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When one examines in detail the five different versions of each comparison type, 
it is clear that not all timbre comparisons go in the direction of the model predic-
tions. One confounding factor is that the specificities on the sounds in this set were 
ignored in computing the vectors and selecting the analogies. These specificities 
would of course distort the vectors that were used to choose the timbres because 
they are like an additional dimension for each timbre. As such, certain timbre inter-
vals corresponded well to what was predicted because the specificities were absent 
or low in value, whereas others were seriously distorted and thus perceived as less 
similar to other intervals due to moderate or high specificity values.

The relative lack of generalizability of timbre interval perception across different 
timbres may be due to a number of factors that were not controlled in McAdams and 
Cunibile’s study. First, there may be a relative instability of judgement strategies 
given that most listeners have never encountered a listening situation in which per-
ceiving abstract timbral relations was appropriate. Second, there may be effects of 
the relative magnitude of a given vector and the distance between to-be-compared 
vectors: it may be difficult to compare with precision very large vectors or small 
vectors that are very far apart in the space. What this line of reasoning suggests is 
that the use of timbre intervals as an integral part of a musical discourse runs the risk 
of being very difficult to achieve with very complex and idiosyncratic sound sources, 
such as acoustic or electronic musical instruments, because they will, in all proba-
bility, have specificities of some kind or another.

It may be difficult to use timbre intervals as an element of musical discourse in a 
general way in instrumental music given that the timbre spaces of acoustical instru-
ments also tend to be unevenly distributed (see Fig. 8.1), unlike the regular spacing 
of pitches in equal temperament. If timbre intervals are to be used, in the long run 
they will most likely need to be limited to synthesized sounds or blended sounds 
created through the combination of several instruments. Whether or not specific 
intervals are precisely perceived and memorized, work in progress shows that per-
ception of the direction of change along the various dimensions is fairly robust, 
which would allow for the perception of similar contours (patterns of relative change 
along the different dimensions) in trajectories through timbre space. Indeed, 
McDermott et al. (2008) have shown that timbral brightness contours (patterns of 
ups and downs) can be recognized irrespective of the exact amount of change and 
also can be compared to contours in pitch and loudness.

It should be noted, nonetheless, that in a context in which pitch is a structuring 
factor, timbre may have difficulty imposing itself as a dominant parameter in terms 
of relational perception, primarily due to a sort of dominance hierarchy favoring 
duration and pitch relations (rhythm and melody) when several parameters are in 
play. Research on the conditions under which a given musical parameter plays a 
significant role in the perceptual structuring of music when varied in the presence of 
other parameters is limited and rarely goes beyond the royal couple of pitch and 
duration. A first attempt in this direction, which only used nonmusical sequences, 
was conducted by Krumhansl and Iverson (1992). They found that the classification 
of pitches (high versus low) or timbres (bright versus dull) was symmetrically 
affected by uncorrelated variation in the other parameter: reaction times for pitch 
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were slower when having to ignore random changes in timbre compared to when 
timbre was held constant and vice versa. This result suggests that it is difficult to 
ignore either parameter (pitch or timbre) when both are changing and indicates a 
tight relation between timbral brightness (change in the spectral centroid) and pitch 
height. This link would be coherent with underlying neural representations that 
share common attributes such as a tonotopic organization of spectral distribution 
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patterns is determined (McAdams and Bregman 1979). The orchestral effect is the 
integration or segregation of events into streams, textures, and foreground and back-
ground layers (see Sect. 8.3.2). And finally, segmental grouping affects how events 
within streams are chunked into musical units, such as motifs, phrases, themes, and 
sections.

Timbral similarity contributes to the unification of segments of music that are set 
off from adjacent segments when timbral contrast is introduced. Continuous change 
in timbre is used in progressive orchestration to create timbral modulations or 
larger-scale orchestral gestures (see Sect. 8.4). It becomes apparent here that audi-
tory grouping processes are implicated in many aspects of orchestration practice, 
including the blending of instrument timbres, the segregation of melodies and layers 
based on timbral differences, and the segmentation of contrasting orchestral materi-
als that results in the creation of perceptual boundaries in musical structures.

8.3.1  Timbre and Perceptual Fusion

As indicated in Fig. 8.3, timbre emerges from the perceptual fusion of acoustic 
components into a single auditory event, including the blending of sounds pro-
duced by separate instruments in which the illusion of a “virtual” sound source 
is created. The creation of new timbres through blending thus depends on the 
perceptual fusion of the constituent sound events. Concurrent grouping is affected 
by sensory cues, such as whether the acoustic components begin synchronously 
(onset synchrony), whether they are related by a common period (harmonicity), 
and whether there is coherent frequency and amplitude behavior (McAdams 
1984). The coherent behavior cues are related to the Gestalt principle of common 
fate: Sounds that change in a similar manner are likely to have originated from 
the same source (Bregman 1990).



219

Lack of synchrony, harmonicity, and parallel change in pitch and musical 
dynamics (piano, forte) is likely to signal the presence of two or more sound 
sources and to provide the information needed to organize and group their respec-
tive frequency components separately (McAdams 1984). This means that instru-
ment combinations are more likely to be perceived as blended if they adhere to 
these principles. This approach can be found in orchestration manuals that sug-
gest strict doubling of a melodic line, most often at the unison or octave intervals 
at which maximum coincidence of the frequency components would occur. A 
classic example of the combined use of these cues is Ravel’s piece Boléro, in 
which he constructs virtual sound sources with complex timbres by stacking 
instruments in a harmonic series (fundamental pitch, octave, twelfth, double 
octave, etc.) and having them play in synchrony and in perfect parallelism in 
terms of both pitch and dynamics (https://www.youtube.com/watch?v=dZDiaRZ
y0Ak&frags=pl%2Cwn, instrument combinations start at 4:35 with a trumpet-
flute combination or at 7:03 with French horn on the fundamental pitch and 
celesta and piccolos on pitches corresponding to harmonics 2–5).

The degree of fusion also depends on spectrotemporal relations among the con-
current sounds. Some instrument pairs can still be distinguished in dyads with iden-
tical pitches and synchronous onsets because their spectra do not overlap 
significantly. Sandell (1995) has demonstrated that sounds blend better when they 
have similar attack envelopes and spectral centroids, as well as a lower composite 
spectral centroid. He submitted listeners’ blend ratings (taken as a measure of prox-
imity) to multidimensional scaling and obtained a “blend space” whose dimensions 
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properties, such as pitch, timbre, loudness, and spatial position (McAdams and 
Bregman 1979). One of the main hypotheses behind the theory of auditory scene 
analysis is that the auditory system operates according to a heuristic that a sequence 
of events produced by a single sound source will be similar in terms of spectral 
content (affected by pitch register, instrument, and playing effort), intensity (affected 
by pitch register and playing effort), and spatial position. Continuities in these cues 
would thus promote the integration of the events into a stream, and discontinuities 
would signal the presence of other sound sources, leading to the segregation of the 
events into different streams within which events are similar. So sequences of 
sounds from different instruments can be segregated on the basis of timbre (imagine 
a duo of violin and piano) as can sounds from a single instrument that have very 
different timbral characteristics, as one might find, for example, in Nel cor più non 
mi sento (I do not feel my heart anymore) for solo violin by Niccolò Paganini, in 
which bowed and plucked sounds form separate streams in counterpoint with each 
other (https://www.youtube.com/watch?v=OpxwHm_a_Po&frags=pl%2Cwn start-
ing at 1:12). It is important to note that timbre covaries with pitch, playing effort, 
and articulation in musical instruments and so cannot be considered independently; 
therefore, changing the pitch or the musical dynamic also changes the timbre.

Once timbre has been formed following concurrent grouping, it plays an impor-
tant role in determining whether successive sounds are integrated into an auditory 
stream on the basis of similarities in spectrotemporal properties or segregated into 
separate streams based on timbral differences that potentially signal the presence of 
multiple sound sources (McAdams and Bregman 1979; Gregory 1994). This pro-
cess reflects the fact that individual sources do not generally tend to change their 
acoustic properties suddenly and repeatedly from one event to the next (for reviews, 

https://www.youtube.com/watch?v=OpxwHm_a_Po&frags=pl,wn
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These early demonstrations of auditory streaming on the basis of timbre suggest 
a link between the timbre-space representation and the tendency for auditory stream-
ing on the basis of the spectral differences that are created. Hartmann and Johnson 
(1991) argued that aspects of timbre derived from the spectral distribution are pri-
marily responsible for auditory streaming, and temporal aspects (such as attack 
time) have little effect. However, several subsequent studies have indicated an 
important role for both spectral and temporal attributes of timbre in auditory stream 
segregation (Cusack and Roberts 2000; for a review, see Moore and Gockel 2002). 
In one study, Iverson (1995) used sequences alternating between two recorded 
instrument tones with the same pitch and loudness and asked listeners to rate the 
degree of segregation. The segregation ratings were treated as a measure of dissimi-
larity, and multidimensional scaling was performed to determine a segregation 
space from which acoustic properties that contributed to stream segregation could 
be determined. He compared the segregation space with a timbre space derived 
from the same sounds (Iverson and Krumhansl 1993) and showed that both static 
acoustic cues (such as the spectral centroid) and dynamic acoustic cues (such as 
attack time and spectral flux) were all implicated in segregation.

Iverson’s findings were refined in an experiment by Singh and Bregman (1997). 
They varied the amplitude envelope and the spectral content independently and 
measured the relative contributions of these parameters to auditory stream segrega-
tion. A change from two to four harmonics (which would 99923(Ato 01 rg
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update their memory representations of what is actually going on. Kurby and Zacks 
(2008) hypothesized that two processes give rise to the subjective experience that a 
new event has begun: (1) the detection of a momentary increase in prediction errors 
created by the violation of expectations generated by a model of the current event, 
and (2) the updating of the event model in working memory that results from the 
expectation violation. One important feature of this approach is the notion that 
events can be organized at a range of temporal grains, from fine grained (e.g., notes) 
to coarse grained (e.g., phrases or sections).

Event segmentation may be accomplished contextually on the basis of the inter-
nal continuity relations in the music. Generally speaking, a segment is characterized 
by relative internal continuity as concerns the degree and rate of change of the per-
ceptual properties of the musical materials being heard and by a relative discontinu-
ity at its terminal points (for an application of these principles to music analysis, see 
Oliver 1967). So change creates prediction errors based on presumed continuity, 
and the errors in turn cause segmentation. According to the Gestalt principle of 
similarity, sounds that resemble one another are grouped together and are seg-
mented into chunks that are bounded by acoustic dissimilarities. Gradual changes 
over a given time period would create a sense of continuity, whereas discontinuities 
promote segmentation into musical units. So musical segments are formed on the 
basis of similarities in register, texture, and instrumentation (i.e., timbre), and 
changes in one or more of these musical features signal boundaries at various levels 
of the musical hierarchy, depending on the cumulative degree of change among 
them (Deliège 1989).

In their generative theory of tonal music, Lerdahl and Jackendoff (1983) pro-
posed a series of grouping preference rules that reflect how listeners perceptually 
structure musical sequences. Two Gestalt principals of temporal proximity and 
qualitative similarity underlie the rules, most of the latter resulting from a change or 
discontinuity in one or more auditory attributes, including pitch register, musical 
dynamics, articulation (staccato, tenuto, legato, mostly related to the duration of 
gaps between successive notes), note duration, and timbre. Deliège (1987) experi-
mentally tested the extent to which listeners segmented musical phrases in accor-
dance with these grouping rules. She found that timbral discontinuities (changes in 
instrument timbre) were among the changes that both musician and nonmusician 
listeners detect most often in short phrases.

Specific evaluation of the role that timbre plays in the segmental structuring of 
music is limited in music-theoretical and perceptual scholarship. Goodchild and 
McAdams (2018) propose several types of contrasts that are often found in the 
orchestral repertoire: (1) antiphonal alternation of instrumental groups in call-and- 
response phrase structure (antiphonal is from the Greek antiphonos, which means 
“responsive, sounding in answer”); (2) timbral echoing in which a repeated musical 
phrase or idea appears with different orchestrations, with one seeming more distant 
than the other due to the change in timbre and dynamics; (3) timbral shifts in which 
musical materials are reiterated with varying orchestrations, passed around the 
orchestra, and often accompanied by the elaboration or fragmentation of musical 
motifs; and (4) larger-scale sectional contrasts with major changes in instrumental 
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faces in rooms (Zahorik et al. 2005). The cues that could be simulated with orches-
tration would be dynamics and spectral properties related to timbre (although some 
composers use off-stage instruments as well to get the full effect of distance).

Another process by which sequences are segmented into smaller-scale units 
involves detecting repeating timbral patterns and learning the transition probabili-
ties between timbres over sufficient periods of time. Bigand et al. (1998) presented 
listeners with artificial grammars of musical sounds for which rules of succession of 
the sounds were created. After being exposed to sequences constructed with the 
grammar, listeners heard new sequences and had to decide if the sequence con-
formed to the learned grammar without having to say why. Indeed, by implicit 
learning of structures (language and music), any listener can know if a sequence 
corresponds to the structure in question without knowing why: quite simply, it 
doesn’t “sound” right. The average correct response rate of Bigand and colleague’s 
listeners was above chance, indicating the listeners’ ability to learn a timbral 
grammar.

Tillmann and McAdams (2004) explored this idea further in the direction of 
segmentation per se based on work by Saffran et al. (1996), who sought to under-
stand how implicit statistical learning of transition probabilities between syllables 
in language might lead to segmentation into words by infants. The idea is that syl-
lables within words follow each other more often than do syllables in different 
words, and building up a statistical distribution of such transitions would help seg-
ment speech streams into units that correspond to words in a given language. The 
same research group demonstrated a similar ability in infants with pitched tone 
sequences, suggesting the ability applies more generally than just to speech (Saffran 
et al. 1999).

Tillman and McAdams applied this principal to timbre sequences using the 
sounds from McAdams et  al. (1995) with constant pitch, loudness, and roughly 
equivalent duration. A lexicon of grammatical timbre triplets was created and pre-
sented sequentially in random order in an isochronous sequence for about 33 min. 
The probability of transition from the last sound of one triplet to the first sound of 
the next triplet was designed to be much lower than was the transition probability 
between the first and second sounds and the second and third sounds. The listeners 
were then tested on their recognition of triplets from the timbral grammar with the 
expectation that they would implicitly learn the transition probabilities among tim-
bres. A control group was tested on a similar task without exposure to the timbral 
grammar. To examine the role of auditory segmentation on the basis of timbre dis-
continuity in the learning of timbre sequence regularities, the timbral distance rela-
tions among sounds were organized in three different conditions in which the 
distances between successive timbres of the triplets—as determined from the 
McAdams et al. (1995
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can be articulated through orchestration in the music theory and musicology litera-
ture, but there is no perceptual research as yet. In classical sonata form, musical 
material is presented in an exposition section, then elaborated in a development 
section, and is returned to in a recapitulation section. Cannon (2016) studied con-
trasts in dynamics and orchestration (primarily instrument density) as key factors 
that determine whether the onset of a recapitulation serves as a resolution, climax, 
or arrival, on the one hand, or as a new beginning or relaunch, on the other. 
Examining several hundred sonata-form movements from nineteenth-century sym-
phonies, he classified the alterations of the main theme on its return in the recapitu-
lation into four broad types: (1) similar, (2) intensified by increased dynamic 
markings and instrumental forces, (3) attenuated with decreased dynamic markings 
and instrumental forces, and (4) contradictory with dynamics and instrumentation 
going in opposite directions. Cannon noted that Beethoven, for example, often 
intensified the theme in the recapitulation with full orchestra playing the theme at 
louder dynamic markings (as in the first movement of his First Symphony), a ten-
dency observed in the majority of intensifications in Cannon’s corpus. Brahms, 
however, often obscured the transition from development to recapitulation using 
lower dynamic markings. Haydn was known to use changes in orchestration in the 
symphonies composed during his stays in London at the end of the eighteenth cen-
tury to give new color to a theme in the recapitulation (Wolf 1966). The distinction 
between a recapitulation being an arrival at a culminating climax point versus being 
a relaunch or new beginning was captured by both parameters. An arrival was often 
characterized by a buildup of instrumental forces and crescendo in dynamics that 
peaked at the onset of the recapitulation, whereas a relaunch was often character-
ized by a strong contrast in dynamics and instrumental texture between the end of 
the development and the beginning of the recapitulation. Thus, timbral factors con-
tribute to this large-scale formal feature.

Dolan (2013) examined Haydn’s structural and dramatic use of orchestration, 
including the process of developing variations of thematic materials. She empha-
sized the essential role played by orchestration in Haydn’s articulation of musical 
form (see Chap. 2 in Dolan 2013). For example, themes that initially appear in one 
orchestration will return with a different one in order to nuance or transform the 
musical material subtly, at times keeping all other musical parameters constant, 
such as harmony, melody, and rhythm. Dolan describes how Haydn used opposing 
sonorities or textures to lend structure and dramatic impact by introducing interrup-
tions of sections in strings or winds with full orchestral tuttis (all instruments play-
ing together). A particularly instructive example is the second (Allegretto) movement 
of his “Military” Symphony, no. 100 (https://www.youtube.com/watch?v=6Rmwap
sXnrg&frags=pl%2Cwn). Figure  8.8 displays the evolution of instrumental 
 involvement over the whole movement with time progressing from left to right, as 
indicated by the measures in the musical score on the x axis. Instrument families are 
shown with different hues (green for strings, blues and purples for woodwinds, 
orange and red for brass, and brown and black for --Sh .980mor sttime pr as/oacter-
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and bassoon. Then in measure 56, a full orchestral tutti bursts in, given particular 
sonic power by trumpets, timpani and percussion, and the alternation between lesser 
and greater instrumental forces continues, which outlines the formal structure. The 
perceptual force of these alternations and interruptions could be tested with online 
segmentation techniques and perceptual characterization of the constituent 
sections.

Another aspect of large-scale orchestral shaping is what Goodchild et al. (2019) 
have  called “orchestral gestures,” such as the sudden contrast between the full 
orchestra and a soloist or a large-scale, swelling orchestral crescendo, which con-
tribute to peak emotional experiences in orchestral music (Guhn et al. 2007). Some 
orchestration treatises mention large-scale gestures on the order of a few minutes. 
However, a clear taxonomy of techniques and a conceptual framework related to 
their musical function was lacking until Goodchild (2016) developed a typology of 
orchestral gestures in which the time course (gradual or sudden) and direction of 
change (additive or reductive) in instrumentation are the primary factors. She delin-
eated four types: gradual addition, gradual reduction, sudden addition, and sudden 
reduction (schematized in Fig. 8.9). These gestures are characterized by changes 
over time in the number and type of instruments involved, as well as in onset density 
by instrument family, tempo, loudness, and spectral centroid. A visualization of one 
of the sudden reduction excerpts from the first movement of Bruckner’s Eighth 
Symphony is shown in Fig. 8.10.
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The data revealed different response profiles for each gestural type. For the gradual 
addition type, the emotional intensity ratings climbed steadily following the increas-
ing growth of instrumental texture (number of instrumental parts) and loudness. For 
the sudden addition gestures, there was a slight tendency for musicians, but not 
nonmusicians, to anticipate the moment of sudden change with heightened emo-
tional responses. Additional knowledge acquired through explicit musical training 
or greater experience with orchestral music may have led the musicians to develop 
anticipatory schemas for such changes. The responses to the gradual and sudden 
reductive excerpts featured a plateau of lingering high emotional intensity, despite 
the decrease of most musical features, including loudness, the spectral centroid 
(timbral brightness), instrumental texture, and onset density (number of attacks per 
beat). This response pattern is evident in Fig. 8.10 wherein the sudden reduction in 
instrumental forces at measure 250 is accompanied by a decrease in spectral 
 centroid, loudness, and onset density along with a slight increase in tempo, and yet 
the average emotional intensity rating only makes a slight dip at that point.

Using re-orchestration and digital orchestral rendering as tools for testing 
hypotheses concerning the role of timbral brightness in emotional valence, 
Goodchild (2016) also showed with psychophysiological measures that the bright-
ness of the orchestration (measured as spectral centroid) leading up to an expressive 
event dramatically shaped the resulting experience. Future research in this area 
could explore instances in which orchestral shaping (such as an abrupt change in 
texture or timbre) does or does not coordinate with other musical processes (such as 
phrase structure) to explain the interaction between formal structure based on 
melodic and harmonic elements and structure based on orchestration. The music- 
theoretical meanings and the resulting perceptual effects have yet to be explored, 
but this kind of work demonstrates the fertile ground that is possible in timbre cog-
nition research through an interdisciplinary approach uniting music analysis and 
experimental psychology.

8.4.3  Timbre and Musical Tension

Larger-scale changes in timbre can also contribute to the expression of other higher- 
level structural functions in music, such as the ebb and flow of musical tension and 
relaxation, a type of process in music that many music theorists consider to be one 
of the primary bases for the perception of larger-scale form in music. When instru-
ments composing a vertical sonority are strongly blended, timbral roughness and 
brightness become major components of musical tension. Nevertheless, they depend 
to a great degree on how the incoming acoustic information has been parsed into 
events and streams by auditory grouping processes. One might suppose that orches-
tration, in addition to pitch and rhythmic patterns, can play a major role in the struc-
turing of musical tension and relaxation patterns that are an important component of 
a listener’s aesthetic response to musical form. A feeling of tension accompanies a 
moment at which the music must continue, and a sense of relaxation signals the 
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greater tendency to be fused together. The computed roughness may then result 
from the interactions of all the frequency components of all the notes grouped 
together, although the effect of concurrent grouping on roughness perception does 
not seem to have been explicitly tested.

The situation is likely to be quite different for the orchestral version. For one, the 
same timing was used for piano and orchestra versions in the digital sampler. In the 
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RdbjQJbM&frags=pl%2Cwn), orchestral music such as Polymorphia by Krzysztof 
Penderecki (https://www.youtube.com/watch?v=9mYFKJBgxbM&frags=pl%2
Cwn), or music that mixes acoustical instruments and computer-generated sounds 
such as Archipelago by Roger Reynolds are excellent examples to understand these 
possibilities. But even in the orchestral music of Haydn, Mozart, and Beethoven in 
the high Classical period, timbre plays a structuring role at the level of sectional 
segmentation induced by changes in instrumentation. These segmentations distin-
guish individual voices or orchestral layers that are composed of similar timbres and 
structure orchestral variations in symphonic forms (Dolan 2013).

In addition to contributing to the organization of auditory streams and orchestral 
layers, to contrasting materials that evoke segmentation at various levels of musical 
structure and to form large-scale orchestral gestures, timbre can also play a role in 
the ebb and flow of musical tension and relaxation and can thus contribute to the 
inherent expression of musical form as experienced by listeners. When instruments 
fuse into a musical sonority, the resulting auditory roughness, as an aspect of tim-
bre, constitutes a major component of musical tension. However, perceived rough-
ness strongly depends on the way the auditory grouping processes have parsed the 
acoustic information into events and streams (Wright and Bregman 1987) and also 
depends on the musical texture (homophony, polyphony, or heterophony) (Huron 
2016). As a factor structuring tension and relaxation, timbre has been used effec-
tively by electroacoustic composers such as Francis Dhomont. Roy’s (2003) analy-
ses of his music demonstrated that he employs timbre to build expectancies and 
deceptions in a musical context that is not “contaminated” by strong pitch struc-
tures. Roy’s work implies that in a context in which pitch is a structuring factor, 
timbre may have trouble imposing itself as a dominant parameter as mentioned 
above. The interaction of musical parameters in the sculpting of the experience of 
musical form could be a vast and rich field if both perceptual experimentation and 
music analysis work together in an interdisciplinary setting to get at the essence of 
how orchestration—in the broadest sense of the choice, combination, and juxtaposi-
tion of sounds—actually works in the music of many styles and cultures.

A last point to consider for future experimental and musicological research on 
timbre concerns the crucial roles of performers and sound engineers in the final 
result of a sought-after timbre effect. Many parameters that affect both the timbre 
produced directly by an instrument (temporal and spectral properties of sound 
events) and the fusion of the sound of an instrument with those of other instruments 
(onset synchrony, pitch tuning, adjustment of timbre, and relative levels of instru-
ments) are under the control of performers. In the end, all of these factors condition 
the timbre that emerges and how timbres connect sequentially and create segmental 
contrasts. Lembke et al. (2017), for example, showed that performers’ success in 
achieving blend depends on both the possibilities of timbral modulation of the instru-
ment itself (bassoon and French horn in their case, with the horn providing more 
room for timbral modulation) and what the role of each instrumentalist is in the 
musical scenario (leader or follower). Generally, followers who are trying to blend 
into the sound of a leader tend to darken the timbre of their instrument.
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