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SOUND SOURCE MECHANICS AND MUSICAL TIMBRE PERCEPTION:
EVIDENCE FROM PREVIOUS STUDIES
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TIMBRE HAS BEEN CONCEIVED OF AS A MULTIDIMENSIONAL
sensory attribute and as a carrier of perceptually useful
information about the mechanics of the sound source.
To date, research on musical timbre has focused on
defining its acoustical correlates, whereas fragmentary
evidence is available on the influence of mechanical
parameters. We quantified the extent to which mechan-
ical properties of the sound source are associated with
structures in the data from published identification and
dissimilarity-rating studies. We focus on two macro-
scopic mechanical properties: the musical instrument
family and excitation type. Identification confusions are
significantly more frequent for same-family instru-
ments. With dissimilarity ratings, same-family or same-
excitation tones are judged more similar and tend to
occupy the same region of multidimensional-scaling
spaces. As such, significant associations between the
perception of musical timbre and the mechanics of the
sound source emerge even when not explicitly demanded
by the task.
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HE SCIENTIFIC STUDY OF MUSICAL TIMBRE

attracts the attention of researchers from a variety

of different fields: acoustics (e.g., Hutchins, 1981),
machine learning (e.g., Herrera-Boyer, Peeters, & Dub-
nov, 2003), psychophysics (e.g., Iverson & Krumbhansl,
1993), cognition (e.g., Tillmann & McAdams, 2004),
neuropsychology (e.g., Samson, Zatorre, & Ramsay,
2002), and psychobiology (e.g., Halpern, Zatorre, Bouf-
fard, & Johnson, 2004). Theories of the perception of
musical timbre place similar emphasis on its dependence
on the sound structure and on the mechanics of the
objects whose interaction produces the sound (Hajda,

Kendall, Carterette, & Harshberger, 1997; Handel, 1995;
McAdams, 1993; McAdams & Giordano, 2009). None-
theless, empirical research has focused on the measure-
ment of the acoustical determinants of timbre (e.g.,
McAdams, Winsberg, Donnadieu, De Soete, & Krim-
phoff, 1995; Marozeau, de Cheveigné, McAdams, &
Winsberg, 2003), frequently confining considerations of
its mechanical determinants to secondary observations
at best (see McAdams, Chaigne, & Roussarie, 2004, for a
notable exception, and Lakatos, 2000, for a qualitative
attempt in this direction). As a consequence, whereas it
is widely recognized that timbre is influenced by changes
in the mechanics of a musical instrument, it is largely
unknown what in the mechanics is differentiated per-
ceptually by listeners. In the speech domain, a similar
research bias would reveal, for example, that formant
frequencies shape our sensation of human vocalizations,
but would not assess their effect on the perception of the
gender and age of a speaker (cf. Smith & Patterson,
2005). In order to fill this empirical void, we quantify the
extent to which data from 17 published studies on the
identification of, and dissimilarity ratings among, musi-
cal tones reflect differences in two macroscopic proper-
ties of the musical sound source: the type of excitation
and the family of a musical instrument.

The term timbre denotes those attributes of auditory
sensation that allow a listener to tell that two sounds dif-
fer even when they are equated for pitch, loudness, and
duration (American National Standards Institute, 1973),
and when they have the same spatial location and are
produced in environments with the same reverberant
properties (Levitin, 1999; McAdams & Giordano, 2009).
A popular research paradigm for the study of timbre
seeks to quantify its acoustical determinants. To this pur-
pose, the behavioral technique of dissimilarity ratings is
combined with the data analysis model of multidimen-
sional scaling (MDS; Borg & Groenen, 1997). Accord-
ingly, participants rate the dissimilarity of sounds
presented in pairs (i.e., the perceptual distance between
paired sounds). Sounds are often equalized in nontimbral
sensory properties such as pitch and loudness in order to
focus the listener perceptually on timbre. MDS algorithms
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are then used to create a spatial representation of the
stimulus set from the input dissimilarities, frequently a
Euclidean space with a variable number of dimensions
in which more dissimilar sounds are located farther apart.
The Euclidean dimensions are finally related statistically
to known features of the sound stimuli: those features
that are most strongly associated with the dimensions are
taken as the acoustical correlates of the sensory dimen-
sions of timbre used by listeners to estimate the dissimi-
larities. Overall, results from different studies based on
this methodology reveal that timbre is a multidimen-
sional attribute of auditory sensation, influenced by a
number of different acoustical factors (Handel, 1995). It
is worth pointing out that the acoustical properties that
influence timbre perception depend, at least in part, on
the properties of the investigated stimulus set (Bregman,
1990, p. 124; see Goldstone, Medin, & Halberstadt, 1997,
for effects of context on dissimilarity ratings, and McAd-
ams & Giordano, 2006, for the contextual stability of the
dissimilarity of musical timbres). As such, it is notable
that studies conducted with different stimulus sets fre-
quently find that the same two acoustical properties
influence timbre perception: 1) attack time (piano tones
have a faster attack than flute tones); and 2) spectral cen-
ter of gravity (SCG—or the amplitude-weighted average
frequency), the main acoustical correlate of the timbral
dimension of brightness (e.g., a more sombre bassoon
tone has a lower SCG than a bright trumpet tone; McAd-
ams et al., 1995; see Caclin, McAdams, Smith, & Wins-
berg, 2005, for a confirmatory study; see McAdams,
Giordano, Susini, Peeters, & Rioux, 2006, for a meta-
analysis of the acoustical determinants of musical tim-
bre). Finally, it is relevant to note that, to date, no strong
evidence has emerged concerning an effect of expertise,
i.e., of music training, on the structure of the MDS spaces
of musical timbres (cf. McAdams et al., 1995; for a dis-
crimination study showing superior performance in
musicians, see Chartrand & Belin, 2006).

Beyond the study of its sensory dimensions and acous-
tical determinants, timbre has been shown to serve a vari-
ety of perceptual processes: the formation of auditory
streams (Bregman, 1990; McAdams & Bregman, 1979);
the dynamics of perceived tension and relaxation within
a musical composition (Paraskeva & McAdams, 1997);
the integration of tones of different musical instruments
into novel timbral blends (Kendall & Carterette, 1991;
Sandell, 1995). A function of timbre that has been more
neglected by empirical investigations is its role in the rec-
ognition of sound-generating objects and events. From
a theoretical point of view, earlier reports of accurate
abilities to perceive sound source properties in purely
auditory contexts (e.g., the hardness of a mallet striking

a metallic pan, Freed, 1990) likely shaped the currently
accepted views of timbre (Hajda et al., 1997; Handel,
1995; McAdams, 1993). Accordingly, timbre is at the same
time a multidimensional attribute of auditory sensation
and the perceptual correlate of the mechanics of the
sound source (Handel, 1995). More explicitly, because the
mechanics of the sound source structures the acoustics
of a sound (e.g., harder mallets generate sounds with a
higher SCG, Fletcher & Rossing, 1991), and the features
of a sound determine the sensory dimensions of the cor-
responding auditory object (e.g., the higher the spectral
centroid the brighter the sound), the dimensions of audi-
tory sensations, including those determining timbre, are
at the same time a reflection of, and the vehicle for, the
perception of the mechanics of the sound source.

A model of sound production influential on the theory
of timbre perception is the source-filter model by Han-
del (1989, 1995, 2006; see Fant, 1960, for the speech-
production antecedent of this theory). Accordingly, a
musical tone is the product of the interaction between a
source (e.g., a vibrating object such as the string in a
violin) and a filter (e.g., the violin body) that selectively
amplifies and suppresses different frequencies of the
mechanical vibration of the source and radiates the
sound. Because a source has to be set into vibration with
some process of excitation, such as the act of bowing or
plucking violin strings, the source-filter model is better
termed the excitation-source-filter (ESF) model.

Musical instruments are traditionally classified in terms
of the source component of the ESF model. Accordingly,
von Hornbostel and Sachs (1914) distinguish four fami-
lies of nonelectrical musical instruments based on the
nature of the primary vibrating element: a stretched
string in the family of chordophones or string instru-
ments (e.g., viola, guitar, harp, and piano); a stretched
membrane in membranophones (e.g., snare drum, tym-
pani, and kazoo); the body of the instrument itself in
idiophones, usually a stiff material that can vibrate in
absence of tension (e.g., metal in cymbals and tubular
bells; wood in xylophones); the air itself in aerophones
or wind instruments (e.g., flute). Further distinctions can
be made within the family of the aerophones, depending
on whether the sound results from the blowing of an air
jet (e.g., flute), from the buzzing of a single reed (e.g.,
clarinet, saxophone) or a double reed (e.g., oboe, bas-
soon), or, as with instruments like the trumpet or the
trombone, through the buzzing of “lip reeds” (Fletcher &
Rossing, 1991). It should be noted that instruments
belonging to the same family frequently share general
properties of the filter (e.g., with many chordophones the
filter is a wooden box, whereas with many aerophones it
is a tube; with many idiophones there is no filter).



A second mechanical distinction focuses on the excita-
tion component of the ESF model (e.g., Hajda et al,,
1997): 1) impulsive excitations are very limited in time
(e.g., fractions of a millisecond, as in the strike of a mal-
let on a xylophone bar; Fletcher & Rossing, 1991) and
are located at sound onset (e.g., drums, marimba, piano,
guitar, pizzicato violin); 2) continuous excitation occurs
when energy is introduced into the vibrating system
throughout most of the duration of a tone (e.g., bowed
violin, blown flute); 3) multiple impacts occur when
multiple objects are struck within a short time period
(e.g., bamboo chimes; Lakatos, 2000) or the same object
is struck repeatedly (e.g., a tremolo played on a xylo-
phone; Hajda, 1995).

The relationship between source mechanics and audi-
tory perception has received the attention of a growing
body of literature that focuses on nonmusical sounds
(see Lutfi, 2007, for an up-to-date review). In contrast,
very few studies have quantified the role of source
mechanics in the perception of musical timbre: bar
length and density on the dissimilarity ratings of xylo-
phone sounds in McAdams et al. (2004); mouthpiece
depth on the perceived brightness of trumpet sounds in
Poirson, Petiot, and Gilbert (2005) (see also Aramaki,
Bailleres, Brancheriau, Kronland-Martinet, & Ystad,
2007, and Buksnowitz, Teischinger, Miiller, Pahler, &
Evans, 2007, for the preference of wood properties in
violin and xylophone sounds). Consistently with current
theories of timbre, both of these studies, carried out with
tones from the same instrument, show that listeners’
perceptions reflect the mechanics of the sound source,
due to the mediation of various acoustical factors (e.g.,
SCG and measures of the rate of change in the amplitude
envelope in McAdams et al., 2004). It should be noted,
however, that in both studies stimuli were generated by
manipulating only the target mechanical properties. For
this reason, significant mechanical-perceptual associa-
tions were highly likely.

Mechanical distinctions between families of musical
instruments and between excitation types have been at
least implicitly considered in the vast majority of studies
on musical timbre. Together, these factors are likely to be
among the most important sources of variability in the
domain of acoustic music. From the acoustical point of
view, very different musical instruments, such as a
plucked violin and a blown flute, likely offer the percep-
tual system a large number of acoustical parameters that
discriminate reliably between excitation types and instru-
ment families. For example, several properties of the
time-varying loudness would distinguish an impulsive
piano tone from a continuant flute tone (Hajda et al.,
1997). In spite of this strong acoustical differentiation,
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the perceptual ability to differentiate families of musical
instruments and types of excitation shouldn’t be taken
for granted. First, it is unknown whether sound proper-
ties that reliably distinguish different-family and different-
excitation tones are accurately processed by the auditory
system. For example, SCG might not always differentiate
between a string instrument and a reed instrument for
particular choices in the reed and string materials, and
the attack time of a flute tone might tend toward that of
a piano tone for particular playing styles such as the
contemporary “slap-tongue” technique. From a meth-
odological standpoint, a democratic task such as dissimi-
larity rating doesn’t constrain judgments along specific
dimensions of the stimulus, but it also doesn’t guarantee
that participants will focus on acoustical properties that
are diagnostic of differences in instrument family or
excitation type. Similarly, even though listeners can iden-
tify a single instrument at better-than-chance levels, they
might in principle confound equally often tones gener-
ated by similar source-filter mechanical systems (e.g., two
air jet aerophones such as a flute and a recorder), and
tones generated by different source-filter mechanical
systems excited in a similar way (e.g., a struck idiophone
such as the marimba and a struck membranophone such
as the tympani). With such outcomes, it would be diffi-
cult to conclude that perception reflects the mechanics
of the sound source, because the patterns of between-
instrument confusions would not be indicative of simi-
larities in the sound source mechanics.

The published empirical evidence on the perceptual
relevance of changes in musical instrument family and
in excitation type is fragmentary at best and is frequently
limited to observations void of any statistical verifica-
tion. Some relevant studies have investigated the identi-
fication of musical instruments mainly using continuant
tones (in an identification experiment, participants are
asked to assign one experimenter-defined label to each
sound: “Is this tone produced by a guitar or a violin?”).
These studies frequently report better-than-chance iden-
tifications of individual instruments (Clark, Luce,
Abrams, Schlossberg, & Rome, 1963). Interestingly,
instrument families are reported to be identified more
accurately than individual instruments (Martin, 1999;
Srinivasan, Sullivan, & Fujinaga, 2002). Importantly, this
difference might not be indicative of a genuine percep-
tual ability to better discriminate instrument families but
rather might be the result of the statistical computations:
performance in the identification of instrument families
is computed by considering both the correct identifica-
tions of single instruments and the incorrect confusions
between instruments from the same family. This poten-
tial problem is obviated by comparing the probability of
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confusing instruments from different families with that
of same-family confusions (referred to from now on as
between- and within-family confusions, respectively).
Van Dinther and Patterson (2006) indeed observed
higher within- than between-family confusions. How-
ever, because participants in their study were given trial-
by-trial feedback on the correct identification of the
instrument family, results are better interpreted as show-
ing that listeners can learn how to discriminate families,
rather than as proof of a spontaneous perceptual focus
on this mechanical distinction. Interestingly, pitch varia-
tions larger than one octave can induce between-family
confusions in nonmusicians (Handel & Erickson, 2001,
2004; Steele & Williams, 2006), whereas with musicians
between-family confusions increase drastically only for
pitch variations larger than two octaves (Steele & Wil-
liams, 2006). As such, nontimbral factors appear to have
a stronger role in instrument identification with non-
musicians than with musicians. However, we still do not
know whether within-family confusions are significantly
less frequent than between-family confusions in the
absence of trial-by-trial feedback.

Decision-bound theories of categorization (Ashby &
Lee, 1991) describe the relationship between identifica-
tion and dissimilarity judgments (see Smits et al., 2006,
for the superior ability of decision-bound models to
account for the categorization of synthetic sound stim-
uli). Accordingly, in a dissimilarity-rating task, partici-
pants estimate the distance of stimuli within a space of
perceptual features. In an identification task, to the con-
trary, participants partition the same space of perceptual
features into independent regions using, for example,
linear or quadratic decision bounds (cf. Ashby & Mad-
dox, 1998) and assign identification responses depend-
ing on the regions of the space in which the perceptual
effects of the stimuli fall (see Figure 1 for a visual exam-
ple). Within this framework, if mechanically equivalent
tones such as same-family or same-excitation tones are
frequently confused in an identification task, one or both
of two outcomes should be expected with the dissimilar-
ity ratings of the same tones. First, mechanically similar
stimuli should be perceived as more similar and thus
cluster together in the derived MDS spaces (clustering
outcome). Second, mechanically different stimuli should
lie in different regions of the MDS spaces, regions that
in an identification task are separated by a decisional
bound (regional separation outcome). Both outcomes
would be perhaps more compelling evidence for the per-
ceptual relevance of mechanical features, because in con-
trast to an identification task, dissimilarity raters are free
to focus on any acoustical property of the sound stimuli,
including those that are not diagnostic of differences in
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FIGURE 1. An example of regional analysis applied to the MDS configu-
ration published in McAdams et al. (1995, Euclidean dimensions 1and 3).
Continuous and dashed lines separate different-excitation and different-
family tones, respectively. Note that the lines can represent linear deci-
sion bounds in a hypothetical identification task. BSN = bassoon; CNT =
clarinet; EHN = English horn; GTR = guitar; HCD = harpsichord; HRN =
French horn; HRP = harp; PNO = piano; STG = string; TBN = trombone;
TPT = trumpet; VBS = vibraphone.

the mechanics of the sound source. Note that both the
clustering and regional separation outcomes are not
completely independent, i.e., a regional separation can
be observed even in the absence of a clustering of
mechanically similar stimuli. For example, if different-
family tones lie on two very close parallel lines, they can
be separated by a middle linear decision bound even
though mechanically similar stimuli might be as far from
each other as mechanically different stimuli.

Previous dissimilarity-rating studies have frequently
observed that impulsive and continuant tones occupy
disjoint regions of the MDS spaces (Iverson & Krumhansl,
1993; McAdams et al., 1995). On the contrary, it still
remains a controversial issue whether tones from the
same family of musical instruments are regionally sepa-
rated and/or cluster together in MDS spaces (Hajda et
al., 1997, pp. 265-266). The most mechanically hetero-
geneous sets of musical sounds were investigated by
Lakatos (2000) in a study on the dissimilarity ratings of
wind/string and percussive tones (e.g., violin and bam-
boo chimes, respectively). The perceptual relevance of
mechanical factors was assessed through the qualitative
inspection of overlapping cluster structures fitted to the
behavioral data (Corter & Tversky, 1986). He concluded
that mechanical similarities contributed to the clustering
of percussive timbres, whereas wind/string tones clus-
tered based on acoustical rather than mechanical simi-
larities. When related to the results of identification



studies, which focused exclusively on wind/string tones,
these results would suggest that in the absence of trial-
by-trial feedback, listeners will confuse equally often
same-family and different-family instruments. Note that
the analyses carried out by Lakatos (2000) were qualita-
tive and not quantitative. As such, it is still largely unclear
to what extent the perceptual dissimilarity of largely dif-
ferent musical timbres reflects the mechanics of sound
generation.

In this study, we investigate the extent to which iden-
tification and dissimilarity ratings of musical instrument
tones reflect differences in the mechanics of the sound-
generation process. To this purpose, we reanalyzed the
data from 17 studies on the identification and dissimilar-
ity rating of musical tones. We focused on two macro-
scopic mechanical variables of the musical sound source:
the type of excitation and the family of musical instru-
ments. With the exception of the study of Grey (1977),
included here for historical reasons, all of the other con-
sidered studies investigated tones of real or simulated
musical instruments with minimal editing of the sound
samples (e.g., no reverse playback, etc.). This choice was
meant to focus on the experiments in which the acousti-
cal information about the properties of the mechanics
of the sound-generating event was maximized.

Identification of Musical Instruments

We measured the extent to which identification perfor-
mance and confusion probabilities in previously pub-
lished studies on musical instrument identification
changed as a function of the similarities in the family of
the musical instruments. Based on the literature, we
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expected higher-than-chance identification performance
with individual instruments and even better perfor-
mance in the identification of musical instrument fam-
ilies. In the case of a significant association between
musical instrument families and perceptual identifica-
tions, we also expected a higher rate of within-family
confusions than between-family confusions. Because the
large majority of previous identification studies were
conducted exclusively with continuant tones, the percep-
tual relevance of the distinction between excitation types
could not be assessed.

METHOD

Data sets. We considered identification studies con-
ducted with tones of real or simulated musical instru-
ments and, in particular, publications that reported the
matrices of identification confusions (an important
study that did not report confusion matrices was
Saldanha & Corso, 1964). Unpublished confusion matri-
ces could be obtained from the authors of a published
study in only one case (27 tones condition in Srinivasan
et al., 2002). Only in Grey’s (1977) study, included here
for its historical relevance, did participants receive trial-
by-trial feedback on identification performance,
although only for the identification of individual instru-
ments and not for that of families. Table 1 reports the
classification of musical instruments for these studies
along with a number of methodological variables such
as constant vs. variable pitch. Note that among all the
investigated stimuli, only the piano tone in Gfeller,
Knutson, Woodworth, Witt, and DeBus (1998) is impul-
sive. In some of the studies, decay transients, and part of
the stationary portions of the tones, could be missing for

TABLE 1. Datasets Considered for the Meta-analysis of Studies on the Identification of Musical Instruments.

Aerophones

Dataset Pitch Participants Tones Single reed Double reed Lip reed Air jet Chordophones
A N/A Mus. Rec. 3 3 1 4
B Con. Mus. Rec. 3 1 5 1

C Var. Mus. Rec. 1 3 4 1

D Con. Mus. Rec. 2 2 2 1 2
E Var. Mus. Sim. 5 4 3 1 3
F Mel. NMus. Rec. 1 1 2
G Var. Mus. Rec. 1 3 4 2 4
H Mel. Mus. Rec. 4 3 6 2 4
1 Var. Mus. Rec. 2 2 2 1 2
] Var. Mus. Rec. 9 4 6 4 4

Note. The five rightmost columns indicate the number of instruments in each family present in the stimulus set. A = Clark et al. (1963), normal tones condition; B = Berger (1964),
unaltered-tone condition; C = Strong and Clark (1967), natural tones; D = Elliott (1975), unaltered-tone condition; E = Grey (1977); F = Gfeller et al. (1998), normal-hearing listeners;
G =Martin (1999), isolated-tone condition; H= Martin (1999), tone-sequence condition; I = Srinivasan et al. (2002), nine-tone pre-training condition; ] = Srinivasan et al. (2002),
27-tone pre-training condition. Con. = constant; Var. = variable; Mel. = melody; Mus. = musicians; NMus. = nonmusicians; Sim. = simulated/synthetic; Rec. = recorded.
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the purpose of limiting the duration of the stimuli.
Decay transients are known to play only a secondary role
in the identification of nonimpulsive tones (Clark et al.,
1963; Saldanha & Corso, 1964).

RESULTS

We measured the extent to which identifications and
confusions of musical instrument tones varied as a func-
tion of differences in the family of the musical instru-
ment, including the additional distinction between
subclasses of aerophones. Analyses were carried out on
the raw confusion matrices, without accounting for
eventual response biases. Given the multidimensionality
of the musical stimuli investigated in the various studies,
the rigorous computation of bias-corrected confusion
measures is not a trivial problem and goes beyond the
goals of our study (see Ashby, 1992, for multidimen-
sional signal-detection theory methods).

We computed four different statistics: the identifica-
tion performance for individual musical instruments
and for musical instrument families, and the rate of con-
fusions between same- and different-family tones. Note
that whereas the majority of the datasets allowed one
response category for each of the musical instruments
in the stimulus set, Gfeller et al. (1998) and Martin
(1999) also included as response categories instruments
not included in the stimulus set. Further, because par-
ticipants were asked to identify musical instruments, and
not families of musical instruments, in all experiments
family identification performance is derived from the
data by pooling all responses given to instruments

belonging to the same family, i.e., correct identifications
of individual instruments and within-family confusions.
All of the statistics were normalized with respect to
chance performance in order to relativize their value in
comparison to guessing behavior. The guessing partici-
pant was assumed to choose each of the responses with
the same probability, thus producing a confusion matrix
with the same number of responses in each of the cells.
Identification performance scores were thus normalized
so that values of 0 and 1 corresponded to chance and
perfect performance, respectively; confusion rates were
normalized so that scores of 0 and 1 corresponded to no
confusions and to the guessing rate, respectively. Note
that for six out of ten studies, the adopted data normal-
ization produced rates of within-family confusions
higher than 1 (see Table 2). These values are obtained
when same-family stimuli are confused with each other
more frequently than would be expected if participants
used each of the different musical-instrument responses
with the same probability. In a hypothetical experiment
with one flute, one guitar and one violin tone, a guessing
participant who is presented a guitar tone will give the
answer “flute,” on one third of the trials and “violin” on
another third of the trials. On the other hand, a partici-
pant who always confuses tones from the same family
(i.e., the chordophones guitar and violin), but never con-
fuses tones from different families (e.g., guitar and flute),
will never answer “flute” when presented a guitar tone
and will answer “violin” on half of the guitar trials.
Assuming that the violin tone is never confused with the
other instruments, in this hypothetical experiment the

TABLE 2. Normalized Identification Performance (O = Chance; 1= Perfect) and Confusion Rates (O = No Confusions; 1= Guessing

Error-Rate) in Musical Instrument Identification Studies.

Identification performance Confusions
Dataset Instrument Family Difference Within-family ~ Between-family  Difference
A 68 1.00™ 32 1.46 0.00™" 1.46™
B 56 777 21 0.95 0.23™ 0.72""
C 84 93 .10 0.45™ 0.07" 0.38"™
D 727 .84 12 1.22 0.16™ 1.05™
E 74 93 19 1.12 0.07" 1.05™
F 797 97" 18 0.91 0.03"™ 0.89™
G 43" .88 45" 2.64 0.12" 2.52"
H 66 96 317 1.78 0.04™ 1.75™
I 90" 93" .03 0.34™ 0.07" 0.27"
] 577 .87 307 1.72 0.13"" 1.60™"
Mean .69 91 22 1.26 0.09 1.17
SE .05 .02 .04 0.23 0.02 0.23

Note. The fourth and seventh columns show the difference between the scores in the third and second columns, and between those in the fifth and
sixth columns, respectively. *p < .05, **p < .01, ***p < .001. For the source of datasets, see Note in Table 1. Refer to text for an explanation of confusion

measures higher than 1.



rate of within-family confusions normalized for guessing
behavior will be 3/2.

For each of the studies, we first tested whether chance-
normalized identification performance scores were sig-
nificantly higher than 0 (i.e., better than chance) and
whether chance-normalized confusion rates were signifi-
cantly lower than 1 (i.e., lower than the guessing rate).
Second, we tested whether identification of families of
musical instruments was significantly better than that of
individual musical instruments, and whether within-
family confusions were significantly more likely than
between-family confusions. Hypothesis testing was car-
ried out using the bootstrap technique (Efron & Tibishi-
rani, 1993) based on the resampling of the cells of the
confusion matrix (number of bootstrap replicates =
10,000). Significance levels were computed on the basis
of BC, (bias corrected and accelerated) confidence inter-
vals, a refinement of the confidence intervals based on
the percentile method that takes into account asymme-
tries and biases in the distribution of bootstrap replicates.
The results of this analysis are summarized in Table 2.

With all of the datasets, performance in the identifica-
tion of both individual instruments and musical instru-
ment families was significantly better than chance.
Although identification performance for families was
better overall than that for individual instruments, this
difference was significant for a minority of the studies
(4/10). This result might be due simply to the low power
of the statistical test resulting from the low number of
cells of the confusion matrix used to test the difference
(e.g., eight cells for the individual musical instruments
in an experiment with eight instruments and eight
response categories). Most importantly, for the majority
of the studies (8/10), within-family confusions were not
significantly lower than those expected under guessing
behavior. It should be noted that lower than chance
within-family confusions were observed only for the
study of Clark et al. (1963) and in the nine-instrument
condition of Srinivasan et al. (2002). The origin of these
latter results is unclear. Finally, with all of the considered
studies, between-family confusions were significantly
less frequent than would be expected under guessing
behavior, and within-family confusions were signifi-
cantly more frequent than between-family confusions.

DISCUSSION

We quantified identification performance and confu-
sions in previously published studies on the identifica-
tion of musical instruments. In all of the datasets,
identification of individual instruments was higher than
chance, although far from perfect. Not surprisingly,
identification of families of musical instruments was also
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better than chance for all of the studies and was close to
perfect with several of them. Although identification was
better overall for families than for individual musical
instruments, this difference was significant in the minor-
ity of the studies (four out of ten). More relevant results
emerged from the analysis of identification confusions.
In most studies, the probability of confusing an instru-
ment with another one from the same family was not
significantly lower than one would expect if the partici-
pant were guessing. Further, the probability of confusing
instruments belonging to different families was lower
than the guessing rate and close to zero for all of the
studies. Indeed, within-family confusions were signifi-
cantly more frequent than between-family confusions.

Along with the identification performance results, the
analysis of confusion errors clearly shows that the cause
of the less-than-perfect performance in the identifica-
tion of individual musical instruments can be traced
back to a relative inability to perceptually distinguish
instruments belonging to the same family. It should be
remembered that in the majority of the studies consid-
ered, multiple pitches were presented for each of the
musical instruments. As such, at least two explanations
can be advanced for the inability to discriminate instru-
ments from the same family. First, acoustical informa-
tion is not present that differentiates between musical
instruments from the same family in a reliable way across
pitch variations. Second, acoustical information is pres-
ent, but it is less perceptually salient than pitch varia-
tions. In both of these cases, listeners would likely identify
instruments based on their knowledge of their typical
pitch (e.g., viola tones have a lower pitch than violin
tones), thus producing the observed patterns of within-
family confusions. Whatever the correct explanation, the
analysis of timbre identification data shows that large
differences in mechanical properties of the sound source
are associated with significantly better identification
ability.

Dissimilarity Ratings of Musical Tones

We tested the extent to which the geometry of the MDS
spaces published in previous studies on the dissimilarity
ratings of musical tones reflected similarities and differ-
ences in the family of a musical instrument or in its exci-
tation type. To this purpose, we measured whether
mechanically-similar stimuli were clustered together and/
or occupied the same region of the MDS space (clustering
and regional separation outcomes, respectively). Note that
both a clustering and a regional separation based on
musical instrument family would be consistent with the
infrequent between-family identification confusions.
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Most importantly, both outcomes would demonstrate
significant associations between the mechanics of the
sound source and judgments on musical timbre, even
when the task does not explicitly demand a perceptual
distinction between different mechanical systems.

METHOD

Data sets. Analyses focused on published MDS represen-
tations derived from the dissimilarity ratings of tones
from multiple musical instruments. For the study by
Wedin and Goude (1972), we considered the MDS model
computed by Hajda et al. (1997). Part of the synthetic
tones investigated by Krumhansl (1989) and McAdams
etal. (1995) were hybrids of two different musical instru-
ments (e.g., the frumpar tone was generated with a model
that combined characteristics of both trumpet and gui-
tar). The hybrid tones were excluded from the analyses,
because the properties of the simulated sound source
could not be established unambiguously. Kendall,
Carterette, and Hajda (1999) investigated the identification

and dissimilarity ratings of recorded and synthetic tones.
An identification experiment revealed significantly lower
identification performance for synthetic tones, as com-
pared to real ones, thus casting a doubt on the perceptual
validity of the synthesis models. For this reason, we
focused our analyses on the MDS configuration com-
puted for the judgments of natural tones averaged across
avariety of experimental conditions (Kendall et al., 1999,
p- 343). Among the various datasets collected by Hajda
(1995), we considered only those conducted on recorded
tones. In particular, we considered the MDS space com-
puted on the matrix of judgments for natural tones aver-
aged across a variety of different experimental conditions
(Hajda, 1995, p. 79). For all of the studies, eventual edits
of the real and synthetic sounds were kept to a minimum
(e.g., removing an offset transient). The selected datasets
are summarized in Table 3. Note that a martelé playing
style for the violin (Lakatos, 2000) was considered as an
impulsive excitation, given the extremely short duration
of the contact between the bow and the string.

TABLE 3. Datasets Considered for the Meta-analysis of Studies on the Dissimilarity Ratings of Musical Tones.

Aerophones

Single Double

Lip Air

Dataset Pitch Participants Tones Excitation reed  reed reed jet Chordophones Membranophones Idiophones
K Con. Mix. Rec. Cont. 1 2 3 2
L Con. N/A Rec. Cont. 1 2 3 3
E Con. Mus. Sim. Cont. 5 4 3 1 3
M Con. Mus. Sim. Cont. 1 3 3 1
Imp. 5 1
N Con. Mus. Rec. Cont. 2 3 5 1 2
Imp. 1 2
(@) Con. Mix. Rec. Imp. 3 3
M. Imp. 2
P Con. Mix. Sim. Cont. 1 2 3 1
Imp. 4 1
Q Con. Mix. Rec. Cont. 4 3 2 1 1
R Con. Mix. Rec. Cont. 3 2 3 1
Imp. 4
S Con. Mix. Rec. Cont. 1 2
Imp. 4 9
M. Imp. 1 1
T Con. Mix. Rec. Cont. 2 2 2 1 2
Imp. 4 3 4
U Var. Mix. Rec. Cont. 2 2 2 2
Imp. 6
\Y% Var. Mix. Rec. Cont. 2 2 2 2
Imp. 6

Note. Datasets: K = Wedin and Goude (1972); L = Wessel (1973); E = Grey (1977); M = Krumhansl (1989); N = Iverson and Krumhansl (1993), entire tones condition; O =
Hajda (1995), recorded tones condition; P = McAdams et al. (1995); Q = Kendall et al. (1999); R = Lakatos (2000), harmonic set condition; S = Lakatos (2000), percussive set
condition; T = Lakatos (2000), combined set condition; U = Marozeau et al. (2003), two-semitone difference condition; V = Marozeau et al. (2003), 11-semitone difference
condition. Con. = constant; Var. = variable; Mel. = melody; Mus. = musically trained; Mix. = mixed musicians/nonmusicians; Sim. = simulated/synthetic; Rec. = recorded;
Cont. = continuant; Imp. = impulsive; M. Imp. = multiple impacts. Note that some percussive stimuli in Lakatos (2000) did not have a clear pitch.



RESULTS

Analyses were performed using two complementary
approaches. In separate analyses, we first tested whether
same-family tones or same-excitation tones occupied
disjoint regions of the MDS spaces, i.e., were regionally
separated. This approach to the analysis of MDS con-
figurations has been called regional analysis (Borg &
Groenen, 1997). A second distance-based analysis tested
whether same-family or same-excitation tones were sig-
nificantly more similar, i.e., closer than different-family
or different-excitation tones, respectively.

Regional separations were tested within the Euclidean
portion of the MDS models. Note that in some of the
studies perceptual distances were modeled as the
between-stimuli distances in a common Euclidean
space, plus the location of each of the stimuli along spe-
cific dimensions not shared with all the other stimuli
(Krumhansl, 1989, McAdams et al., 1995, and the MDS
spaces for the harmonic and combined sets in Lakatos,
2000; see McAdams et al., 1995, for further details on
MDS models with specificities as applied to timbre per-
ception data). We used linear logistic classifiers to mea-
sure whether tones that shared a mechanical feature
(e.g., instruments from the same family) occupied dis-
joint regions of the Euclidean space, as defined by linear
functions of the MDS coordinates (see an example in
Figure 1). In practice, the logistic regression model pre-
dicted either the instrument family or the excitation
type based on the dimensions of the Euclidean spaces
(e.g., Agresti, 1996). A perfect prediction was obtained
when mechanically similar stimuli could be perfectly
separated by means of linear boundaries. In order to
provide a measure of the linear separability of the
mechanically similar stimuli, we quantified the agree-
ment between the actual classification of the stimuli
(e.g., lip reeds, membranophones, etc.) and the classifi-
cation predicted by the logistic regression model. We
used the adjusted Rand index (Hubert & Arabie, 1985)
for this purpose, equal to one in case of perfect agree-
ment and to zero for chance-level agreements between
actual and predicted classification. We used bootstrap
hypothesis testing based on BCa confidence intervals
to assess whether the adjusted Rand index was signifi-
cantly higher than zero. Each of the bootstrap signifi-
cance tests was carried out by resampling the stimuli
(number of bootstrap replicates = 10,000). A significant
test was taken as evidence for the regional separation of
different groups of mechanically similar stimuli within
the MDS space.

The distance-based analysis used as data the distances
of stimuli within the MDS models. These were calcu-
lated considering the Euclidean portion of the models

Sound Source Mechanics and Musical Timbre 163

TABLE 4. Regional and Distance-Based Analyses of the MDS Models
Derived from Dissimilarity Ratings of Musical Tones (Two Leftmost and
Rightmost Columns, Respectively).

Adjusted Rand Within/between

index class dissimilarity
Dataset  Excitation  Family Excitation Family
K 1.00™" 97
L 1.00™ 56
E 73" 87
M 1.00™ 627 507 617
N 1.00™ 1.00™ 40" 40"
(@) 1.00™" 1.00™ 98 66"
p 1.00™ 1.00™ 557 .68
Q 1.00™" 717
R 1.00™ 55 44" .53
S 1.00™" 24 73" .96
T 1.00™ 317 547 72"
U 1.00™ 1.00™" 88 .99
\Y% 1.00™ 1.00™ 577 677
Mean 1.00 .80 .62 72
SE .00 .08 .05 .05

Note. *p < .05, **p < .01, **p < .001. For the source of datasets, see Note in Table 3.

and, when available, the specificities (cf. McAdams et
al., 1995). For each dataset we tested whether stimuli
that were mechanically similar in terms of family or
excitation were significantly more similar to each other
than mechanically different stimuli. To this purpose, we
used bootstrap hypothesis testing based on BC, confi-
dence intervals and on stimulus resampling (number of
bootstrap replicates = 10,000). The results of both the
regional and distance-based analyses are summarized
in Table 4.

Both analyses revealed significant associations between
the structure of MDS models and mechanical properties
of the stimuli. All of the studies revealed perfect regional
separations based on excitation type and, in the majority
of the studies (8/13), on the musical instrument family as
well. With the majority of the studies, mechanically simi-
lar stimuli were more similar than mechanically different
stimuli (7/9 for excitation, 10/13 for instrument family).
Note that the number of tests for which similarity-based
clusterings were significant (17/22) was lower than the
number of significant tests for regional separation (22/22).
This result might be due in part to a difference in power
between the statistical tests used to measure significant
clusterings and regional separations. Nonetheless, of the
five analyses that revealed nonsignificant clusterings of
either instrument families or excitation types, four of the
related regional analyses showed perfect regional separa-
tion of mechanically similar stimuli.
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DISCUSSION

We measured the extent to which differences in the per-
ceived dissimilarity of musical tones were associated with
differences in musical instrument family or in excitation
type. In particular, we tested whether mechanically simi-
lar stimuli were clustered in MDS spaces and whether
they defined separated regions in those MDS spaces.
Based on the analysis of identification data, we expected
significant associations between perceptual dissimilarities
and differences in instrument family. With the majority
of the analyzed datasets, we observed that tones produced
by instruments of the same family consistently clustered
together and occupied the same region of the MDS space.
Based on observations previously published in the timbre
perception literature, we also expected significant asso-
ciations between perceptual dissimilarities and differ-
ences in excitation type. Significant regional separations
and stimulus clusterings were consistently associated with
this mechanical variable in all of the analyzed datasets. In
summary, the analysis of dissimilarity-rating data showed
significant associations between the mechanics of sound
production and perceptual judgments.

For the majority of analyzed datasets, pitch was either
held constant within the stimulus set (from 262 Hz in
Iverson & Krumhansl, 1993, to 466 Hz in Kendall et al.,
1999) or varied within the stimulus set (from 246 to 466
Hz in the 11-semitone condition of Marozeau et al.,
2003). As such, both the regional separation and the
clustering results emerged both for stimulus sets with
different pitches and for sets that included pitch varia-
tion. No empirical data are available to test whether sig-
nificant mechanical-perceptual associations emerge
when dissimilarities are collected on pitches outside this
range. Studies on the identification of musical instru-
ments are of little help here. For example, even though
between-family discrimination performance drops for
nonmusicians and musicians with pitch differences
larger than one and two octaves, respectively (Steele &
Williams, 2006), it is not possible to make sensible pre-
dictions about whether this result is caused by pitch-
based perceptual clustering of the stimuli from different
families or by a nonoptimal location of the decision
bounds that separate different families of instruments.
Furthermore, it might be reasonable to expect that some
between-family distinctions are more robust to pitch
variations than others, and that the perceptual differen-
tiation of the excitation types shows a different degree
of pitch-related vulnerability than between-family dis-
tinctions. Again, to our knowledge, no empirical evidence
is available on this point.

No strong difference emerged between the level of
structuring in the dissimilarities associated with excitation

types and with families of musical instruments. Indeed,
the same proportion of datasets showed significant clus-
terings based on either excitation types or on instrument
family, and significant regional separations of excitation
types and instrument families were observed in all stud-
ies. The only difference observed between the two
mechanical factors was indeed in the proportion of stud-
ies that showed perfect regional separation: although
stimuli generated with different types of excitation (e.g.,
impulsive vs. continuant) lie in perfectly disjoint regions
of the MDS spaces in all studies, different-family tones
(e.g., aerophones vs. chordophones) lie in perfectly dis-
joint MDS regions for only eight of the thirteen datasets.
Based on these results, empirical evidence appears to
support stronger perceptual effects of differences in exci-
tation type than in instrument family.

General Discussion

To date, musical timbre has been conceptualized as a
multidimensional attribute of auditory sensation and, at
the same time, as a perceptual correlate of the mechanics
of the sound source (Handel, 1995, p. 426). Within this
framework, research has nonetheless emphasized the
quantification of the acoustical correlates of the sensory
dimensions of musical timbre (McAdams et al., 1995),
whereas little effort has been made to understand what
in the mechanics of the sound source is actually differ-
entiated in timbre perception.

We analyzed 23 datasets from 17 previously published
studies on the identification and dissimilarity ratings of
musical timbres. In general terms, we measured the extent
to which similarities and differences in the mechanics of
the sound source are associated with structures in the
behavioral responses. We focused on two mechanical fac-
tors that are likely to be among the major sources of
acoustical variability in music: the musical instrument
family and the excitation type. Consistent with previously
published studies on timbre identification, we observed
better than chance, although seldom perfect, identifica-
tions of both individual instruments and instrument
families. Although the chance-corrected identification
performance for instrument families was better than for
individual instruments, the difference was significant only
for a minority of the studies. We interpreted this result in
terms of the low power of our statistical tests. More impor-
tantly, with the majority of the datasets, instruments from
the same family were confused with each other signifi-
cantly more frequently than were instruments from dif-
ferent families. Notably, with the majority of the studies
within-family confusions were as frequent as would be
expected if participants were guessing. As such, similarities



in the mechanics of the sound source were associated with
increased identification confusions.

Results consistent with the literature on timbre iden-
tification emerged from the analysis of dissimilarity rat-
ings. We separately tested whether mechanically similar
stimuli clustered together in the MDS spaces, i.e., were
more similar than mechanically different stimuli, and
whether mechanically similar stimuli occupied the same
region of an MDS spaces defined by hypothetical linear
decision bounds (Ashby & Maddox, 1998). Overall, tones
generated by the same type of excitation or tones gener-
ated by instruments from the same family were more
similar to each other and occupied independent regions
of the MDS spaces. As such, significant mechanical-
perceptual associations emerged even when the task did
not explicitly require participants to focus on acoustical
differences that are diagnostic of mechanical differences
in the sound source.

Opverall, the analyses reported here are consistent with
current theories of timbre, according to which this mul-
tidimensional attribute of auditory sensation is indeed the
perceptual correlate of the mechanics of the sound source.
In contrast to previous music-focused studies relevant to
this issue (McAdams et al., 2004; Poirson et al., 2005), we
investigated sets of sounds where the mechanical factors
of interest—musical instrument family and excitation
type—were not the only sources of acoustical variability.
Above all, significant mechanical-perceptual associations
emerged across within- and between-set variations in
pitch. This approach consequently strengthens our test of
the mechanical-perceptual association.

Several points were not addressed by our study. At least
three of them deserve further investigation. First, the
perceptual roles of instrument family and excitation type
were tested separately. Given that these factors are to a
certain extent correlated within the musical domain
(e.g., most of the idiophones are struck), further research
is needed to disentangle the perceptual relevance of these
two factors. A likely empirical route to this goal might
be to investigate stimulus sets that orthogonally combine
excitation types and instrument families (e.g., bowed
idiophones as in Lakatos, 2000, or wind tones generated
with unusually short pulses of air as in the “slap-tongue”
technique in flutes and brass instruments). For example,
one possible related empirical question is whether exci-
tation type influences the identification of instrument
families and vice versa.

Second, the perceptual ability to differentiate between
mechanical systems was quantified independently of the
acoustical correlates of these abilities. As such, it is
unclear what acoustical information listeners use to dis-
tinguish between families of musical instruments. Given
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the relevance of SCG to the dissimilarity ratings of tim-
bres (cf. McAdams et al., 1995), it would be plausible to
expect that this acoustical feature plays a role in the dis-
crimination of instrument families. Associated with the
hypothesis that listeners make use of whatever acoustical
features maximize performance (Handel, 1995, p. 433),
one might expect that the pervasiveness of a perceptual
focus on SCG serves the task of optimizing the ability to
differentiate mechanical systems of sound generation
(see Giordano, Rocchesso, & McAdams, 2010, for a
quantitative version of this hypothesis in the domain of
nonmusical impact sounds). It should be noted that our
distinction between families of musical instruments
groups two different factors from the ESF model of
sound production (Handel, 1989): the source (e.g., a
vibrating string) and the filter (e.g., the body of a violin).
As we noted, it is common for systems that share similar
sources (e.g., strings) to also share mechanically similar
filters (e.g., wooden boxes of similar shape in string
instruments). Disentangling the perceptual role of these
two mechanical factors will require either building novel
musical instruments, or, probably more feasibly, carrying
out research with stimuli synthesized according to a
physical model of the musical sound source.

Finally, the analyses did not consider the role of cogni-
tive factors in the mechanical-perceptual associations.
Indeed, a popular hypothesis is that listening to music
activates a processing mode that focuses on sensory attri-
butes, independently of how sensation might inform the
processes of sound source recognition (Gaver, 1993).
One might speculate therefore that when listening to
complex musical materials, as opposed to the isolated
tones investigated by the majority of the considered
studies on timbre, the perceptions of listeners will be less
influenced by acoustical features that are diagnostic of
differences in the mechanics of sound production. Fur-
ther empirical investigations will be necessary to shed
light on these issues.
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