and spectral characteristics (ANSI, Procedure

1960). Timbre is hence closely related to the identity of

the sound source. However, as remarked by Schaefféfe focused here on a monodic instrument, the clarinet,
(1966), this facet of timbre is paradoxical: how can wbecause its mechanical and acoustic properties make it
speak of an instrumentOs timbre when each of its tornsssible for the player to control the timbre very closely
also possesses a specific timbre? In his descriptionvdtfile playing. Indeed, in clarinet-like systems, the self-
timbre, Schaeffer combines the causal invariants thatustained oscillations are due to the coupling between
may be partly responsible for the instrumentOs identithe exciter and the resonator, which is maintained-prac
(e.g., the hammered strings in the case of the piandjcally throughout the duration of the sound. In order to
with the sources of variations, some of which are linketest whether timbre plays an expressive role, we developed
to the instrumentOs register (e.g., the low registers arenethod with which performances played with different
generally richer than the high registers), and others thaxpressive intentions can be compared. Contrary to what
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Lourd et expressif
04

(a) Bach

(b) Mozart

FIGURE 1. JZfi\j f] k_\ 9XZ_ X Xe[ DfgXik Y dlj*ZXc \oz\igkj%

occurs with pitch and rhythm, which can be comparedSuite No. I(BWV 1008). Note that this Suite was written
with the composerQs indications on the score, it is diffoy Bach for the cello. An adaptation for the clarinet by
cult to define a control level in the case of timbre. In thitJ. DelZcluse was used here by the performer. The musi
study, mechanical or inexpressive performances wepal phrase is in quadruple time and is played in the low
used as a reference against which deviations in acoustiesl register of the clarinet, tblealumeauA ritardando

correlates of timbre are quantified. is indicated at the end of the phrase. The clarinetist was
asked to repeat the phrase 20 times with two different
Sound Corpus levels of expression. The first level corresponded to a

mechanical or inexpressive rendering (keeping strictly
Musical excerpts were recorded with the same profe$o the indications on the score), whereas the second level
sional clarinet player during two different recording sescorresponded to an expressive interpretation. A reference
sions. The scores and a description of the musical excerfgsnpo of 48 bpm was chosen by the performer. During
are shown in Figure 1 and Table 1, respectively. Soutide mechanical performances, the metronome beats
examples are available http://www.Ima.cnrs-mrs. were delivered to the performer via earphones. During
fr/~kronland/Interpretation_acoustida the expressive performances, the reference tempo was
BachOs Allemandée first musical excerpt was the given only just before the recordings, and was then
opening phrase from th&llemandenovement of BachOs turned off.

TABLE 1. ;\jZi‘gk'fe f] k_\ Jfle[ :figlj%

Musical excerpt AllemandeNBachOs Suite LarghettoNMozartOs Quintet
Duration (bars/notes) 1.8 bars (27 notes, N1 to N27) 17 bars (75 notes, N1 to N75)
No. of phrases 1 4

No. of mechanical performances 20 (P1 to P20) 2 (P1to P2)

No. of expressive performances 20 (P21 to P40) 4 (P3to P6)
Reference tempo (bpm) 48 44
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138 Mathieu Barthet, Philippe Depalle, Richard Kronland-Martinet, & S¢ lvi Ystad

MozartOs Larghetfhe second musical excerpt wasFurther details about this procedure are given in (Barthet,
the first 17 bars of thHearghettanovement of MozartOs Kronland-Martinet, & Ystad, 2006).
Quintet for Clarinet and Strin@sV 581). This piece,
written for the middle register of the clarinet, tiar
ino, is in triple time. Théarghettanovement was cho

sen because it seemed likely that a slow movemepf s next step consists of using acoustical analysis tech

V\IIOltjl(j”?rotpagly g'\rﬁ th? pgrfor_lr_rr]]er rlno_re ttl_mte to modk niques to extract temporal, timbre, dynamics, and pitch
ulate the imbre whiie piaying. The clarinetist was as erescriptors from the recorded performances.

to give two performances in a mechanical way and fou

in an expressive way, at the self-selected reference tempm cirsc <31 @ KFJ

of 44 bpm. Intertone onset interval deviat{d®Ol). The duration
Recording®\ll the recordings were carried out in an of tones, which is classically quantified in terms of the

anechoic chamber to prevent any room reflections fronintertone onset interval (101) (Repp, 1992), is used by

affecting the sound. As timbre is known to be influencegerformers as a means of expression (Palmer, 1996). In

by the characteristics of the recording equipment andrder to characterize the local changes of tempo during

the settings, two different types of microphones and set performance, we computed the 101 deviation descrip

ting positions were used. The first was a system of-micrtor #0lI, defined as the difference between the measured

phones attached to the body and the bell of the instrumen©ls (called the effective I0Is) and the 10ls obtained by

(SD Systems LCM 82 for Clarinet). The second wasdirectly transcribing the notations on the score (called

Neumann KM 183 omnidirectional microphone, placedthe nominal 10Is):

approximately 1.5 m from the instrument, at right angles

to its body. The recordings of the Bach excerpt obtained IO1$ 101, 101, 1)

with the SD Systems microphones were used for further ] )

analyses, as they were judged to reproduce more acherelOl 4 a.ndIOInom are the effective and nominal

rately the timbre of the instrument played in the lower!OlS, respectively.

register ¢halumea)y in comparison to the recordings Tempo (TEMPO)The mean tempo of a performance,
obtained with the Neumann microphone, which pre genoted TEMPO, was defined as the ratio between the

sented too much bass components. Conversely, thgtal number of beats in the musical excerpt and the sum
recordings obtained with the Neumann microphonegf the effective I1OIs.

were selected in the case of the Mozart sequence because

they were judged to be more faithful to the timbre of thek mai < ;<31 @ kF3

instrument in theclarinoregister than those obtained In a previous study, we observed that the perceptual
with the SD Systems microphones, which were vergissimilarities between synthesized clarinet tones could
bright and short of bass components. Note that the usee represented accurately in a three-dimensional timbre
of different microphones for the Bach and Mozartspace (Barthet, Guillemain, Kronland-Martinet, &
excerpts did not affect the results since the analyses cofstad, 2010), whose dimensions were well correlated
sisted of evaluating the differences between the mechanith the attack time (AT), the spectral centroid (SC)
ical and expressive performances within the samand the odd/even ratio (OER). These three timbre
musical excerpt. All the performances were digitized atescriptors were therefore used here to quantify clarinet

Acoustical Analyses of the Performances

a sampling rate of 44.1 kHz. timbre variations.
Attack time (AT)Attack time is correlated with the
Segmentation of the Performances rate of energy increase in the onset of a sound. Results

presented in (Barthet et al., 2010) have shown that the
The performances were first segmented in order to anattack time of clarinet tones depends on two main con
lyze the timing of the notes (i.e., the onset and offsétol parameters, the playerOs blowing pressure and the
times). We previously developed a semi-automatic noteorce he imposes on the reed with the lower lip, which
segmentation procedure (some errors had to be correctedodulates the reed channel aperture.
manually) based on the detection of the instabilities of There exists no computation methods so far that could
the fundamental frequencies (FO) occurring at each trarbe used to explain the perception of attack times in a
sition from one note to another. The instabilities are dudarge range of tone dynamics. As pointed out by Schaef
to the fact that the FOs are not clearly defined before ttier (1966), the perception of attack is a complex phe
start of the self-sustained oscillations and after their endomenon that paradoxically seems to depend not only
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on the physical attack transient but also on the shape often been found to be closely related to variations in the
the dynamics during the successive phases of soundwsicianOs control gestures. For example, Traube (2004)
Gordon (1987) tested various models for attack timesbserved that the point at which a guitar string is plucked
based on the amplitude envelope. In the model that bestrongly affects the spectral centroid of the resulting
predicted perceptual measurements, the attack time wasund: the closer to the middle of the string the pluck
defined as the time the amplitude envelope takes to gicurs, the lower the spectral centroid of the guitar tone,
beyond a certain threshold relative to its maximumand the less bright the tone will be. In the case of the
value. Krimphoff et al. (1994) also used a threshold tolarinet, the playing technique chosen by the performer,
account for the perception of the beginning of a soundwhich is linked to choices about the instrument itself
The expression used here for the attack time descript¢uch as the bending and length of the mouthpiece table

(AT) takes both thresholds into account: and the strength of the reed) is known to affect the bright
ness of the tones. The OOFrenchO technique, where the
AT to tg (2) clarinetist takes only a small part of the mouthpiece into

his/her mouth, tends to brighten the tones, whereas the
wheret,,_ andt,, . correspond to the times at which the OOGermanO technique, where a much larger part of the
amplitude envelope reaches 10% and 90% of the-maxinouthpiece is held inside the mouth, generally yields less
mum amplitude, respectively (the thresholds werdright tones (Fritz, 2004). As shown in previous studies,
defined as in Peeters, 2004). This descriptor was foug¥en when a same playing technique is used, modulations
to be strongly correlated with the first dimension of theof spectral centroids can be obtained by varying the con
clarinet timbre space obtained in Barthet et al. (2010).trol parameters of the instrument: a monotonous increase

in the spectral centroid was observed as the mouth pres
Spectral centroid (SQrey and Gordon (1978) proposed sure and reed aperture increased, in the case of clarinet
to characterize numerically the spectral energy distribuiones synthesized with a physical model (Barthet, 2008;
tion by its mean (centroid or OObalance pointO), in ord&&rthet, Guillemain, Kronland-Martinet, & Ystad, 2005;
to find an acoustical descriptor predicting the distributionHelland, 2004). Listeners use changes in the spectral
of sounds along one of the dimensions of a timbre spa&éntroid to discriminate between different clarinet-tim
obtained from dissimilarity judgments. This parameterbres, both in the cases of synthetic (Barthet et al., 2010)
later referred as spectral centroid in the psychoacoustid natural (Loureiro et al., 2004) tones.
literature, is a good index of our ability to distinguish \We have assumed the existence of a link between:bright
broad differences in timbre between various musicatess and the perception of tension. As music usualy con
instruments (Grey, 1977; Krumhansl, 1989; McAdamsists of series of tensions and releases, brightness variations
et al., 1995), as well as the finer differences in timbi®ay provide performers with a means of communicating
produced by the same instrument (Barthet et al., 2010he musical structure to the listeners. In the context of
Loureiro, Paula, & Yehia, 2004; Traube, 2004). Lichteusic sequential integration, Wessel (1979) put forward
(1941) probably made the first reference to the perceghe idea that differences in brightness could surprisingly
tual sensation associated with the spectral centroitduce melodic segregation in much the same way-as dif
(brightnessin a study on verbal descriptions of timbre. ferences in pitch (see also Bregman, 1994).
Kendall and Carterette (1996) indeed observed that the Different ways of defining the spectral centroid are
spectral centroid accurately maps a perceptual qualigiven in the literature, depending on the amplitude and
that the authors calledasality(also referred dsright ~ frequency scales adopted, and whether physiological
nes®r sharpnejsindependent of the hearing level, theauditory models are used. Although the spectral cen
brightness may explain how the ear recognizes ton&®id descriptors based on physiological auditory data
playedpiang which are generally perceived as dull ande.g., the sharpness defined by (Zwicker & Fastl, 1990),
mellow, orforte which are generally perceived as brigher the descriptor proposed by (Marozeau, CheveignZ,
and harsh (Risset, 1991). McAdams, & Winsberg, 2003), based on the partial

In the context of musical performance, the spectraloudness measurements, and an equivalent rectangular

centroid might be a relevant means of accounting for theand-rate scale) have increased the correlations between
timbre variations produced by performers because it hagerceptual and acoustical data in timbre studies, these

improvements are rather small in comparison to the

!An effort has been made in this article to distinguish between thg_rgdlctlons Obtamed using methods based on the tra

spectral centroid as a measure of the spectral distribution and trditional Fourier analysis (see Grey & Gordon, 1978;
brightness as a perceptual attribute of sound. Marozeau et al., 2003, for comparisons), which lower
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the cost of computation and are more suitable for syn Odd/even ratio (OERThe odd/even ratio, which is
thesis applications (e.g., feature-based synthesis). Asised to analyze harmonic or quasi-harmonic sounds,
means of analysis and synthesis, the spectral centr@dcounts for the difference in the relative energy between
has been efficiently used by Beauchamp (1982) to deterdd and even harmonics (see e.g., Peeters, 2004). The
mine the parameters of a nonlinear/filter synthesiodd/even ratio is particularly suitable for characterizing
model via an automatic analysis procedure. The lattarlarinet tones, since this instrumentOs Oclosed/openO
authorQOs definition was used here to compute the shodylindrical resonator is known to favor the odd harmon

term spectral centroid (SC): ics at the expense of the even ones, which are very weak
in this case (Benade & Kouzoupis, 1988). In Barthet et
£K FQA (K2 al. (2010), the odd/even ratio was found to be strongly
sqn) k1 ©) c_orrelated with one of the dim_ensions of the perceptual
b, £K A (K? timbre space of synthetic clarinet tones.
k1 We have defined the time-varying odd/even ratio

(OER) by the following equation:
whereA,(K) is the magnitude of thkth coefficient of

the discrete Fourier transform (DFT) associated with the b, £% ! A, (D)2

frame centered at time f(k) is the frequency associated OER(1) hO ! (5)
with thek™ spectral componenk denotes the last fre b, £7 A (1)?

guency bin to be processed, dRds a positive ampli h 1

tude threshold forcing the descriptor to decrease at very ) )

low amplitudes when noise predominates (e.g., duriny/hereAy(t) denotes the instantaneous amplitude of

note transitions). As clarinet tones include both a deterthe hﬂ? harmonic component and, is defined as in

ministic part (corresponding to the harmonic signal €quation 3H is the total number of harmonics under

resulting from the self-sustained oscillations) and a stg°onsideration, which is assumed to be even in equation 5,

chastic broadband part (resulting for instance fromsO that an equal number of odd and even harmonics are

breath and key noises), the spectral centroid was-calcgPmpared. Note that OER is dimensionl&3ER 1

lated using a frequency scaling method that takes all tidicates that the even harmonics predominate, whereas

spectral components into account, and not only the harOER> 1 indicates that the odd harmonics predominate.

monic partials. We also used a power amplitude scal®$ With the spectral centroid, the following two note-

which assigns a greater weight to the dominant harmoreVvel tlmpre descriptors were.deflned, based on the odd/

ics, as it has shown to increase the correlations with petVen ratio: the odd/even ratio mean (OERM) and the

ceptual dissimilarity judgements compared to a lineaPdd/even ratio range (OERR). These parameters were

amplitude scale (see Barthet et al., 2010). Note that dGémputed in the same way as in equation 4.

to the stabilization terni,, the values of SC can be ;pesm@s ;<1 @KF

smaller than the fundamental frequency of the tone. The root mean square (RMS) envelope was used to char
In order to characterize the spectral centroid variaacterize the changes in the acoustical energy. Thisparam

tions at note level, we calculated the mean value and teter has been classically defined as follows:

range of variations of the spectral centroid within the

duration of a tone, which were denoted the spectral cen

troid mean (S_CM) and the spectral centroi_d range ENV(n)

(SCR), respectively. These parameters are defined by the

following equations:

(6)

where the various quantities are defined as in equation 3

a n g and N is the number of points used to calculate the dis
- 1 crete Fourier transform. As with SC and OER, we-com
SV £ san Ry

« (o . (4)  puted the mean value and the range of variation of the
- " ) envelope during each of the tones, which were denoted
(SR Mex (SAW) | Min (SAm) ENVM and ENVR, respectively.

Gi? <J:I@KF
wheren,, andn, are the onset and offset times of theThe pitch of complex harmonic tones is closely linked
note, respectively, and 10l is its duration. Note that thest® the fundamental frequency (Terhardt, Stoll, & Seewann,
descriptors are independent: notes can potentially havk282). The latter was used as a first approximation to
the same SCMs but different SCRs, and vice versa. characterize the pitch of clarinet tones. The instantaneous
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fundamental frequency FO was obtained using th@tention, but they cannot be used to test whether any
method developed in Jaillet (2005), which involveslifferences occur when the playerOs intentions change. In
detecting spectral peaks in the time-frequency planerder to test whether the descriptors change depending
using a global optimization process. This method i®n the performerOs expressive intentions, two-way analyses
implemented in the LEA software program produced byf variance (ANOVA) were conducted with the playerOs
Genesis (2010). The mean value and the range of varexpressive intentions and the note factors as independent
tion of the fundamental frequency during a tone will bevariables. The dependent variables were the note level
denoted FOM and FOR, respectively. values of the descriptor§lQOl, AT, SCM, SCR, OERM,
OERR, ENVM, ENVR, FOM, FOR). For all the descriptors,
éhe one-way effects of the playerOs expressive intention

. . X ; and the note factors, and the two-way effect of interaction
using a 1024-point Hann window (approximately 20 msb_etween these factors were analyzed. The magnitudes of

i I 0,
at a sampling frequengy. of 44.1 kHz) with a 50@ overla[ahe effects were estimated by using the partial eta squared
b, was set at a value giving a spectral dynamic of 60 dB. |

. 7?2) index of effect size. The definitions in (Cohen, 1977,
order to compute the odd/even ratio, each tone was anp.f285) have been adopted to discuss the effect sizes

Iyzgd using a bank of bandpgss filters, the frequencies mall effect size2 .01, medium effect sizg? .06,
which matched the frequencies of the tone componen T, . .
arge effect sizep* .14). When interactions were

(which correspond to a harmonic series in the case-of SUS cerved. a multiple comparison procedure (MCP) based
tained clarinet sounds). This provided us with short-banaon the H(;Im-Sidak sequential procedure (Holm, 1979)

analytic signals associated with the frequency componer\lclfvsés conducted to identify which tones in the musical

of the tone. The instantaneous amplitude and phase of the

: equence differed significantly between the mechanical
tone components were then obtained from the short-ban . .
o - and expressive performances. The Holm-Sidak procedure
analytic signals (see, for example, Picinbono, 1997).

was used here as it is more powerful than non sequential
o . multiple comparison tests, such as BonferroniOs, or SidakOs
Synchronization of the Descriptors tests (Ludbrook, 1998).

] ) An alpha level of .05 was used for all statistical tests.
As changes in 10l occurred between the various perfor
mances, a time synchronization procedure had to be I\jlckj Xe[ : jzljj fe
performed at the note level, to be able to compare the
descriptors SC, OER, ENV, and FO. For this purpose, & Reproducibility of the Expressive Deviations
time-warping procedure was carried out on the descrip
tors. The temporal profiles of the descriptors associatefhe mean correlations)(within the mechanical and
with each tone were shortened or lengthened using cubigpressive performances were computed for each descrip
spline interpolation methods, so that the new durationgor ( §OI, AT, SC, OER, ENV, and FO). For the Bach
corresponded to the mean 101 based on the repeateghcerpt, these correlations were, on average, .93 for the
performances. Note that this time-warping procedurenechanical performances (minimum: .81,p .001)
was used by Wanderley (2002), for instance, to examiigq .91 for the expressive performances (minimum:

:FDGKBKB EF=K?< ;<J:1@KFJ
The short time discrete Fourier transform was compute

the regularity of clarinetistsO spatial movements. .80,p .001). For the Mozart excerpt, the correlations
were, on average, .93 for the mechanical performances
Statistical Analyses (minimum: r .83,p .001) and .90 for the expressive
performances (minimumrc .78,p .001). Hence, for
<G F L @@KRF=K< <Ol <J QM;<MTKE@ E J both excerpts $OI, AT, SC, OER, ENV, and FO were

In order to determine the level of similarity between the,ighly correlated across performances played with the
expressive deviations observed during performances playesine musical intention. These results show that the per
with the same expressive intentions (i.e., between gHymer consistently repeated the patterns linked to time,

mechanical to mechanical and all expressive to expressjugquency, and energy, whenever the same interpretative
performances), Pearson product-moment correlations ( strategy was used.

were computed on the various time, frequency, and energy
descriptors across the repeated performances. Influence of the Note Factor

:FDGB@FEXKW<<ED:?8E@8CB8E; .
<@l <JI@MEI=FID8E: <] The results of the two-way analyses of variance conducted

The analyses described above show the consistencyoafthe various note-level descriptors for the Bach and
the acoustical parameters observed with a given musiddbzart performances are presented in Table 2. It can be
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TABLE 2. KnfSNXp 8eXcpj Wil Xe\lckj 1fi k_\ EXk\E ;\jZi gk$@@ 8K# J:D# FD# Ak#

<EMD# MEW='D#='1 ]fi k_\ 9XZ_ Xe[ DfgXik G\i]fidXeZ\[%

Bach Mozart

Source df F n? df F n?

Ol
Exp. 1 257.36*** .20 1 54.49*** .15
Note 26 663.22%** .94 74 70.28*** .95
Exp. x Note 26 16.80*** .30 74 2.68*** .40
Error 1026 (0.001) 300 (0.006)

AT
Exp. 1 33.47%* .03 1 28.23%** .09
Note 26 159.31%** .80 74 29.40%** .88
Exp. x Note 26 2.87%** .07 74 1.30 .24
Error 1026 (0.003) 300 (0.027)

SCM
Exp. 1 24.87%* .02 1 96.75%+* .24
Note 26 914.67*** .96 74 128.43** .97
Exp. x Note 26 6.33*** 14 74 3.45%** .46
Error 1026 (1450.7) 300 (2320.25)

SCR
Exp. 1 0.44 .00 1 24.15%** .08
Note 26 364.55%** .90 74 34. 74+ .90
Exp. x Note 26 6.51*** .14 74 1.98*** .33
Error 1026 (2173.42) 300 (6932.37)

OERM
Exp. 1 54.86*** .05 1 190.84** .39
Note 26 554.83*** .93 74 33.07%* .89
Exp. x Note 26 6.47*** .14 74 5.00%** .55
Error 1026 (0.41) 300 (0.48)

OERR
Exp. 1 2.84 .00 1 5.22* .02
Note 26 197.68*** .83 74 30.96*** .88
Exp. x Note 26 3.97*** .09 74 3.21 % 44
Error 1026 (1.06) 300 (0.94)

ENVM
Exp. 1 125.02*** 11 1 308.16*** 51
Note 26 522.56*** .93 74 49.25%** .92
Exp. x Note 26 5.62%** .13 74 2.10%** .34
Error 1026 (.001) 300 (0.001)

ENVR
Exp. 1 41.38%** .04 1 0.31 .00
Note 26 702.57%** .95 74 27.23%* .87
Exp. x Note 26 1.64* .04 74 1.85%** 31
Error 1026 (.001) 300 (0.002)

FOM
Exp. 1 5.22* .01 1 50.53*** .14
Note 26 72978.64*** .99 74 192457.77*** 1.00
Exp. x Note 26 2.43%** .06 74 0.59 .13
Error 1026 (4.73) 300 (0.973)

FOR
Exp. 1 1.16 .00 1 0.002 .00
Note 26 320.17*%** .89 74 517.87*** .99
Exp. x Note 26 2.62%** .06 74 0.64 .14
Error 1026 (825.62) 300 (486.38)

Note The expressive intention and note factors are denoted Exp. and Note, respectively. Results enclosed in parentheses represent mean
square errorsy? is the partial eta squared measure of effect gize05, *p .01, **p .001.
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seen from this table that the note factor had a highly
significant effect on all the descriptors, both for the
Bach and Mozart performances. The effect sizes were
found to be very large (.8an% a1.00M

or their location in the musical structure. The influencel026) 257.36p .001, and~(1, 300) 54.49p .001,

Acoustical Correlates of Timbre and Expressiveness in Clarinet Perfd#i@ince

.92). These
results show that the values of the time, frequency, an§lOI. The ANOVA showed a strong effect of the play

energy descriptors varied according to the musicat chaerOs expressive intention on the 101 deviation descrip
acteristics of the notes (such as pitch and duration) andér both for the Bach and Mozart performanced,,

K<DGIF8C xJ:1@KFJ

Comparison Between Mechanical
and Expressive Performances

of the note factor can be explained straightforwardly forespectively. The interaction between the expressive
the descriptors that are by definition correlated to théntention and the note factors was found to be highly
notesO characteristics, i.e., durati®i©() and pitch
(FOM, SCM). The intrinsic mechanical and acousticakffect sizesn® .30 and .40 for the Bach and Mozart
properties of the clarinet (for example, the increase aéxcerpts, respectively). As significant interactions were
visco-thermal losses with frequency) also explain whipund between the main factors, multiple comparison
the timbre descriptors depend on pitch. According toprocedures were performed. The results of the MCPs
the model of musical expression proposed by Clarkimdicated that many tones (13 out of 27 for the Bach
(1988), the variability of the time, frequency, and energgxcerpt, and 13 out of 75 for the Mozart excerpt) lasted
descriptors as a function of the notes could also bsignificantly longer than nominal in the expressive per
related to the choice of controls made by the performefiormances (see Figure 2, and Tables 3 and 4). Indeed,
in order to communicate the musical structure to thefor both excerpts, the expressive performances lasted

significant for both excerpts (see Table 2), with large

listener. longer than the mechanical performances, on average
TABLE 3. \jlckj f] Dlck gc\ :fdgXijfej fe k_\ 9XZ_ <o0zZ\igk%

Notes FOM FOR $0I AT SCM SCR OERM OERR  ENVM ENVR
N1 N 7.55%* N 3.51%  7.93* 3.90%* N 2.15* 6.73* N
N2 N N N N N N N N 2.85%* N
N3 N N N N N N N N N N
N4 .66** N N N N N N N N N
N5 N N 13.25%  §.27* = 2.83** N N N N 2.65**
N6 N N 7.23% N N 7.93% 5.08** N 6.27** 2.22%
N7 N N N N N 4.91* 3.31** N 3.52** 3.50**
N8 N N N N N 2.61%* N 2.60%* 4.41% N
N9 N N N N 2.44* N N N 4.49* N
N10 N N N N 2.79** N N N 3.78** N
N11 N N 3.09%* N 3.16** N 4.66** 2.82%* 3.40%* N
N12 N N 2.25% N 2.41* 3.44** 2.30* 6.46** 2.52%* 2.40*
N13 N N 2.63%* N 4.52%* N 6.65** 2.23* 3.47* N
N14 N N N N 4.94%* 3.37** 7.83%* 2.87** 3.70%* 2.19*
N15 N N N 4.05%  3.94% 2.80** 3.96** 3.34** 3.57* N
N16 N N 4.11% N N N N N 2.42% N
N17 N N 2.44* 3.19** N N N N N N
N18 N N 2.49* N N N N N N N
N19 N N 3.31* 2.87** N N N N N N
N20 N N N N N N N N 1.98* N
N21 N N N 2.33* 2.81%* 3.30%* 2.38* N 2.36* 2.08*
N22 N N 2.88%* N N 2.05* N N N N
N23 N N 5.26%* N N N N N N N
N24 N 2.03* 13.53* N N N 3.72%* N N 2.11*
N25 N N N N N N N N N 3.67*
N26 N N N N N N N N 4.70% N
N27 N N 13.15%* N N N 2.32* N N 2.11*

Note Comparisons were made on each of the 27 tones in the excerpt between the 20 mechanical performances (control group) and the 20 expressivé-fest®rmances.

corrected for multiple comparisons (Holm-Sidak correctiop); *05, *p .01. Non-significant values are not shown.
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TABLE 4. \jlckj f] Dlck gc\ :fdgXi'jfej fe k_\ DfgXik \oz\igk%
Notes N1 N2 N3 N4 N5 N6 N7 N8 N9 N10 N11 N12  N13
3] 3.06* N N N N N 7.40* N N N N N N

SCM 3977 N N N N N N N 3.05* N N N N

SCR N 2.49* N 2.17* N N N 273 N N N 2.14* N

OERM  3.40% 257* 500 5.24* 218 N 2.13 N N N 2,727 317+ 3.53*
OERR N N 2.23* N N N N N N N 2.70%* KN N

ENVM  2.09% 283 292+ 253* N N N 2.33* 202 N 3.28* 4.30%* 3.40%
ENVR N N N N N N N 435+ N N N N N

Notes N14 N15 N16 N17 N18 N19 N20 N21 N22 N23 N24 N25 N26
Hol N 4.76% 3.44* N N N N N N N 2.43* N N

SCM N 3.39* N N 4.04** 543 [ N N N N 278 N

SCR N N N N N 2.85% 2 .54* N N N N 3.20*  2.86*
OERM  2.00* N N 2.64% 2.89% 473 [ 2.43* 413 N 2.33* 299 N

OERR N N N N 2.87* 3.04* N 1.99* N N N N N

ENVM  2.90% 2.12* N N 2.85%  4.42% 3.19%* 3.44* 2.12* N N N N

ENVR N N N N N N N N N N N 2.83* N

Notes N27 N28 N29 N30 N31 N32 N33 N34 N35 N36 N37 N38 N39
(6] \! N N 227 271% 445% 283+ N \! N N N N

SCM N N N 6.50% 4.43+ 274 N N N N N 2.73%  5.71*
scR N N N N RN 2400 N N R~ N K N o252
OERM N N N 511 N N N N 418+ N N N 5.95%*
OERR N N 3.74* 3.44* [N 2.28* N N 295 N N N 2.34%
ENVM N N N 5.04** 517* 2.01* N N 3.56% 2.71* 3.25% 3.06% 4,35
ENVR N N N 3.40~* N 327 N 2.01* N N N N N

Notes N40 N41 N42 N43 N44 N45 N46 N47 N48 N49 N50 N51  N52
o] N N N N N N N N N N N N N

SCM 445+ N N N N 2.62%* N N N N N 2.61*  3.90*
SCR 3.19* 342 N 2.59*  2.13* N 2.05* N N N N N N

OERM  4.33* 4.94* 290* 3.86* 3.04* 589* 454% 212* N 3.02** N 312 N

OERR  2.60* 328+ [ N N N N N N N N N N

ENVM  3.08* 2.31* 2.63* 2.35* N N 2.17* N N 1.98* 2.84* 3.90* 5.09**
ENVR N N N N N N 287 KN N N N N N

Notes N53 N54 N55 N56 N57 N58 N59 N60 N61 N62 N63 N64 N65
3] N 3.84* N N N N N N N N N N N

SCM N 2.85%* N 3.75% 2.18* N N N N N N N 2.39*
SCR N N N 2.25*  2.09* N 2.627* N N N N N N

OERM  2.02* 2.34* N N N 481 N 2.84%* N 2.69* 2.12* N 2.04*
OERR N N N 2.34% 2 58* N 2.21* N N N N N N

ENVM  3.61% 2.34* N 3.31* N N N N N N N N N

ENVR N N N 3.41* N N 2.08* N N N N N N

Notes N66 N67 N68 N69 N70 N71 N72 N73 N74 N75

H0I N N N N N N N 2.61% 3.44% 5 p%*

SCM N N N N 2.70% N N N 2.67%  4.24%

SCR N N N N N N N N N N

OERM N 3.09* N 2.64* N 4.45%  2.21* N N 2.89%*

OERR N N 4.45% KN N N N N N N

ENVM N N N N N 2.95%* 3.03* [ 3.00% 3.57*

ENVR N N N N N N N N N N

Note Comparisons were made on each of the 75 tones in the excerpt between the 2 mechanical performances (control group) and the 4 expressivé{pestermances.
corrected for multiple comparisons (Holm-Sidak correctiop); *05, *p .01. Non-significant values are not shown.
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c el g\ilfidXez\j f] k_\ \oZ\igk ]Jfdk9%@H@K_\ efk\j n'k_ n_"Z_ k_\ dick gc\ ZfdgXi'jfej j_fn\[ k_\ \o'jkéez\ f] j*re']":

\ez\j Xi\ e[ ZXK\[ Yp Z'izlcXi Xe[ jhIXi\ dXib\ij% K_\ [Xj_\[ m\ik ZXc c'e\j zZfii\jgfe[ kf k_\ fej\kj Xe[ f11j\kj f] k_\ kfe
“e[ ZXk\ k_\ YXij% K_\ k_"Zb m\ik ZXc c'e\j “e[*ZXk\ k_\ Y\~'ee erj Xe[ \e[] f] k_\ mXi*flj dlj>ZXc g_iXj\j% K_\ efk\j
kfg f] k_\ ]°Ali\# Xcfer nk_ k_\'i iXebj “e k_\ dlIj*ZXc j\hI\eZ\% K_\ Xm\iX~\j f] k_\ jkXe[Xi[ \iifij f] k_\ d\Xe J<D
gf ekj Xi\ i\gfik\[%

(BachM 10.75sSD 0.21andM 9.79sSD 0.13, cw@? <J: @KFJ

respectively; MozarM  72.46 sSD 0.89 andM FOMandFOR The playerOs expressive intention signifi
67.80 sSD 0.64, respectively). Consequently, the averagmntly affected the mean fundamental frequency FOM
tempi of the expressive performances were slower thdoth for the Bach and Mozart excerid,, 1026) 5.22,

the ones of the mechanical performances (Beich: p .02 and=(1, 300) 50.53p .001, respectively, but
40.47 bpmSD 0.78 andM  44.45 bpmsD 0.57, not the fundamental frequency range FOR (Table 2). The
respectively; Mozafl 42.23 bpmSD  0.43 andV effect of interaction between the expressive intention
45.13 bpmSD 0.43, respectively), which were closermand the note factors was found to be significant only in
to the reference tempo (Bach: 48 bpm; Mozart: 44 bpmjhe case of the Bach performances with a medium effect
This is not surprising as the mechanical performancesize both for FOM and FOR){ .06). However, the
were played in keeping with the metronome. In the casesults of the MCP on the Bach excerpt (see Table 3)
of the Bach excerpt, the shape of the |0l deviation pashowed that only one tone in the case of FOM (N4) and
tern (40I) was very similar between the two interpreta two tones in that of FOR (N1 and N24) showed signifi
tions (Figure 2). This shows that in both mechanical andant differences when the playerOs intentions changed.
expressive interpretations, the durations of the noteShese differences in FOM and FOR were due either to
were lengthened or shortened with respect to the-thednstabilities in the descriptor FO at the onset and/or off
retical score indications, but the changes were more prget of the tones (a phenomenon induced by the method
nounced when the piece was played expressively. Tlisanalysis), or were very small. The maximum FO dif
pattern has often been reported to occur in studies oference in the sustained part of the tones was approxi
timing variations in musical performance (see e.g., Penalately 1 Hz (note N1), which was close to the frequency
& Drake, 2004). For instance, the final ritardando in theliscrimination threshold measured in the case of pure
Bach excerpt (N23 to N27) occurred in both interpre tones (1 Hz in the case of a pure 200-Hz tone presented
tations, but it was more pronounced in the expressivat 40 dB according to Wier, Jesteadtt, & Green, 1977).
performances. However, informal listening made by the authors did not
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reveal noticeable changes of pitch between the sequenesxerpts, strong interactions between the expressive
Based on these results, it appears that the contributidntention and the note factors occurred for SCM and
of pitch to the expression of the playing intention wasSCR (Table 3). The effect sizes of the interaction between
weak at best in the case of the Bach excerpt, and ntire expressive intention and the note factors were found
significant in the case of the Mozart excerpt. to be large for both the Bach and the Mozart excerpts,
although larger for the latter (Bacih? .14 for both
K@9l < ;<J:1 @ KFJ SCM and SCR; Mozam? .46 for SCM andj®> .33
AT. Highly significant effects of the playerOs expressfoe SCR). The results of the MCPs show that the mean
intentions on the tonesO attack time (AT) were found fand/or the range of the spectral centroid values were
both the Bach and Mozart excergdtél, 1026) 33.47, significantly different between the expressive and the
p .001 and=(1, 300) 28.23p .001, respectively. mechanical performances in a large number of notes for
However, the interaction between the expressive-interboth excerpts (Bach: 14 out of 27, as shown in Figure 4
tion and the note factors was only significant for then color plate section and Table 3, and Mozart: 33 out of
Bach performanceB(26, 1026) 2.87p .001,witha 75, as shown in Figure 4 and Table 4). In order to evalu
medium effect sizes€ .07). The posthoc analyses-con ate if such changes would be noticeable from the percep
ducted for the Bach excerpt showed that 6 tones hadal point view, we used as a reference the mean difference
significantly higher ATs in the expressive performancesreshold (just noticeable difference) in spectral centroid
than in the mechanical ones (cf. Figure 3 and Table 3)eported in Kendall and Carterette (1996), since it was
SCM and SCR'’he ANOVA showed that the effect of obtained from perceptual experiments with humas lis
the playerOs expressive intention on the spectral centrtésers. To address this issue, a FO-normalized spectral
mean SCM was highly significant for both the Bach andentroid §C) was computed as in (Kendall & Carterette,
Mozart excerptd(1, 1026) 24.87p .001 and=(1, 1996). This was done by using a linear amplitude scale,
300) 96.75p .001, respectively. For the spectral cenb, 0 and dividing by FO in equation 3. For the Bach
troid range (SCR), the one-way effect of the expressiexcerpt, thesC differences were higher than the JND
intention was only highly significant for the Mozart threshold (0.117) for 13 out of the 14 tones for which
excerptfF(1, 300) 24.15p .001. However, for both significant differences of SCM and SCR were reported

Attack Time
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(0.04 a $SC a2.9). For the Mozart excerpt, tB€dif-  excerpt,F(1, 300) 5.22p .02 (7° .02), which is
ferences were higher than the JND threshold for 27 ogtrobably due to the strong one-way effect of the note
of the 33 tones for which significant differences of SCNactor (Table 2). Indeed, the interactions between the
and SCR were reported (0.@1$SC a1.95). expressive intention and the note factors were highly

In both excerpts, the changes observed in the spectsagnificant both for OERM and OERR, in both excerpts.
centroid with the expressive performances depended okgain, the effect size of this interaction was larger for the
the musical structure. In some parts of the musicaMozart excerpt(®> .55 for OERM andy?> .44 for
phrases, the SCM was higher in the expressive than in tB&RR) than for the Bach excergf( .14 for OERM
mechanical performance: for instance, at the beginningndn? .09 for OERR). The results of the MCPs showed
of the phrase, from notes N1 to N5, for the Bach excerptat significant differences in OERM and/or OERR were
or in the third musical phrase, at the 12th bar, for theobserved with 12 notes for the Bach excerpt (see Figure 5
Mozart excerpt. In other parts, the opposite patternin color plate section and Table 3), and with more than
occurred, i.e., the SCM was lower in the expressive th&alf of the notes (48 notes out of 75) for the Mozart
in the mechanical performance: for instance, in the midexcerpt (see Figure 5 and Table 4). Note that the odd/
dle of the phrase, from notes N9 to N15, for the Backven ratio was mostly greater than one, except during the
excerpt, and from the 7th to 9th bar, for the Mozartattack parts of a few notes (see Figure 5), which points out,
excerpt. Upon listening informally to the Bach perfor as was to be expected, the dominance of odd harmonics
mances, the authors noted that the sequence from notesmpared to even harmonics for clarinet tones.

N9 to N15 sounded mellower in the expressive perfor
mances, where low SCM values had been observed, th:
in the mechanical ones (see sound examgesdlb).

It is worth noting that the significant changes in spectr
centroid detected in the expressive rendering were n
due to changes in FO, except possibly for the first note 01, andF(1, 300) 308.16p .001, respectively
in the Bach excerpt, since the interaction effect betweeirr]\ ! ' ' i X )

S - teractions between the expressive intention and the
the expressive intention and the note factors for FO was . o .
. S o .- ._note factors were highly significant for ENVM in both
either non-significant or weakly significant, but in this

case caused by changes occurring on distinct notes thtarl]ﬁ3 Bach and Mozart excerpts, with mediup ( .13)

D .
for SC (see Tables 2 and 3, and the discussion on the pi rF\d large effect sizeg™( .34), respectively (Table 2).

X o , egarding the range of variations of the RMS envelope
descriptors, above). Furthermore, within a musical phras%NVR only a weakly significant effect of the expressive

some tones with the same FO had very different spectriﬁ{emion was found for the Bach excelfl, 1026)
.38p .05, with a small effect sizg ( .04). However,

centroid values. For instance, in the mechanical perfor
mances of the Bach excerpt, notes N11, N12, and N2t ke interactions between the expressive intention and the
note factors were significant for both the Bach and

which all corresponded to a DE(Q y293.67 Hz), had
significantly different SCM values (448.93, 355.72, a ozart excerpts, with smalht .04) and largerf
.31) effect sizes, respectively. The multiple comparison

82.07 Hz, respectively): N11 vs. N1g351) 21.45p
procedure (see Table 3) showed the existence of signifi

.001, N11 vs. N2¥7(351) 30.46p .001, and N12 vs.
N27,1(351) 21.45p ~.001. These findings confirm that cant differences in the ENVM and ENVR values with

the spectral pentr0|d variations depend on the pOSItIorFnany notes (20 notes in all for the Bach excerpt, and 43
of the notes in the musical structure. notes for the Bach excerpt)
OERM and OERRs for the other timbre descriptors, '
the results of the ANOVA showed that the effect of <BKk@E» @ I x W< <EK?< ;<J:I @ KFJ
expressive intention on the odd/even ratio mean (OERMIt is worth noting that for the Bach excerpt, the short
were highly significant for both the Bach and the Mozarhotes (such as the grace notes N2, N3, N26) did net gen
excerptsF(1, 1026) 54.86p .001, and=(1, 300) erally show any significant differencesfi®l, AT, SC,
190.84p .001, respectively. For the odd/even raticor OER, possibly due to the fact that when playing short
range (OERR), the one-way effect of expressive intentiorotes, the performer did not have enough time to make
was non-significant for the Bach exceff,, 1026) expressive timing or timbre variations.
2.84,p .09, and weakly significant for the Mozart Some notes systematically showed disparities in terms
of both timbre and temporal descriptors. For instance,
2The fact that SCM can be smaller than FO is due to the stabilizatid®! the Bach excerpt, the first note in the first bar (N5)
term by in equation 3. after the anacrusis (N1) and the grace notes (N2 to N4)

PEBSD®@J ;<J:I@KF

VM and ENVRThe effect of the performerOs expres
ive intention on the mean value of the RMS envelope
NVM was found to be highly significant for both the
ach and the Mozart excerpigl, 1026) 125.02p
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Spectral Centroid and RMS envelope (expressive interpretation)
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mXcl\j# 1fi [TjgcXp gligfj\j% K_\ Xm\iXA\j f] k_\ i\eXk m\ jkXeJXDO \@fdjglk\W_X Zifxjek_\ [XkX gf ekj Xi\ i\gfik\[%

lasted longer, and had a longer attack time, and a highef expression were in line with those in the spectral cen
spectral centroid in the more expressive interpretatiortroid (for instance, with OERM and SCM in the passage
It is worth noting that this note plays an important role from N11 to N15 of the Bach excerpt, see Table 3): How
in the musical structure because it is the first in the-muskever, this was not systematic (for instance, notes N6, N7
cal phrase. Timbre-related changes and timing variations24, and N27 of the Bach excerpt showed significant
of this kind may be used by the performers to emphasizifferences in the OERM but not in the SCM values, see
the importance of a specific tone by increasing the-musiable 3). The linear correlation between OER and ENV
cal tension locally. was very weak for the Bach (08,p .05) and Mozart
The correlations (Pearson) between the spectral timbrg .41p .0001) excerpts. It can be seen from Figure 6
descriptors and the acoustical energy were also analyztiit OER and ENV were linearly correlated at the begin
as some of the perceptual effects of these features hairg of the phrase of the Bach excerpt, when the acousti
been studied in (Barthet, Depalle, Kronland-Martinet,cal energy was high. Then, from note N8 onwards, a
& Ystad, in press). Figure 6 shows comparisons betweran-linear jump in the OER occurred towards higher
the average spectral centroid, root mean square envelopgues when the acoustical energy decreased. The overall
and odd/even ratio patterns, computed from the expresincrease in OER observed during the decrescendo phase
sive performances of the Bach excerpt. The spectral cawas linked to the fact that when the playing level is weak,
troid was closely correlated in a linear way with the RM8arinet tones are nearly sinusoidal and contain very few
envelope for both the Bach ( .82,p .0001) and even harmonics (this also explains why the spectral cen
Mozart ¢ .92p .0001) excerpts. As explained by theroid decreased during the decrescendo).
Worman-Benade laws, the spectral richness of acoustical
wind instrument tones is highly sensitive to the blowing Discussion
pressure, which is correlated with the resulting acoustical
energy output (Benade & Kouzoupis, 1988). Conversel@everal conclusions can be drawn from the results of these
the relationship between the odd/even ratio and thexperiments. First, the changes in the timbre, temporal,
RMS envelope was more complex. For some notes, tHgnamics, and pitch descriptors were found to be highly
differences in the odd/even ratio depending on the levetonsistent when the performerOs expressive intentions
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were the same. These findings confirm that expert peand worthwhile only when the duration of the notes is
formers are able to faithfully reproduce their expressivsufficiently long.

deviations at a given level of expressiveness. The behaGeveral kinds of spectral centroid patterns were found
ior of the timbre descriptors is therefore not random butto occur recurrently. For instance, notes N1, N6, N12,
seems on the contrary to follow rules of interpretationN14 in the Bach excerpt showed an increasing spectral
This suggests that the performer used the acousticeéntroid trend, which we have called the OLow to High®
parameters associated with timbre to vary his interpretgL2H) pattern, whereas notes N16 and N27 showed a
tion. This would certainly be true if changes in the tim decreasing spectral centroid trend, which we have called
bre descriptors occurred when the level of expressidhe OHigh to LowO (H2L) pattern. During notes N22 to
changed. The above statistical analyses show in fact tiN#4, the spectral centroid successively increased and
most of the time, strong interactions occured betweedecreased, corresponding to what we have called the
the performerOs expressive intentions and note facto@,ow to High to LowO (L2H2L) pattern. Figure 7 gives some
for the timbre descriptors. Although the timbre-relatedexamples of typical spectral centroid patterns at each of
changes observed in the case of the Bach excerpt witre two expressive levels in the case of the Bach excerpt.
quite subtle, they were found to be significant (mediuniThe L2H spectral centroid pattern corresponding to the
to large effect sizes) in the case of 18 notes out of fii&t note in the sequence (N1) can be seen at the top of
(upon combining the AT, SCM, SCR, OERM, and OERFRhe figure, and the H2L spectral centroid pattern corre
data). The changes in the timbre descriptors made faponding to the last note in the sequence (N27) is shown
expressive purposes were higher in the performancesatfthe bottom. It is worth pointing out that the shape of
the Mozart excerpt (58 notes out of 75 showed signifithe L2H pattern depended on the playerOs expressive
cant differences with large effect sizes, when the SCMtentions. The slope was higher at the beginning of the
SCR, OERM, and OERR data were combined). Thisne in the case of the more expressive performance (see
piece contains many more long notes (half notes,-quathe derivative S€which was higher during the first part

ter notes, dotted quarter notes) than in the Bach excerpof the tone in the expressive performance than in the
which mainly contains semiquavers notes. In othemechanical one). The shape of the H2L pattern given in
words, a close control of the tone quality may be possibikis example was roughly the same in both interpretations,
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as shown by the fact that the derivatives were almost thglues and the range of variations in the duration of the
same (the curves differed in their means, but notin theifones_ These Changes seemed to be made mere fre
range, see Table 3). In order to determine whether theg@ently in the case of long notes (such as half and quar
variations in spectral centroid corresponded to audibleer notes), possibly because a performer needs to have
changes of brightness, we used a transformation relyirgfficient time to control the timbre while playing.
on an additive-based Synthesis model for harmonic ton%cording to the communication theory of musical
to freeze the spectral centroid of the tone at a given timgxpression proposed by Kendall and Carterette (1990)
This was done by eliminating the change in shape of thg the context of traditional Western art music, musical
spectral envelope over time as in the amplitude-envelopfiessages are first recoded from ideas to notations by
coherence transformation defined in (McAdams, Beauthe composer, then recoded from notations to acoustical
champ, & Meneguzzi, 1999). The spectral centroids Gfignals by the performer, and finally recoded from
the tones were frozen to their respective values at thgoustical signals to ideas by the listener. The findings
beginning of the tone, after the attack part, and at theeported in this study support this model of musical
end of the tone, before the release part (cf. sound-exaommunication, since the distinct signatures across
ples3ato 3ccorresponding to note N1, arthto 4C  expressive levels showed by the timbre, temporal and
corresponding to note N27). These synthesized tonef/namics descriptors afford a basis for perceptual dis
give the net changes of brightness between the-begitimination between the performances.
ning and the end of the tones. It is worth noting that the |n line with the ©Omusical expressiono hypothesis put
L2H pattern was concurrent with an increase in thgorward by Clarke (1988) to explain the role of expres
overall amplitude, and the H2L pattern was concurrentive timing, it seems likely that timbre as well as timing
with a decrease in the overall amplitude. The questiomay be used by performers to communicate the musical
arises as to whether the timbre- or dynamic-relatedvariatructure to listeners, in addition to mediating expres
tions are more important from the perceptual point of siveness. For instance, by increasing the brightness of a
view as means of conveying expressiveness. This paistie while it is being held (as reflected in an increase in
is addressed in our companion article (Barthet et althe spectral centroid), a performer may insist on the role
in press). of this specific tone in the musical structure. This might
be so in the case of some notes in particular, which all
JiddXip Xe[ :fezZclj fej showed specific spectral centroid patterns across the
repetitions of mechanical and expressive performances,
In this study, we investigated whether timbre, temporalsych as the OLow to High® (L2H) and OHigh to Low® (H2L)
dynamics, and pitch descriptors showed any changepectral centroid patterns.
when performers played expressively. To answer thisThese results suggest that, in the case of instruments
question, mechanical and expressive clarinet perfoinyolving self-sustained oscillations like the clarinet,
mances of musical excerpts from the Baroque anghere may exist a link between the process of musical
Classical repertoire were compared. When the clarinefnterpretation and the way the acoustical correlates of
ist repeated the performances with the same music@mbre vary with time. Some timbre-related variations
intentions, the timbre descriptors showed a high levedeem to be intrinsically linked to intensity variations due
of consistency. The performer also reproduced thg the physics of the instrument (cf. the strong cofrela
intertone onset interval deviations and root meantion between Spectra] centroid and root mean square
square envelope highly consistently, as previousbnhyvelope), whereas others are not linearly correlated to
reported to occur in studies on timing and dynamicsintensity variations (cf. the weak linear correlation
variations (see e.g., Kendall & Carterette, 1990; Palmggtween the odd/even ratio and the RMS envelope). Fur
1996; Repp, 1992). The temporal and spectral timbrger research is now required to determine whether the
descriptors studied here (attack time, spectral centroidelationships between spectral centroid, odd/even ratio
and odd/even ratio), as well as the timing and dynamicgnd acoustical energy simply result from the intrinsic
descriptors, differed significantly between mechanicadcoustical characteristics of the instrument, or whether
and expressive performances. The timbre-relateghey are deliberately induced by performers. The-ques
changes across expressive levels did not occur at ev@h of whether performers intended to produce intensity
note, but were specific to some notes, or groups of notes timbre variations is hard to answer. These variations
in the musical phrases (such as the first note in a phrasge likely to be sought by performers concomitantly,

or specific passages). The most conspicuous changg a specific experimental procedure would have to be
were in the mean spectral centroid and odd/even ratigesigned to test this hypothesis.

MP2802_02.indd 150 1/14/11 3:01:39 PM

This content downloaded from 194.199.99.172 on Fri, 5 Jun 2015 15:45:49 PM
All use subject tddSTOR Terms and Conditions




Acoustical Correlates of Timbre and Expressiveness in Clarinet Perfdifihnce

Therefore, variations in the temporal and spectraknergy variations on the musical appreciation of listen
parameters contributing to timbre are likely factors thaters. To address this issue, an analysis-by-synthesis
account for the disparities and commonalities betweeapproach was adopted in order to assess the effects of the
performers along with timing variations. The next stepexpressive deviations detected in recorded clarinet
will consist of comparing the variations of the timbreperformances.
descriptors observed between performances of the same
musical excerpt by several performers using the same 8lk_fi Efk\
musical instrument. This issue could also be investigated
with performers playing different instruments, in order We would like to thank the clarinetist Claude Crousier
to establish whether there exist any similarities in théor participating in this project and for many fruitful elis
variations of the timbre descriptors between the perforcussions. We are grateful to Mitsuko Aramaki and Henri
mances of a clarinetist and a cellist, for example. In tHaurnet from the Institut des Neurosciences Cognitives de
present study, which was the first step towards elucidala MZditerranZe and Jean Pierre Durbec from the Centre
ing the role of timbre in musical interpretation, we dOOcZanologie de Marseille for their precious help. We
focused on the timbre-related differences occurring aalso wish to thank the reviewers for their helpful €com
the single note level and in small groups of notes. Asents and corrections. This project was partly supported
music usually involves larger phrases and movementshiy the French National Research Agency (ANR JCO05-
might also be interesting to explore the variations in théd1996 OsenSonsO, http://www.sensons.cnrs-mrs.fr/).
timbre descriptors occurring at a higher level in the Author Philippe Depalle is now affiliated with the
musical structure. Sound Processing and Control Laboratory, The Schulich

This study has shed light on some of the acoustic&chool of Music, McGill University, Montreal, Canada.
parameters that mediate a performerOs expressive interCorrespondence concerning this article should be
tions, but the perceptual effects of these parameters wexddressed thlathieu Barthet, CNRS Laboratoire de
not investigated. In our companion article (Barthet etMZcanique et dDAcoustique, 31 chemin Joseph-Aiguier,
al., in press), we have compared the perceptual effectsl®402 Marseille Cedex 20, France. E-mail: barthet@Ima.
spectral centroid, intertone onset interval, and acousticainrs-mrs.fr
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