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Chapter 2
The Perceptual Representation of Timbre

Stephen McAdams

Abstract  Timbre is a complex auditory attribute that is extracted from a fused 
auditory event. Its perceptual representation has been explored as a multidimen-
sional attribute whose different dimensions can be related to abstract spectral, tem-
poral, and spectrotemporal properties of the audio signal, although previous 
knowledge of the sound source itself also plays a role. Perceptual dimensions can 
also be related to acoustic properties that directly carry information about the 
mechanical processes of a sound source, including its geometry (size, shape), its 
material composition, and the way it is set into vibration. Another conception of 
timbre is as a spectromorphology encompassing time-varying frequency and ampli-
tude behaviors, as well as spectral and temporal modulations. In all musical sound 
sources, timbre covaries with fundamental frequency (pitch) and playing effort 
(loudness, dynamic level) and displays strong interactions with these parameters.

Keywords  Acoustic damping · Acoustic scale · Audio descriptors · Auditory event 
· Multidimensional scaling · Musical dynamics · Musical instrument · Pitch · 
Playing effort · Psychomechanics · Sound source geometry · Sounding object

2.1  �Introduction

Timbre may be considered as a complex auditory attribute, or as a set of attributes, 
of a perceptually fused sound event in addition to those of pitch, loudness, per-
ceived duration, and spatial position. It can be derived from an event produced by a 
single sound source or from the perceptual blending of several sound sources. 
Timbre is a perceptual property, not a physical one. It depends very strongly on the 
acoustic properties of sound events, which in turn depend on the mechanical nature 
of vibrating objects and the transformation of the waves created as they propagate 
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through reverberant spaces. The perceptual representation of timbre in the auditory 
system has been studied extensively. Such a representation is thought to underlie 
the recognition and identification of sound sources, such as human speech and 
musical instruments, or environmental events, such as rustling leaves, pounding 
surf, or a cooing dove.

Timbre encompasses a number of properties of sound events, such as auditory 
brightness (the mellowness of the horn versus the brightness of the muted trumpet), 
roughness (a growly jazz tenor saxophone), attack quality (sharp attack of a violin 
pizzicato versus the slow attack of a clarinet), hollowness (a clarinet sound), and 
inharmonicity (tubular bells). These properties also include traits that signal charac-
teristics of the sounding body—its large or small size, geometry, and materials 
(wood versus metal)—and the way it was set into vibration (struck, blown, rubbed, 
rolled, and so on).

Essential questions that arise in studying timbre include the following:

•	 What perceptual representations of timbre are suggested by different behavioral 
and modeling approaches?

•	 To what extent are the modeled representations dependent on stimulus context?
•	 How does timbre interact or covary with pitch and loudness in acoustic sound 

sources?
•	 What differences are there between the role of timbre as a cue for the identity of 

a sounding object (including the action that sets it into vibration) and timbre’s 
role as a perceptual quality that can be compared across separate events?

Certain aspects of timbre were studied as early as the late nineteenth century by 
Helmholtz (1885). He demonstrated that the “quality of sound,” as Zahm (1892) 
(Caetano, Saitis, and Siedenburg, Chap. 11) refers to it, or Klangfarbe in the origi-
nal German (literally “sound color”), is due to the number and relative intensity of 
the partials of a complex sound (i.e., its spectral envelope). For example, a voice 
singing a constant middle C while varying the vowel being sung can vary the shape 
of the sound spectrum independently of the perceived pitch and loudness. The sev-
enteenth century concept of a sound being formed of different partial tones 
(Mersenne’s law of the harmonics of a vibrating string) was instrumental in leading 
Helmholtz to this conception of timbre. Zahm (1892) claimed that Gaspard Monge 
(late eighteenth to early nineteenth century French mathematician) asserted that the 
quality of the sounds emitted by vibrating strings was due to the order and number 
of vibrations.

Exploration of the complex nature of timbre awaited the development of meth-
odological tools, such as multidimensional scaling of dissimilarity ratings, devel-
oped in the 1950s and 1960s and first applied to timbre by Plomp (1970). However, 
real advances in the understanding of the perceptual representation of timbre 
required subsequent developments in musical sound analysis and synthesis. Wessel 
(1973) was probably one of the first to apply these developments to timbre and to 
demonstrate that the origins of timbre reside not only in spectral properties but in 
temporal properties as well. This approach led to the conception of timbre as a set 
of perceptual dimensions represented in a timbre space. However, some new con-
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cepts, partially derived from auditory neuroscience, are challenging this view by 
taking a more unitary approach in which timbre, rather than being a collection of 
individual properties, emerges from a complex higher-dimensional representation 
taken as a whole.

This chapter examines several aspects of the perceptual representation of tim-
bre. Discrimination studies, multidimensional conceptions of timbre, the acoustic 
correlates of those dimensions, and complex spectromorphological conceptions 
of timbre are presented. The contributions of timbre to the perception of the 
geometry and materials of sound sources, and the actions that set them into vibra-
tion, are emphasized. The chapter also considers the interactions of timbre with 
other auditory attributes, such as pitch and loudness, and playing effort of a musi-
cal instrument.

2.2  �Timbre Discrimination

Discrimination performance is measured for sounds that have been modified in 
some way to determine which modifications create significant perceptual effects. 
There are few studies of the discrimination of specific timbre-related acoustic 
parameters. A study of the discrimination of linear rise and decay times in 1 kHz 
sine tones and noise bursts found that the just noticeable difference was about 
25% of the duration of the rise or decay time, but discrimination was a bit better 
at times above 80 ms and much worse at times below 20 ms (van Heuven and van 
den Broecke 1979). Discrimination of decay times in noise bursts was best at 
moderate values, whereas rise times of sine tones were best discriminated at very 
short times when energy splatter probably provided a cue.

Experiments on discrimination of musical-instrument tones have often progres-
sively simplified the sounds. One kind of simplification involves performing a fine-
grained acoustic analysis of instrument tones and then resynthesizing them with 
modifications. Grey and Moorer (1977) presented listeners with different versions 
of string, woodwind, and brass tones: the original recorded tones and resynthesized 
versions of each one with various kinds of modifications (Fig. 2.1). These experi-
ments showed that simplifying the pattern of variation of the amplitudes and fre-
quencies of individual components in a complex sound affected discrimination for 
some instruments but not for others. When the attack transients (low-level noisy 
components at the very onset of the signal; see Fig. 2.1b) were removed, the tones 
were easily discriminated from the originals. Applying the same amplitude varia-
tion to all of the components (thus replacing the individual variations normally 
present) grossly distorted the time-varying spectral envelope of the tone and was 
easily discriminated. Complete removal of frequency change during the tone was 
also easily discriminated, although applying a common frequency variation to all 
components had only a weak effect on discriminability. These findings demon-
strate a fine-grained perceptual sensitivity to the spectrotemporal microstructure of 
sound events.

2  Perceptual Representation of Timbre
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Similar results were obtained with more fine-grained modifications by McAdams 
et al. (1999). Spectral analyses of sounds from several instruments were used to 
produce time-varying harmonic amplitude and frequency representations that were 
then simplified in several ways and resynthesized. Listeners had to discriminate a 
reference sound resynthesized with the full data from a sound transformed with 
from one to four simplifications, which affected the amplitude and frequency behav-
ior of the harmonics and the overall spectral envelope (the general shape of the 
amplitudes of the partials over frequency). Discrimination between the original ref-
erence sound and the various simplified sounds was very good when the spectral 
envelope was smoothed out and when the component amplitudes were made to vary 
together rather than independently. However, discrimination was moderate to poor 
when the frequency behavior of the partials was modified or the amplitude enve-
lopes of the individual partials were smoothed. Discrimination of combinations of 
simplifications was equivalent to that of the most discriminable simplification. 
Analysis of the spectral data for changes in harmonic amplitude, changes in har-
monic frequency, and changes in the “center of gravity” of the frequency spectrum 
(the amplitude-weighted mean frequency, more simply referred to as the spectral 
centroid) resulting from the simplifications revealed that these measures correlated 
well with discrimination results, indicating yet again that listeners have access to a 
relatively fine-grained sensory representation of musical-instrument sounds.

One difficulty in generalizing these results to everyday situations is that perception 
of isolated tones may differ from that of tones in musical sequences. To test the effect 
of sequences on timbre discrimination, Grey (1978) used the same kind of simplified 
tones from Grey and Moorer (1977) for three instruments (bassoon, trumpet, and 

Fig. 2.1  Analysis of the time-varying amplitudes and frequencies of the partials of a bass clarinet 
tone (a) and their simplification by line segment functions (b). In this three-dimensional represen-
tation, time goes from left to right, relative amplitude from bottom to top, and frequency from back 
to front. Each curve shows the frequency and amplitude trajectory of a partial in the tone. Note the 
low-level inharmonic partials at the beginning of the sound, which are called attack transients. 
Attack transients are present in many sustained sounds and indicate the chaotic behavior of the 
sound coming from the instrument before it settles into a periodic vibration (Reproduced from 
figures 2 and 3  in Grey and Moorer 1977; used with permission of The Acoustical Society of 
America)

S. McAdams 



27

clarinet). He created notes at other pitches by transposing the instrument spectrum to 
higher or lower frequencies. Listeners were asked to discriminate between the origi-
nal stimulus and the simplifications of a given instrument for either isolated tones or 
for the same tones placed in musical patterns that differed in rhythmic variety, tem-
poral density, and number of simultaneous melodic lines. An increasingly complex 
musical context (isolated tones versus sequences) did not affect discrimination 
between original and modified versions of the bassoon but hindered such discrimina-
tion for the clarinet and trumpet. Small spectral differences were slightly enhanced in 
single-voice contexts compared with isolated tones and multi-voiced contexts, 
although discrimination remained high. Articulation differences, on the other hand, 
were increasingly disregarded as the complexity and density of the context increased. 
These results suggest that in cases where demands on perceptual organization and the 
storing and processing of sequential patterns are increased, fine-grained temporal dif-
ferences are not preserved as well as spectral differences.

One possible confounding factor in Grey’s (1978) study is that the different 
pitches were created by transposing a single tone’s spectrum and then concatenating 
and superimposing these tones to create the musical patterns. This removes any 
normal variation of spectral envelope with pitch as well as any articulation features 
that would be involved with passing from one note to another in a melody. Kendall 
(1986) controlled for these problems in an instrument recognition experiment in 
which the recorded melodic sequences were modified by cutting parts of the tones 
and splicing them together. Listeners had to decide which of the instruments (clari-
net, trumpet, or violin) playing an unedited melody matched the one playing the 
melody composed of modified sounds. Modifications of the normal tones included 
cutting attacks and decays (thereby leaving only the sustain portion) and presenting 
transients only (with either a silent gap in the sustain portion or an artificially stabi-
lized sustain portion). The results suggest that transients in isolated notes provide 
information for instrument recognition when alone or coupled with a natural sustain 
portion but are of little value when coupled with a static sustain part. They are also 
of less value in continuous musical phrases in which the information present in the 
sustain portion (most probably related to the spectral envelope) is more important.

From these studies on the effects of musical context on discrimination, it can be 
concluded that the primacy of attack and legato transients found in all of the studies 
on isolated tones is greatly reduced in whole phrases (particularly slurred ones). The 
spectral envelope information present in the longer segments of the sustain portion 
of musical sounds is thus of greater importance in contexts where temporal demands 
on processing are increased.

2.3  �Multidimensional Conceptions of Timbre

Dissimilarity ratings can be used to discover the salient dimensions that underlie the 
perception of a set of sounds. All possible pairs from the set are presented to a lis-
tener who rates how dissimilar they are on a given scale (say 1–9, where 1 means 
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identical or very similar and 9 means very dissimilar on a continuous scale). In 
multidimensional scaling (MDS), the ratings are treated as psychological proximi-
ties between the judged items, and a computer program maps the dissimilarity rat-
ings onto a spatial configuration in a given number of dimensions. The resulting 
geometrical structure is interpreted as reflecting the perceptual qualities listeners 
used to compare the sounds. In order to give a psychoacoustic meaning to the spatial 
representation, the dimensions of the space are correlated with acoustic properties 
of the tones. It is presumed that the dimensions on which listeners do focus are 
determined firstly by the set of sounds used in the experiment, that is, their represen-
tations may be coded with respect to the stimulus context provided within an experi-
mental session, and secondly by knowledge or previous experience that listeners 
have with the classes of sounds used. In sum, this approach aims to give us an idea 
of the auditory representations that listeners use in comparing sounds.

One methodological advantage of the MDS approach is that listeners don’t have 
to focus on a specific property to be rated, which has to be communicated to them 
with words that in turn are often ambiguous with respect to their meaning (but see 
Saitis and Weinzierl, Chap. 5). They simply rate how dissimilar all pairs of a set of 
sounds are (for reviews see Hajda et al. 1997; McAdams 2013).

2.3.1  �Multidimensional Scaling Models

MDS routines compute a model of the dissimilarities in terms of Euclidean dis-
tances among all pairs of sounds in a stimulus set. The result is a space with a small 
number of shared perceptual dimensions. Various techniques are used to decide on 
the dimensionality of the model, some more qualitative, like stress values, and some 
more statistically based, like the Bayesian Information Criterion and Monte Carlo 
testing (for more detail see McAdams et al. 1995).

The basic MDS algorithm originally developed by Kruskal (1964) is expressed 
in terms of continuous dimensions that are shared among stimuli. The underlying 
assumption is that all listeners use the same perceptual dimensions to compare 
them. The model distances are fit to the empirically derived proximity data (usually 
dissimilarity ratings or confusion ratings among sounds). More complex algorithms 
like EXSCAL also include specificities (properties that are unique to a sound and 
increase its distance from all the other sounds beyond the shared dimensions), 
whereas others include different perceptual weights accorded to the dimensions and 
specificities by individual listeners (INDSCAL) or by latent classes of listeners 
(CLASCAL). The equation defining distance in the more general CLASCAL model 
(McAdams et al. 1995) is:
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where ∂ijc is the distance between sounds i and j for latent class c; xid is the coordi-
nate of sound i on dimension d; D is the total number of dimensions; wcd is the 
weight on dimension d for class c; si is the specificity on sound i; and vc is the weight 
on the whole set of specificities for class c. The basic MDS algorithm doesn’t model 
weights or specificities and only has one class of listeners. EXSCAL has specifici-
ties, but no weights. INDSCAL has no specificities but has weights on each dimen-
sion for each listener.

One of the difficulties of the paired-comparison approach is that the number of 
dissimilarity ratings that each listener has to make increases quadratically with the 
number of sounds to be compared. To get around this limitation, Elliott et al. (2013) 
used the SMACOF algorithm to perform multiway constrained MDS in which mul-
tiple similarity ratings from different listeners are used for each pair of stimuli. In 
this paradigm a given listener only has to rate a subset of a large set of stimulus 
pairs.

2.3.2  �Timbre Spaces

The result of an analysis applied to dissimilarity ratings of musical sounds of similar 
pitch, duration, and loudness is a timbre space, which characterizes the perceptual 
dimensions shared by a set of sounds. One underlying assumption is that the percep-
tual dimensions are orthogonal and should be characterizable by independent physi-
cal properties.

The most cited timbre space is from the seminal study by Grey (1977), using 
sustained musical-instrument sounds (blown and bowed) that had been analyzed 
and then resynthesized in simplified form (as in Fig.  2.1b). Using INDSCAL, 
he  found a space with three dimensions (Fig.  2.2a). The first dimension corre-
sponded qualitatively with the spectral energy distribution: brighter or more nasal 
sounds were at one extreme and mellower sounds were at the other. The second 
dimension was related to the degree of spectral fluctuation during the sound and the 
onset synchrony of harmonics (what has subsequently come to be called spectral 
flux or spectral variation). The position of sounds along the third dimension seemed 
to depend on the strength of attack transients, which characterizes the attack quality. 
Grey and Gordon (1978) validated the interpretation of the spectral dimension by 
exchanging the spectral envelopes of four pairs of sounds among the sixteen origi-
nal ones that differed primarily in terms of this dimension (sounds connected by 
lines in Fig.  2.2). For example, the spectral envelope of the trumpet sound was 
applied to the muted trombone and vice versa. When they ran the study on this 
modified set, the pairs with switched spectral envelopes also switched positions 
along this dimension, confirming the interpretation (Fig. 2.2b).

It is important to note that although some features related to spectral distribution 
and temporal envelope seem ubiquitous (at least in musical sounds), the actual 
dimensions found depend on the type of acoustic variation that is present in the set 
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of sounds being tested. The first timbre dissimilarity study to include percussion 
sounds was conducted by Lakatos (2000). He presented different sound sets to lis-
teners: one with harmonic wind and string sounds (sustained and impulsive), one 
with percussion sounds (some pitched, like vibraphone or temple block, and some 
unpitched, like snare drum and cymbal), and a third one with ten sounds from each 
of those sets. A reanalysis of these data by McAdams (2015) found two dimensions 
for the wind/string set that qualitatively included spectral envelope and temporal 
envelope; those for the percussion set included temporal envelope and either spec-
tral density or pitch clarity/noisiness of the sound. The combined set had all three: 
spectral distribution, temporal envelope, and spectral density.

One might wonder how much the relations among sounds, as determined by the 
dissimilarity ratings, depend on the global stimulus context. For example, if one 
were to change some of the sounds in a stimulus set or add new sounds that are quite 
different, would the relations among the original sounds be distorted, perhaps due 
to making the listener focus on different sound properties? In the reanalysis of 
Lakatos’ (2000) dissimilarity data, McAdams (2015) compared the perceptual 
structure of the ten sounds from the wind/string and percussion sets that were 
included in the combined space with their structure in the original sets. With the 
exception of one percussion instrument, the relations among the ten sounds of each 
set maintained their dissimilarity relations in the presence of the very different new 
sounds from the other set. This result is important in demonstrating a relative robust-
ness of timbre relations across different orchestration contexts. How would this 
apply in a musical setting? If, for instance, part of a piece uses the differences 
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Fig. 2.2  Timbre spaces: (a) from Grey (1977) and (b) from Grey and Gordon (1978). Dimension 
1 is related to the spectral envelope distribution. Dimension 2 corresponds to the amount of fluctua-
tion over time in the spectral envelope and the synchrony of onset of the harmonics. Dimension 3 
captures the strength of attack transients. BN, bassoon; C1, Eb clarinet; C2, bass clarinet; EH, 
English horn; FH, French horn; FL, flute; O1, oboe 1; O2, oboe 2; S1, alto saxophone playing 
piano; S2, alto saxophone playing mezzoforte; S3, soprano saxophone; TM, trombone with mute; 
TP, trumpet; V1, violoncello playing normale; V2, violoncello playing sul tasto with mute; V3, 
violoncello playing sul ponticello (Modified from figures 2 and 3 in Grey and Gordon 1978; used 
with permission of The Acoustical Society of America)
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between string and woodwind instruments, listeners will tune in to the resulting 
timbral relations. If the composer then adds brass and percussion at a different point, 
these perceptual relations among string and woodwind sounds won’t necessarily be 
perturbed by the new orchestral context.

The apparent assumption that extremely complex sounds like musical-instrument 
tones differ in terms of only a few common perceptual dimensions is questioned by 
many musicians. Each instrument may also produce unique characteristics that are 
not easily coded along a continuous dimension, such as the sudden pinched offset of 
a harpsichord, the odd-harmonic structure of the clarinet spectrum, or the amplitude 
modulation of a flutter-tongued flute or trumpet. Krumhansl (1989) used a set of 
sounds created by digital sound synthesis that imitated some musical instruments or 
that were conceived as hybrids of instruments, so the guitarnet was a chimera with 
the “head” of a guitar and the “tail” of a clarinet. An MDS analysis with EXSCAL 
produced a three-dimensional space with specificities. The analysis of specificities 
showed that a significant amount of variability in the similarity judgements, which 
could not be attributed to the common dimensions, could be accounted for by pos-
tulating unique features for some of the instruments, such as the simulated harp, 
harpsichord, clarinet, and vibraphone. This technique seems promising for identify-
ing sounds that have special perceptual features, but it remains tricky to tie them to 
specific acoustic properties given that they are unique for each instrument.

Algorithms such as INDSCAL and CLASCAL allow for differences among indi-
vidual listeners or latent classes of listeners, respectively. These differences are 
modeled as weighting factors on the different dimensions for both algorithms and 
on the set of specificities for CLASCAL. Latent classes are formed of listeners hav-
ing a similar weight structure in their data. For example, one group of listeners 
might pay more attention to spectral properties than to temporal aspects, whereas 
another group might have the inverse pattern. McAdams et al. (1995) found five 
classes in a set of 84 listeners. Most of the listeners were in two classes that had 
fairly equal weights across dimensions and specificities. They merely differed in 
that one class used more of the rating scale than the other. For the other three classes, 
some dimensions were prominent (high weights) and others were perceptually 
attenuated (low weights). However, an attempt to link the classes to biographical 
data, including the amount of musical experience or training, was not conclusive. 
McAdams et al. (1995) found that similar proportions of nonmusicians, music stu-
dents, and professional musicians fell into the different latent classes. One explana-
tion may be that because timbre perception is so closely allied with the ability to 
recognize sound sources in everyday life, everybody is an expert to some degree, 
although different people are sensitive to different features.

Along the same lines of thought, the previously mentioned robustness of timbre 
spaces to changes in stimulus context may be due to the fact that timbre perception 
is strongly related to the recognition and categorization of sound sources (also see 
Agus, Suied, and Pressnitzer, Chap. 3). To test this idea, Giordano and McAdams 
(2010) conducted a meta-analysis of previously published data concerning identifi-
cation rates and dissimilarity ratings of musical-instrument tones. The aim was 
to ascertain the extent to which large differences in the mechanisms for sound 
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production (different instrument families, for example) were recovered in the  
perceptual data. In the identification studies, listeners frequently confused tones 
generated by musical instruments with a similar physical structure (e.g., clarinets 
and saxophones are often confused, both being single-reed instruments), but they 
seldom confused tones generated by very different physical systems (e.g., one rarely 
mistakes a trumpet, a lip-valve instrument, for a bassoon, a double-reed instrument, 
and never for a vibraphone, a struck metal bar). Consistent with this hypothesis, the 
vast majority of previously published timbre spaces revealed that tones generated 
with similar resonating structures (e.g., string instruments versus wind instruments) 
or with similar excitation mechanisms (e.g., impulsive excitation as in violin pizzi-
cati versus sustained excitation as in a flute tone) occupied the same region in the 
space. To push this idea even farther, Siedenburg et al. (2016) presented recorded 
musical-instrument sounds previously determined to be highly familiar to listeners 
and digitally transformed versions of these sounds rated as highly unfamiliar. The 
dissimilarity ratings demonstrated that similarity between the source/cause mecha-
nisms can affect perceived similarity, thereby confirming the meta-analysis results 
of Giordano and McAdams (2010).

As mentioned in Sect. 2.1, timbre emerges from the perceptual fusion of acoustic 
components into a single auditory event. This includes the perceptual fusion of 
sounds produced by separate instruments into a single blended event, a technique 
often used by instrumental composers to create new timbres (see McAdams, Chap. 
8 for more on timbral blend). One question that arises concerns the extent to which 
the timbral properties of a blended event can be determined by the constituent 
events. Kendall and Carterette (1991) recorded dyads of different wind instruments 
that performed together. The dyads were presented to listeners who rated the dis-
similarities between them. They found that the relations among dyads could be 
modeled as a quasi-linear combination of the positions of the individual instruments 
in timbre space. That is, if one determines the vector between two instruments (e.g., 
flute and saxophone) in a timbre space, the position of the flute/saxophone dyad 
would be at the point of bisection of that vector. This result suggests that in the case 
of dyads, there may not be much partial masking of the sound of one instrument by 
that of the other. However, one might imagine that this would begin to break down 
for blends of three or more instruments as the combined frequency spectrum densi-
fies and auditory masking increases.

One last issue with the notion of timbre space is the degree to which the dimen-
sions, which are modeled as orthogonal, are actually perceptually independent. 
Caclin et al. (2007) created synthesized harmonic sounds that varied independently 
in spectral centroid (see Sect. 2.4.1), attack time, and the ratio of the amplitudes of 
even and odd harmonics (related to the hollow quality of the clarinet). To explore 
the interaction of these dimensions, they employed a task in which dimensions were 
paired, and two values along each dimension were chosen so that the relative change 
along the two dimensions is equivalent, for instance, slow and fast attack versus 
bright and dull spectral envelope. Listeners were asked to focus on changes along 
only one of the dimensions and to ignore changes along the other. They had to cat-
egorize the sounds as quickly as possible along the criterial dimension. In one test, 
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there was no change on the irrelevant dimension (called the baseline), and in others 
the sounds varied randomly, congruently (sharper attack and brighter timbre), or 
incongruently (sharper attack and mellower timbre) along the dimension to be cat-
egorized. If there is a cost in terms of speed and accuracy of categorization (i.e., it 
slows the listener down to have to ignore a change in attack when judging brightness 
and they make more errors), then the dimensions are considered to interact. This 
was the case for all three pairs of dimensions. So although these same three dimen-
sions have fairly separate neural representations in auditory sensory memory (Caclin 
et al. 2006), the perceptual interaction supports a model with separate processing 
channels for those dimensions but with crosstalk between the channels.

2.3.3  �Acoustic Correlates of Timbre Space Dimensions

Once a timbre space is obtained, the next stage in the psychophysical analysis is to 
determine the physical properties that determine the nature of the different dimen-
sions. The primary approach is to define parameters derived from the audio signal 
that are strongly correlated with the position along a given perceptual dimension for 
a specific sound set. Grey and Gordon (1978) proposed the spectral centroid as a 
scalar correlate of the position of sounds along their spectral-envelope-related 
dimension. McAdams et al. (1995) were perhaps the first to try computing acoustic 
descriptors correlated with each perceptual dimension in a timbre space. For their 
three-dimensional space representing 18 synthetic sounds created with frequency-
modulation synthesis, they found strong correlations between the position along the 
first dimension and attack time (Fig. 2.3) and between the position along the second 
dimension and the spectral centroid (Fig.  2.4). There was a weaker correlation 
between the position along the third dimension and the degree of variation of the 
spectral envelope over the duration of the tones (Fig. 2.5).

Subsequently, two major toolboxes with a plethora of quantitative descriptors 
were developed: the MIR Toolbox of Lartillot and Toiviainen (2007) and the Timbre 
Toolbox of Peeters et al. (2011) (although some of the timbre-related descriptors in 
both toolboxes have been criticized by Kazazis et al. 2017 and Nymoen et al. 2017). 
Some of the descriptors are derived from spectral properties, such as the first four 
moments of the frequency spectrum (centroid, spread, skew, kurtosis), measures of 
spectral slope, or the jaggedness of the spectral envelope. Other descriptors are 
derived from the temporal envelope, such as attack time and decay time. Still others 
capture time-varying spectral properties, such as spectral flux, a scalar value that 
represents the variability of the spectrum over time. Chapter 11 (Caetano, Saitis, 
and Siedenburg) provides more details on audio descriptors for timbre.

In many attempts to model timbre, authors have often chosen descriptors that 
seem most relevant to them, such as the spectral centroid (related to timbral bright-
ness or nasality), attack time of the energy envelope, spectral variation or flux, and 
spectral deviation (jaggedness of the spectral fine structure). These vary from study 
to study making it difficult to compare results across them. Furthermore, many 
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groups of descriptors capture similar spectral, temporal, or spectrotemporal proper-
ties and may not be independent of one another. To address this issue, Peeters et al. 
(2011) computed several measures on a set of over 6000 musical-instrument sounds 
with different pitches, dynamic markings (pp is very soft, ff is very loud), and play-
ing techniques. These measures included the central tendency (median) and vari-
ability over time (interquartile range) of the time-varying acoustic descriptors in the 
Timbre Toolbox, as well as global scalar descriptors derived from the temporal 
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Fig. 2.6  Structure of similarities among audio descriptors. (a) The results of a hierarchical cluster 
analysis of the correlations among the audio descriptors listed along the y axis. Scalar values 
derived from the temporal energy envelope cluster in the middle. Statistical measures of time-
varying descriptors include the median (med) as a measure of central tendency and the interquartile 
range (iqr) as a measure of variability. Different colors are used to highlight different clusters of 
descriptors. (b) A three-dimensional MDS (multidimensional scaling) of the between-descriptor 
correlations. Descriptors that are similar will be close in the space. The same color scheme is used 
in both panels to demonstrate the similarity of groups of descriptors. (Reproduced from figure 4 in 
Peeters et al. 2011, refer to that paper for more detail on the audio descriptors; used with permis-
sion of The Acoustical Society of America)

energy envelope. They found that many of the descriptors covaried quite strongly 
within even such a varied set of sounds. Using a hierarchical cluster analysis of cor-
relations between descriptors over the whole sound set, they concluded that there 
were only about ten classes of independent descriptors (Fig. 2.6). This can make the 
choice among similar descriptors seem rather arbitrary in some cases, and just put-
ting all available descriptors into a regression or other kind of model may seriously 
overfit the data.

No studies of timbre similarity have employed an approach in which the 
time-varying spectral properties are used as a time series, which may be inti-
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mately tied to both the mechanical nature of the sounding object and the way it 
is set into vibration. The domain of multi-objective time-series matching in 
which several time-varying properties are used collectively to measure similar-
ity among sounds or for audio classification may show a way forward (Esling 
and Agon 2013).

The chaotic proliferation of audio descriptors in timbre research and in music 
information retrieval has seldom asked the question of whether these descrip-
tors (or combinations of them) actually correspond to perceptual dimensions. 
Are they ordered on ordinal, interval, or ratio scales? To what extent are they 
perceptually independent? One confirmatory MDS study makes a small step in 
this direction. Caclin et al. (2005) analyzed dissimilarity ratings on purely syn-
thetic sounds in which the exact nature of the stimulus dimensions could be 
controlled. These authors confirmed that perceptual dimensions related to the 
spectral centroid, log attack time, and spectral deviation (jaggedness of the 
spectral envelope) are orthogonal and demonstrated that they can at least be 
considered as interval scales. However, they did not confirm spectral flux, which 
seems to collapse in the presence of an equivalent perceptual variation in the 
spectral centroid and attack time. Another question concerns whether perceptual 
dimensions might actually arise from linear or nonlinear combinations of 
descriptors that are learned implicitly from long-term experience of their covari-
ation in environmental, musical, and speech sounds. Stilp et al. (2010) demon-
strated that a passive exposure to highly correlated acoustic properties leads to 
implicit learning of the correlation and results in a collapse of the two unitary 
dimensions (temporal envelope and spectral shape in their case) into a single 
perceptual dimension.

A number of studies have focused on the perceptual dimension correlated with 
the spectral centroid (often referred to as timbral brightness; see Saitis and Weinzierl, 
Chap. 5). Schubert and Wolfe (2006) compared two models of brightness: the spec-
tral centroid (in units of Hz) and the centroid divided by the fundamental frequency 
(in units of harmonic rank). Listeners compared digital samples of two instruments 
(less bright piccolo, brighter trumpet) played at different pitches (E2, E4, A#4, E5; 
where C4 is middle C with a fundamental frequency of 261.6 Hz.) and dynamics 
(forte, piano). They were asked to rate the brightness, pitch, and loudness differences. 
Brightness ratings scaled better with the raw spectral centroid than with the funda-
mental-adjusted (and pitch-independent)  centroid. It should be noted that timbre 
covaries strongly with both fundamental frequency and playing effort in acoustical 
instruments (see Sect. 2.6). Furthermore, a brightness model scaled for fundamental 
frequency would only be applicable to harmonic sounds.

From the same research group, another study examined ratio scaling of timbral 
brightness by adjusting the spectral slope of a synthesized sound to make it twice as 
bright as a reference sound (Almeida et al. 2017). They found that the ratio of spec-
tral centroids to double the brightness was about 2.0 on average for a reference 
centroid of 500 Hz and decreased to about 1.5 for a reference centroid of 1380 Hz. 
This result suggests that timbral brightness is indeed a perceptual dimension that 
forms a ratio scale.
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Finally, Siedenburg (2018) confirmed that shifts in spectral maxima are per-
ceived as changes in brightness. His study also presents a timbral analogy to 
Shepard’s (1964) pitch-circularity illusion in which the heights of local spectral 
peaks conform to a global spectral shape with one broad peak. Due to the global 
envelope’s shape, sudden jumps of a certain size are often perceived as ambigu-
ous in terms of the direction of change. A similar phenomenon occurs with test-
ing pitch perception when using Shepard tones: changes of half an octave are 
perceived as increasing in pitch by some listeners and decreasing in pitch by 
others (Chambers et al. 2017). This ambiguity can be resolved by presenting a 
context prior to the shift from either the lower or higher half octave around the 
test stimuli. Judgements of shift direction were generally in the region of the 
prior context, demonstrating a context sensitivity of timbral shift similar to that 
found for pitch.

2.4  �Spectromorphological Conceptions of Timbre

An alternative approach to the conception of timbre as a set of orthogonal percep-
tual dimensions is to consider it as a complex spectrotemporal representation taken 
as a whole. Different conceptions of this kind will be considered briefly here as they 
relate to the notion of perceptual representation (for more detail, refer to Elhilali, 
Chap. 12).

2.4.1  �The Auditory Image Model

The peripheral auditory processing model by Patterson et al. (1995) computes an 
auditory image from an input signal. It comprises stages of: (1) outer and middle 
ear filtering; (2) spectral analysis with dynamic, compressive, gammachirp filter-
ing to reflect biomechanical processing of the basilar membrane; (3) neural 
encoding of filtered waves to create a neural activity pattern (NAP) that repre-
sents the distribution of activity in the auditory nerve; and (4) strobed temporal 
integration to compute the time intervals between peaks in the NAP and the 
creation of time-interval histograms in each filter that form the simulated audi-
tory image (SAI) (Fig.  2.7). In Patterson’s (2000) conception, pitch would be 
represented by the repeating forms (see the peaks in the time-interval histograms 
in Fig. 2.7) and timbre would be represented by the shape of the form (see fre-
quency-channel histograms in Fig.  2.7). This representation doesn’t seem to 
have been exploited much in timbre research to date, but it potentially captures 
the representation of acoustic scale discussed in Sect. 2.5.1 (van Dinther and 
Patterson 2006).
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2.4.2  �Multiresolution Spectrotemporal Models

A new class of modulation representations describes sound signals according to 
their frequency and amplitude variation over time (as in a spectrogram or cochleo-
gram) but also includes a higher-dimensional topography of spectral and temporal 
modulations, termed scale and rate, respectively. These representations include 
the modulation power spectrum (MPS) (Elliott et al. 2013) or simulations of corti-
cal spectrotemporal receptive fields (STRF) (Shamma 2001). The MPS is obtained 
by computing the amplitude spectrum of the two-dimensional Fourier transform 
of a time-frequency representation of the sound pressure waveform. The STRF is 
meant to model the response patterns of primary auditory cortical neurons that are 
selectively sensitive to particular temporal and spectral modulations. The rate 
dimension represents temporal modulations derived from the cochlear filter enve-
lopes, and the scale dimension represents modulations present in the spectral 
shape derived from the spectral envelope (for more detail, see Elhilali, Chap. 12). 
It has been proposed that models of timbre might be derived from these 
representations.

Elliott et  al. (2013) note that spectral and temporal descriptors are often 
treated separately in attempts to characterize timbre, but the MPS might be able 
to characterize sounds physically by integrating these diverse features. They 
conducted a timbre dissimilarity study on a larger corpus of sustained orchestral 
instrument sounds than had been attempted before (42 compared to the 12–21 
used previously) and decided on a five-dimensional space, claiming that the five-
dimensional solution is “necessary and sufficient to describe the perceptual tim-
bre space of sustained orchestral tones” (Elliott et  al. 2013, p.  389). Several 

Fig. 2.7  Simulated auditory images of sustained parts of tones produced by a baritone voice (a) 
and a French horn (b) at the same fundamental frequency. Each line in the auditory image shows 
the simulated activity in a given frequency channel (auditory filters) over time. The lower diagrams 
in (a) and (b) represent the global time interval histogram across frequency channels, and the dia-
grams to the right in (a) and (b) represent the global level in each frequency channel (Reproduced 
from figure 5 in van Dinther and Patterson 2006; used with permission of The Acoustical Society 
of America)
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notes of caution are warranted, however, with regard to the necessity and suffi-
ciency of this five-dimensional space. First, a three-dimensional solution 
explained 91.5% of the squared distance between instruments, so the two higher 
dimensions were making small contributions. Second, these sounds were all at a 
single midrange pitch (making it in a very high pitch register of some low instru-
ments and a very low register of some high instruments) and presumably at a 
given dynamic marking, so things might change at different pitches and dynamic 
markings. Lastly, it is highly likely that, based on Lakatos’ (2000) results, differ-
ent dimensions would have to be added if percussion instruments were added to 
the set or if impulsive sounds were produced on these same instruments, such as 
string pizzicati.

Elliott et al. (2013) computed the MPS for each of their 42 sounds and for more 
traditional audio descriptors such as statistical moments of the spectrum and the 
temporal envelope, attack time, and spectral and temporal entropy. Many features, 
such as the harmonicity of the signals and spectral shape, show up as specific scale 
characteristics in the MPS. Temporal features, such as vibrato (frequency modula-
tion), tremolo (amplitude modulation), and the shape of the temporal envelope, 
show up as rate characteristics. Twenty principal components (PC) derived from 
the MPSs were selected for regression analysis onto the five dimensions of the 
timbre space. Significant regressions of the PCs were obtained for all dimensions 
but the third. Subsequent regressions of traditional audio descriptors (see Sect. 
2.3.3; Caetano, Saitis, and Siedenburg, Chap. 11) on the five perceptual dimensions 
were significant for all dimensions except the fifth. Elliott et al. (2013) concluded 
that the MPS and audio descriptor analyses are complementary, but certain proper-
ties of the timbre spaces are clearer with the MPS representations. It is notable, 
however, that the explanatory power of the two approaches is roughly equivalent. 
This leaves open the question of whether timbre indeed emerges from a high-
dimensional spectrotemporal form or whether it is a limited set of orthogonal per-
ceptual dimensions.

Patil et al. (2012) used a combination of STRF modeling and machine learning 
to model timbre dissimilarity data. They presented listeners with pairs of eleven 
musical-instrument sounds at each of three pitches. They combined the data across 
pitches and across listeners for the modeling analysis. With a machine-learning 
algorithm, they derived a confusion matrix among instruments based on instrument 
distances in the STRF representation. This matrix was then compared to the dissimi-
larity data. The STRF model achieved a very strong correlation with the human data. 
However, the predictions of timbre dissimilarity ratings relied heavily on dimen-
sionality-reduction techniques driven by the machine-learning algorithm. For exam-
ple, a 3840-dimensional representation with 64 frequency filters, 10 rate filters, and 
6 scale filters was projected into a 420-dimensional space, essentially yielding a 
result that is difficult to interpret from a psychological standpoint. It remains to be 
determined to what extent this approach can be generalized to other timbre spaces 
(although for applications to instrument recognition, see Agus, Suied, and 
Pressnitzer, Chap. 3).
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2.5  �Sound Source Perception

A growing literature documents the ability of untrained listeners to recognize a 
variety of mechanical properties of sound sources. The development of a theory of 
sound source perception thus concerns what relevant acoustic information is created 
by setting sounding objects into vibration and what principles govern the mapping 
from acoustic information to perceptual response. The perceptual process requires 
at least two decisions: Which acoustic properties are to be taken into account, and 
how acoustic information should be weighted perceptually for a given use of that 
information (e.g., comparing qualities, identifying materials, or size of the object)? 
These decision-making processes are acquired and refined as a result of one’s inter-
actions with the environment.

According to the information processing approach to psychology, the link 
between the perceptual qualities of a sound source, its abstract representation in 
memory, its identity, and the various meanings or associations it has with other 
objects in the listener’s environment are hypothesized to result from a multistage 
process (McAdams 1993). This process progressively analyzes and transforms the 
sensory information initially encoded in the auditory nerve. Perception arises from 
the extraction of relevant features of the sound in the auditory brain, and recognition 
is accomplished by matching this processed sensory information with some repre-
sentation stored in a lexicon of sound forms in long-term memory.

Another approach is that of ecological psychology (Gaver 1993). Ecological 
theory hypothesizes that the physical nature of the sounding object, the means by 
which it has been set into vibration, and the function it serves for the listener are 
perceived directly, without any intermediate processing. In this view, perception 
does not consist of an analysis of the elements composing the sound event followed 
by their subsequent reconstitution into a mental image that is compared with a rep-
resentation in memory. Ecological psychologists hypothesize that the perceptual 
system is tuned to those aspects of the environment that are of biological signifi-
cance to the organism or that have acquired behavioral significance through experi-
ence. However, the claim that the recognition of the function of an object in the 
environment is perceived directly without processing seems to evacuate the whole 
question of how organisms with auditory systems stimulated by sound vibrations 
come to be aware of the significance of a sound source or how such sources acquire 
significance for these listeners. Ecological acoustics places more emphasis on the 
mechanical structure of sound-producing objects and the acoustic events they pro-
duce, which are relevant to a perceiving (and exploring) organism (Carello et al. 
2005).

A middle ground between these two approaches is what might be termed psy-
chomechanics (McAdams et al. 2004). The aim is to establish quantitative relations 
between the mechanical properties of sound sources and their perceptual properties, 
recognizing that listeners most often attend to vibrating objects rather than the 
sound properties themselves (although the latter clearly play a strong role in music 
listening) (Gaver 1993). The link between mechanics and acoustics is deterministic, 
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and so there is a very tight relation between mechanics, acoustics, and auditory 
perception.

Timbral properties, together with those related to pitch, loudness, and duration, 
contribute to the perception and identity of sound sources and the actions that set 
them into vibration. In this chapter, the focus is on perception of the properties that 
are determined by the geometry and materials of sound sources and the manner in 
which they are made to vibrate. Agus, Suied, and Pressnitzer (Chap. 3) provide 
more detail on timbre categorization and recognition.

2.5.1  �Sound Source Geometry

There are many geometric properties of sound sources to which listeners are sensi-
tive, including shape and size. Repp (1987) demonstrated that under certain condi-
tions listeners can judge hand configuration from the sound of two hands clapping 
together. This ability is based on the spectral distribution of the hand clap: more 
cupped hands produce lower resonances than less cupped hands or fingers on the 
palm.

Listeners are also sensitive to differences in the width and thickness of rectangu-
lar metal and wood bars of constant length (Lakatos et al. 1997). The relevant infor-
mation used to decide which visual depiction of two bars of differing geometry 
corresponds to that of two sounds presented in sequence was related to the different 
modes of vibration of the bars; but audiovisual matching performance is better for 
more homogeneous (isotropic) materials, such as steel, than with anisotropic mate-
rials, such as grainy soft woods. This latter finding can be explained by the more 
reliable modal information provided by isotropic materials.

Cabe and Pittenger (2000) studied listeners’ perceptions of the filling of cylindri-
cal vessels using changes in geometry to estimate by sound when a vessel would be 
full (presumably related to the resonant frequency of the tube above the water level). 
Listeners had to distinguish different events generated by pouring water into an 
open tube. Categorization accuracy of whether the sound indicated filling, empty-
ing, or a constant level ranged from 65% to 87%, depending on the type of event. 
When listeners were asked to fill the vessel up to the brim using only auditory infor-
mation, filling levels were close to the maximum possible level, suggesting they 
could hear when the vessel was full. If blind and blindfolded subjects were asked to 
fill to the brim vessels of different sizes and with different water flow velocities, 
again overall performance was accurate, and no significant differences between 
blind and blindfolded participants were found.

Kunkler-Peck and Turvey (2000) investigated shape recognition from impact 
sounds generated by striking steel plates of constant area and variable height/width 
with a steel pendulum. Listeners had to estimate the dimensions of the plates. Their 
performance indicated a definite impression of the height and width of plates. 
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Judgements of the dimensions of plates were modulated by the type of material 
(steel, Plexiglas, wood) but maintained the height/width ratio, that is, the relative 
shape. Performance in both of these tasks was predicted by the frequencies of the 
vibration modes of the plates. Additional experiments addressed shape recognition 
directly. For stimuli generated by striking triangular, circular, or rectangular steel 
plates of constant area, shape was correctly classified above chance level. With 
stimuli produced by striking the same shapes of plates made of steel, wood, and 
Plexiglas, the material was almost perfectly classified, and shape was correctly clas-
sified above chance level, demonstrating that material recognition is more robust 
than shape recognition.

Another important aspect of geometry is the size of a sound source. There are 
acoustic properties that communicate size information in natural sounds involving 
forced-vibration systems such as human and animal vocalizations and wind and 
bowed-string musical instruments. As animals grow, their vocal tracts increase in 
length. In the case of humans, for example, this increase is accompanied by pre-
dictable decreases in the formant frequencies of speech and sung sounds (see 
Mathias and von Kriegstein, Chap. 7). Smith et al. (2005) used a vocoder-based 
technique (STRAIGHT) (Kawahara et  al. 1999) to manipulate acoustic scale in 
vowel sounds, even well beyond the range of sizes normally encountered in 
humans. Acoustic scale, in their conception, has two components: the scale of the 
excitation source (pulse rate decreases as source size increases) and the scale of the 
resonant filter (resonant frequency decreases with size). They showed that listeners 
not only reliably discriminate changes in acoustic scale associated with changes in 
vocal tract length but can still recognize the vowels in the extreme low and high 
ranges of the acoustic scale. This finding suggests an auditory ability to normalize 
glottal pulse rate (related to pitch) and resonance scale (related to timbre). Van 
Dinther and Patterson (2006) found a similar relation between acoustic scale and 
size perception for musical sounds. Listeners can reliably discriminate acoustic 
scale for musical sounds, although not as well as they can discriminate acoustic 
scale for vocal sounds. In addition, they can still identify instruments whose sounds 
have been transformed digitally in acoustic scale beyond the range of normal 
instruments.

Along the same lines, Plazak and McAdams (2017) found that listeners are sen-
sitive to change in size of a given instrument (created with a version of the 
STRAIGHT algorithm), but that this depends on the instrument (better for oboe and 
voice with formant structures—resonance peaks in the spectral envelope—than for 
French horn, cello, and alto saxophone with more low-pass spectral shapes). It is 
worth mentioning that the notion of “size” has been employed as a concept in an 
orchestration treatise by Koechlin (1954), as volume in French or extensity in 
English, and has been linked to spectral shape in both ordinal and ratio scaling 
experiments (Chiasson et al. 2017). It would be interesting to test this hypothesis in 
timbre space studies, including similar instruments of various sizes, created either 
mechanically or with digital means such as the STRAIGHT algorithm.
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2.5.2  �Sound Source Materials

Sound can convey information about the materials composing an object that are 
often not directly available to the visual system. Several experiments have explored 
listeners’ perceptions of material properties of struck objects (plates and bars). 
Mechanical factors that determine material properties include but are not limited to: 
(1) modal frequencies that depend on wave velocity (related to the elasticity and 
mass density of the material), although these frequencies can also vary with geom-
etry; and (2) the way that damping (energy loss due to internal friction) varies with 
the modal frequencies.

In one of the first studies to address perception of mechanical properties, Freed 
(1990) measured the attack-related timbral dimension of mallet hardness. Stimuli 
were generated by striking four metal cooking pots of various diameters with six 
mallets of variable hardness. Hardness ratings corresponded to relative mallet hard-
ness and were found to be independent of the pan size, thus revealing the subjects’ 
ability to judge the material properties of the mallet independently of those of the 
sounding object. Hardness increases with the global spectral level and the spectral 
centroid (both averaged over the first 325 ms of the signal) and decreases with the 
slope of the change in spectral level over time and the temporal centroid of the time-
varying spectral centroid (the centroid-weighted average time). Harder mallets are 
more intense, have higher spectral centroids, sharper decreasing spectral level 
slopes, and earlier temporal centroids.

Sound sources are perceived by integrating information from multiple acoustic 
features. Thus, part of the task of understanding the integration of information 
becomes that of unraveling the principles that govern the assignment of perceptual 
weights to sound properties. Two factors have a potential influence on this process: 
(1) the accuracy of the acoustic information within the environment in which the 
perceptual criteria develop and (2) the ability of a perceptual system to exploit the 
acoustic information. Information accuracy is the extent to which levels of a source 
property are reliably diversified by levels of a sound property within the learning 
environment. For example, if the task is to rate the hardness of an object, informa-
tion accuracy can be given by the absolute value of the correlation between values 
of the physical hardness and values of a specific acoustic feature. Based on previous 
hypotheses concerning the perceptual weight of accurate information, one might 
expect that a listener would weight acoustic information in proportion to its accu-
racy. For example, if frequency specifies the size of an object twice as accurately as 
sound level, perceptual estimation of size would weight frequency twice as heavily 
as level.

Another factor potentially influencing the structure of perceptual criteria is the 
ability to exploit the information carried by different acoustic features. This factor 
can be determined from a listener’s ability to discriminate a source property and to 
benefit from training in such a task. One might expect that, independently of the 
task at hand, a listener would weight more heavily the acoustic information that is 
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more easily exploited. The factors that influence the integration of acoustic informa-
tion are largely unknown.

Giordano et al. (2010) investigated the extent to which the perceptual weight-
ing of acoustic information is modulated by its accuracy and exploitability. They 
measured how the perceptual weighting of different features varies with the accu-
racy of information and with a listener’s ability to exploit that information. 
Participants judged the hardness of a hammer and a sounding object whose inter-
action generates an impact sound. In the first experiment in which trained listen-
ers were asked to discriminate hammer or object hardness, listeners focused on 
the most accurate information, although they had greater difficulty when discrimi-
nating hammer hardness. The authors inferred a limited exploitability for the most 
accurate hammer-hardness information. In a subsequent hardness rating experi-
ment, listeners focused on the most accurate information only when estimating 
object hardness. In an additional hardness rating experiment, sounds were synthe-
sized by independently manipulating source properties that covaried in the previ-
ous two experiments: object hardness and impact properties, such as contact time 
of the hammer with the object and the extent to which the hammer is compressed 
during the impact at a given striking force (the force stiffness coefficient). Object 
hardness perception relied on the most accurate acoustic information, whereas 
impact properties more strongly influenced the perception of hammer hardness. 
Overall, perceptual weight increased with the accuracy of acoustic information, 
although information that was not easily exploited was perceptually secondary, 
even if accurate.

Klatzky et al. (2000) investigated material similarity perception using synthe-
sized stimuli composed of a series of exponentially damped sinusoids with variable 
frequency and frequency-dependent decay of the constituent partials that were 
designed to mimic impacted plates of different materials. The frequency-dependent 
decay is related to damping and depends exclusively on material, being relatively 
independent of geometry. Listeners rated the perceived difference in the materials of 
two sounds. An MDS analysis revealed dimensions corresponding to the two syn-
thesis parameters. The results did not differ significantly between experiments in 
which the sounds were either equalized in overall energy or were not equalized, 
leading to the conclusion that intensity is not relevant in the judgment of material 
difference.

In further experiments by Klatzky and colleagues, listeners rated the difference 
in the perceived length of the objects and categorized the material of the objects 
using four response alternatives: rubber, wood, glass, and steel. Results indicated 
that ratings of material difference and length difference were significantly influ-
enced by both damping and frequency, even though the contribution of the decay 
parameter to ratings of length difference was smaller than to ratings of material 
difference. An effect of both of these variables was found in the categorization task. 
Lower decay factors led to more steel and glass identifications compared to those 
for rubber and wood, whereas glass and wood were chosen for higher frequencies 
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than were steel and rubber. Therefore, both factors are necessary to specify these 
material categories.

Material and geometric properties of synthesized impacted bars with a tube 
resonator (as with a xylophone or marimba) were varied by McAdams et  al. 
(2004). They inferred the perceptual structure of a set of sounds from an MDS 
analysis of dissimilarity ratings and quantified the psychomechanical relations 
between sound source properties and perceptual structure. Constant cross-sec-
tion bars that varied in mass density and the viscoelastic damping coefficient 
were synthesized with a physical model in one experiment. A two-dimensional 
perceptual space resulted, and the dimensions were correlated with the mechani-
cal parameters after applying a power-law transformation. Variable cross-section 
bars (as in a xylophone bar) varying in length and viscoelastic damping coeffi-
cient were synthesized in another experiment with two sets of lengths creating 
high- and low-pitched bars. With the low-pitched bars, there was a coupling 
between the bar and the resonator that modified the decay characteristics. 
Perceptual dimensions again corresponded to the mechanical parameters. A set 
of potential temporal, spectral, and spectrotemporal descriptors of the auditory 
representation were derived from the signal. The dimensions related to both 
mass density and bar length were correlated with the frequency of the lowest 
partial and were related to pitch perception. The descriptor most likely to repre-
sent the viscoelastic damping coefficient across all three stimulus sets was a 
linear combination of a decay constant derived from the temporal envelope and 
the spectral center of gravity derived from a cochlear filterbank representation of 
the signal.

McAdams et al. (2010) synthesized stimuli with a computer model of impacted 
plates in which the material properties could be varied. They manipulated viscoelas-
tic and thermoelastic damping and wave velocity. The range of damping properties 
represented an interpolated continuum between materials with predominant visco-
elastic and thermoelastic damping (glass and aluminum, respectively). The percep-
tual structure of the sounds was inferred from an MDS analysis of dissimilarity 
ratings and from their categorization as glass or aluminum. Dissimilarity ratings 
revealed dimensions that were closely related to mechanical properties: a wave-
velocity-related dimension associated with pitch and a damping-related dimension 
associated with timbre and duration (Fig. 2.8). When asked to categorize sounds 
according to material, however, listeners ignored the cues related to wave velocity 
and focused on cues related to damping (Fig. 2.9). In both dissimilarity rating and 
identification experiments, the results were independent of the material of the mallet 
striking the plate (rubber or wood). Listeners thus appear to select acoustic informa-
tion that is reliable for a given perceptual task. Because the frequency changes 
responsible for detecting changes in wave velocity can also be due to changes in 
geometry, they are not as reliable for material identification as are damping cues. 
These results attest to the perceptual salience of energy loss phenomena in sound 
source behavior.
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2.5.3  �Actions on Vibrating Objects

Although most perceptual studies of mechanical properties of sounding objects 
have focused primarily on material and geometric properties of the objects them-
selves, some research has addressed the actions by which the objects are set into 
vibration, such as scraping, rolling, hitting, and bouncing (for more on simulation 
of these  phenomena, see Ystad, Aramaki, and Kronland-Martinet, Chap. 13). In 
everyday life, we are more likely to listen to the properties of sources that generate 
sound than to the properties of the sound itself. So the question becomes: To what 
properties of actions that excite sounding objects are listeners sensitive and which 
sound properties carry the relevant information for those actions?

Stoelinga et al. (2003) measured the sounds of metal balls rolling over fiberboard 
plates. A spectrographic analysis of the resulting sounds revealed time-varying rip-
ples in the frequency spectrum that were more closely spaced when the ball was in 
the middle of the plate than when it was closer to the edge. The ripple spacing was 
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also tighter for lower frequencies than for higher frequencies. This pattern arises 
from the interference between the sound directly generated at the point of contact 
between the ball and plate and first-order reflections of the sound at the edge of the 
plate. The authors hypothesized that this effect is a crucial cue in the synthesis of 
realistic rolling sounds.

Addressing this issue from a perceptual perspective, Houben et al. (2004) con-
ducted three experiments on the auditory perception of the size and speed of wooden 
balls rolling over a wooden plate. They recorded balls of various sizes rolling at 
different speeds. One experiment showed that when pairs of sounds are presented, 
listeners are able to choose the one corresponding to the larger ball. A second exper-
iment demonstrated that listeners can discriminate between the sounds of balls roll-
ing at different speeds, although some listeners had a tendency to reverse the labeling 
of the speed. The interaction between size and speed was tested in a final experi-
ment in which the authors found that if both the size and the speed of a rolling ball 
are varied, listeners generally are able to identify the larger ball, but the judgment of 
speed is influenced by the size. They subsequently analyzed the spectral and tempo-
ral properties of the recorded sounds to determine the cues available to listeners to 
make their judgements. In line with the observed interaction effect, the results sug-
gested a conflict in available cues when varying both size and speed. The authors 
were able to rule out auditory roughness as a cue because the acoustic differences 
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that would affect roughness perception were smaller than the just noticeable 
difference for roughness predicted by Zwicker and Fastl (1990). So it is unlikely 
that this auditory attribute is responsible for the interaction. However, the spectral 
shape of the rolling sounds is affected by both speed and size of the rolling balls 
with greater emphasis of higher frequencies for smaller diameters and faster speeds. 
The spectral differences were apparently greater than the discrimination threshold, 
making this a likely candidate for the interaction.

Lemaitre and Heller (2012) addressed the issue of the relative importance of 
actions that generate sounds and the properties of the sounding objects. They con-
ducted a study that compared the performance of listeners who were asked to iden-
tify either the actions or the materials used to generate sound stimuli. Stimuli were 
recorded from a set of cylinders with two sizes and four materials (wood, plastic, 
glass, metal). Each object was subjected to four different actions (scraping, rolling, 
hitting, bouncing). The authors reported that listeners were faster and more accurate 
at identifying the actions than the materials, even if they were presented with a sub-
set of sounds for which both actions and materials were identified at similarly high 
levels. They concluded that the auditory system is well suited to extract information 
about sound-generating actions.

In a subsequent study, Lemaitre and Heller (2013) examined whether the audi-
tory organization of categories of sounds produced by actions includes a privileged 
or basic level of description. They employed sound events consisting of materials 
(solids, liquids, gases) undergoing simple actions (friction, deformation, impacts for 
solids; splashing, dripping or pouring liquids; whooshing, blowing, puffing or 
exploding gases). Performance was measured either by correct identification of a 
sound as belonging to a category or by the extent to which it created lexical priming. 
The categorization experiment measured the accuracy and reaction time to brief 
excerpts of the sounds. The lexical priming experiment measured reaction time ben-
efits and costs caused by the presentation of these sounds immediately prior to a 
lexical decision (whether a string of letters formed a word or not). The level of 
description of a sound was varied in terms of how specifically it described the physi-
cal properties of the action producing the sound (related or unrelated sounds and 
words). Listeners were better at identification and showed stronger priming effects 
when a label described the specific interaction causing the sound (e.g., gushing or 
tapping) in comparison either to more general descriptions (e.g. pour, liquid, where 
gushing is a specific way of pouring liquid; or impact, solid, where tapping is a way 
of impacting a solid) or to more detailed descriptions that employed adverbs regard-
ing the manner of the action (e.g., gushing forcefully or tapping once). These results 
suggest a quite robust and complex encoding of sound-producing actions at both 
perceptual and semantic levels.

The application of the psychomechanical approach has focused on fairly simple 
sounding objects and actions, in many cases specifically targeting sound events that 
can be synthesized with physical models such as impacted bars and plates. Future 
work of this nature on more complex systems, such as musical instruments, will 
require more refined models of these complex sound sources, particularly with 
regard to changes in timbral properties that covary with other parameters such as 
fundamental frequency and playing effort.
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2.6  �Interaction with Other Auditory Attributes

Most studies of musical timbre have constrained pitch and loudness to single values 
for all of the instrument sounds with the aim of focusing listeners’ attention on tim-
bre alone, which is the legacy of the negative definition of timbre as what’s left over 
when these parameters are equalized. This raises an important question, however: 
Do the timbral relations revealed for a single pitch and/or a single dynamic level 
(related to playing effort) hold at different pitches and dynamic levels? And more 
importantly, if one intended to extend this work to real musical contexts, would the 
relations hold for timbres being compared across pitches and dynamic levels, par-
ticularly given the fact that timbre covaries with both pitch and dynamics in musical 
instruments? A subsidiary issue would be to determine what spectral, temporal, and 
spectrotemporal properties of the sounds covary with these other musical parame-
ters. The multiple interactions of timbre, pitch, and loudness have been demon-
strated with a speeded classification paradigm by Melara and Marks (1990). They 
found that having random or correlated variation in a second dimension affected 
speed and accuracy of classification along a primary, criterial dimension for pairs of 
these auditory parameters.

2.6.1  �Timbre and Pitch

Some timbre dissimilarity studies have included sounds from different instru-
ments at several pitches. Marozeau et al. (2003) demonstrated that timbre spaces 
for recorded musical-instrument tones are similar at three different pitches (B3, 
C#4, Bb4, where C4 is middle C). Listeners were also able to ignore pitch differ-
ences within an octave when they were asked to compare only the timbres of the 
tones: B3 to Bb4 is a major 7th, one semitone short of an octave. However, when 
the pitch variation is greater than an octave, interactions between the two attributes 
occur. Marozeau and de Cheveigné (2007) varied the spectral centroid of a set of 
synthesized sounds while also varying the fundamental frequency over a range of 
eighteen semitones (an octave and a half). Pitch appears in the MDS space as a 
dimension orthogonal to the timbre dimension, which indicates that listeners were 
not able to ignore the pitch change but treated it more or less orthogonally to tim-
bre. Paradoxically, however, pitch differences were found to systematically affect 
the timbre dimension related to the spectral centroid with slight shifts toward lower 
perceptual values along this dimension for higher pitches (Fig. 2.10). This result 
perhaps suggests that listeners, who were instructed to ignore pitch and focus on 
timbre, had a tendency to compensate for the change in brightness induced by the 
higher pitches in their dissimilarity ratings or that this dimension is related to the 
richness of the spectrum with sounds at higher pitches having more sparse spectra. 
Handel and Erickson (2001) had also found that nonmusician listeners had diffi-
culty extrapolating the timbre of a sound source across large differences in pitch in a 
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recognition task, although Steele and Williams (2006) found that musician listeners 
could extrapolate timbre with intervals of more than two octaves. Therefore, there 
are limits to timbral invariance across pitch, but they depend on musical training.

Inversely, timbre can also affect pitch perception. Vurma et al. (2011) reported 
that timbre differences on two successive tones can affect judgements of whether 
two pitches are in tune. When the second tone in a pair with identical fundamental 
frequencies had a brighter timbre than the first, it was judged as sharp (higher pitch) 
and for the inverse case, it was judged as flat (lower pitch). This result confirmed an 
effect reported by Russo and Thompson (2005) in which ratings of interval size by 
nonmusicians for tones of different pitches were greater when the timbral bright-
ness changed in the same direction and were diminished when brightness change 
was incongruent.

Finally, some studies have demonstrated mutual interference of pitch and timbre. 
Krumhansl and Iverson (1992) found that uncorrelated variation along pitch or tim-
bre symmetrically affected speeded classification of the other parameter. Allen and 
Oxenham (2014) obtained similar results when measuring difference limens in 
stimuli that had concurrent random variations along the unattended dimension. 
These authors found symmetric mutual interference of pitch and timbre in the dis-

Fig. 2.10  Multidimensional scaling (MDS) solution in two dimensions rotated to maximize cor-
relation between Dimension 1 and the spectral centroid. Note that the musical notes at different 
fundamental frequencies (different symbols) are not strongly affected by spectral centroid: the 
curves are flat. Note also that they are clearly separated from each other along MDS dimension 2, 
indicating a relative independence of pitch and brightness. The different spectral centroid values at 
each fundamental frequency behave very regularly and are fairly evenly spaced (along MDS 
dimension 1), but there is an increasing shift to lower perceptual values as the fundamental fre-
quency increases. Frequencies of Notes: B3, 247  Hz; Bb4, 349  Hz; F4, 466  Hz; F5, 698  Hz 
(Reproduced from figure 3  in Marozeau and de Cheveigné 2007; used with permission of The 
Acoustical Society of America)
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crimination task when making sure that changes in timbre and pitch were of similar 
perceptual magnitude. Their results suggest a close relation between timbral bright-
ness and pitch height (for more on the semantics of brightness, see Saitis and 
Weinzierl, Chap. 5). This link would be consistent with underlying neural represen-
tations for pitch and timbre that share common attributes such as the organization of 
tonotopy and periodicity in the brain. Such a shared neural representation might 
underlie the perception of register (in which octave a particular pitch class is being 
played) (Robinson 1993; Patterson et al. 2010).

2.6.2  �Timbre and Playing Effort (Dynamics)

Changes in dynamics can also produce changes in timbre for a given instrument. 
Sounds produced with greater playing effort (e.g., fortissimo versus pianissimo) 
have greater energy at all the frequencies present in the softer sound, but the spec-
trum also spreads toward higher frequencies as more vibration modes of the physi-
cal system are excited. This mechanical process creates changes in several 
descriptors of spectral shape, including a higher spectral centroid, greater spectral 
spread, and a lower spectral slope. There do not appear to be studies that have exam-
ined the effect of change in dynamic level on timbre perception, but some work has 
studied the role of timbre in the perception of dynamic level independently of the 
physical level of the signal.

Fabiani and Friberg (2011) varied pitch, sound level, and instrumental timbre 
(clarinet, flute, piano, trumpet, violin) and studied the effect of these parameters on 
the perception of the dynamics of isolated instrumental tones. Listeners were asked 
to indicate the perceived dynamics of each stimulus on a scale from pianissimo (pp) 
to fortissimo (ff). The timbral effects produced at different dynamics, as well as the 
physical level, had equally large effects for all five instruments, whereas pitch was 
relevant mostly for clarinet, flute, and piano. Higher pitches received higher dynamic 
ratings for these three instruments. Thus, estimates of the dynamics of musical tones 
are based both on loudness and timbre and, to a lesser degree, on pitch as well.

2.7  �Summary and Conclusions

Timbre is clearly a complex phenomenon that is multidimensional, including many 
different aspects such as brightness, attack quality, hollowness, and even aspects of 
the size, shape, and material composition of sound sources. Studies of timbre dis-
crimination reveal listeners’ heightened sensitivity to subtle spectral and temporal 
properties of musical-instrument sounds. However, in musical contexts, the sensitivity 
to temporal envelope details seems to be diminished. One approach to timbre’s inher-
ent multidimensionality is to use MDS of dissimilarity ratings to model perceptual 
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relations in terms of shared dimensions, specific features and weights on the dimen-
sions, and features for different individuals or groups of individuals.

Common dimensions have been associated with various audio descriptors 
through correlation analyses, with more or less success depending on the sound 
set used. Audio descriptors, such as the spectral centroid, attack and/or decay 
time, and deviation from a smooth spectral envelope, seem ubiquitous for many 
classes of musical-instrument sounds and have been validated by confirmatory 
studies. However, some caution is warranted in the audio descriptor realm: the 
plethora of descriptors in the literature do not all vary independently even across a 
very large database of musical sounds at various pitches and dynamic levels, and 
there may be only about ten independent classes of such descriptors (for musical 
instrument sounds at least). Furthermore, at this point only scalar values of such 
descriptors have been employed, and new research needs to examine the time-
varying properties of natural sounds, which carry much information concern-
ing the state of sounding objects. In some cases, common dimensions have also 
been associated with the mechanical properties of sound sources, such as damping 
rate for material properties, relations among modal frequencies of solids or reso-
nance frequencies of air columns for geometric properties, and temporal and tex-
tural properties of the actions that set objects into vibration. Indeed, in some cases 
it appears that listeners are more sensitive to what is happening to objects in the 
environment (actions) than to the nature of the objects themselves.

In examining the extent to which modeled representations depend on stimulus 
context, it seems that timbre dissimilarity ratings, in particular, are fairly robust to 
the range of sounds present. This result may suggest that there are aspects of timbre 
perception that are absolute and tied to recognition and categorization of sound 
sources through interactions of perception with long-term memory accumulated 
through experiences with those sources. However, timbre relations can be affected 
by changes along other dimensions such as pitch and loudness. These interactions 
may be partly due to the sharing of underlying neural representations and partly due 
to the fact that all of these auditory attributes covary significantly in the sound 
sources encountered in everyday life and in music listening.

Another class of models presumes that timbre is a complex, but unitary, multidi-
mensional structure that can be modeled with techniques such as auditory images, 
modulation power spectra, or spectrotemporal receptive fields. This work is still in 
its infancy, and it is not yet clear what new understanding will be brought to the 
realm of timbre by their use or whether alternative models will provide more 
explanatory power than the more traditional multidimensional approach.
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