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Michael Schutz

Introduction and Overview

Beethoven’s Fifth Symphony has intrigued audiences for generations. In opening with 
a succinct statement of its four-note motive, Beethoven deftly lays the groundwork for 
hundreds of measures of musical development, manipulation, and exploration. Analyses 
of this symphony are legion (Schenker, 1971; Tovey, 1971), informing our understanding 
of the piece’s structure and historical context, not to mention the human mind’s fascination 
with repetition. In his intriguing book The first four notes, Matthew Guerrieri decon-
structs the implications of this brief motive (2012), illustrating that great insight can be 
derived from an ostensibly limited grouping of just four notes. Extending that approach, 
this chapter takes an even more targeted focus, exploring how groupings related to the 
harmonic structure of individual notes lend insight into the acoustical and perceptual 
basis of music listening.

Extensive overviews of auditory perception and basic acoustical principles are readily 
available (Moore, 1997; Rossing, Moore, & Wheeler, 2013; Warren, 2013) discussing the 
structure of many sounds, including those important to music. Additionally, several 
texts now focus specifically on music perception and cognition (Dowling & Harwood, 
1986; Tan, Pfordresher, & Harré, 2007; Thompson, 2009). Therefore this chapter focuses 
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on a previously under-discussed topic within the subject of musical sounds—the 
importance of temporal changes in their perception. This aspect is easy to overlook, as 
the perceptual fusion of overtones makes it difficult to consciously recognize their indi-
vidual contributions. Yet changes in the amplitudes of specific overtones excited by 
musical instruments as well as temporal changes in the relative strengths of those 
overtones play a crucial role in musical timbre. Western music has traditionally focused 
on properties such as pitch and rhythm, yet contemporary composers are increasingly 
interested in timbre, to the point where it can on occasion even serve as a composition’s 
primary focus (Boulez, 1987; Hamberger, 2012). And although much previous scientific 
research on the neuroscience of music as well as music perception has focused on 
temporally invariant tones, there has been increasing recognition in the past decade that 
broadening our toolbox of stimuli is important to elucidating music’s psychological and 
neurological basis. Consequently, understanding the role of temporal changes in 
musical notes holds important implications for psychologists, musicians, and neurosci-
entists alike.

Traditional musical scores give precise information regarding the intensity of each 
instrument throughout a composition in the form of dynamic markings. But for obvi-
ous practical reasons scores never specify the rapid intensity changes found in each 
overtone of an individual note. At most, composers hint at their preferences through 
descriptive terms such as “sharper/duller,” vague instructions (“as if off in the distance”), 
and/or performers use stylistic considerations to make such decisions—e.g., by following 
period-specific performance practice. And to a large extent, both the harmonic 
structure of a note as well as changes in its harmonic structure over time are natural 
consequences of an instrument’s physical structure. For example, the rapid decay of 
energy in harmonics shortly after the onset of a vibraphone note contrasts with the long 
sustain of its fundamental—contributing to its characteristic sound.

Musical notation clearly reflects changes in the intensity of collections of notes (e.g., 
crescendos, sfz) but never on the changes within notes themselves. While understandable, 
this decision mirrors the lack of attention to changes in overtone intensity in many 
psychophysical descriptions of sound—as well as perceptual experiments with auditory 
stimuli. This is unfortunate, as these intensity changes play an important role in efforts 
to synthesize “realistic” sounding musical notes—an issue of great relevance to composers 
creating electronic music. These also play an important role in discussions of tone 
quality so crucial to music educators training young ears, not to mention sound editors/
engineers exploring which dynamic changes are important to capture and preserve 
when recording/mixing/compressing high quality audio. This chapter summarizes 
research on both the perceptual grouping of overtones and their rapid temporal changes, 
placing it in a broader context by highlighting connections to another important topic—
how individual notes are perceptually grouped into chords. Finally, it concludes with a 
discussion of mounting evidence that auditory stimuli devoid of complex temporal 
changes may lead to experimental outcomes that fail to generalize to world listening—
and on occasion can suggest errant theoretical frameworks and basic principles.
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Grouping Notes: Deconstructing  
Chords and Harmonies

The vertical alignment of notes gives rise to musical harmonies ranging from lush to 
biting—from soothing to scary. Consequently, composers carefully design complex 
groupings whose musical effects hinge on small changes in their arrangement. For 
example, major and minor chords differ significantly in their neural processing 
(Pallesen et al., 2005; Suzuki et al.,  2008) and evoke distinct affective responses 
(Eerola, Friberg, & Bresin, 2013; Heinlein, 1928; Hevner, 1935). Yet from the stand-
point of acoustic structure this change is small—a half-step in the third (i.e., “middle 
note”) of a musical chord (Aldwell, Schachter, & Cadwallader, 2002). In absolute 
terms, this represents a relatively small shift in the raw acoustic information—moving 
one of three notes the smallest permissible musical distance. From a raw acoustic 
perspective, this is particularly unremarkable in a richly orchestrated passage, yet 
the shift from major to minor can lead to significant changes in a passage’s character. 
Individuals with cochlear implants—which offer relatively coarse pitch discrimina-
tion—are often unable to hear these distinctions, and often find music listening 
problematic (Wang et al., 2012). Fortunately most hear these changes quite readily, as 
evidenced by a literature on the detection of “out of key” notes shifted by a mere 
semi-tone (Koelsch & Friederici,  2003; Pallesen et al.,  2005). Although musical 
acculturation occurring at a relatively young age (Corrigall & Trainor, 2010, 2014) 
aids this process, even musically untrained individuals are capable of detecting small 
changes (Schellenberg, 2002).

Notes of different pitch are often grouped together into a single musical object—a 
chord. Typically consisting of three or more individual notes, chords function as 
a  “unit” and together lay out the harmonic framework or backbone of a musical 
 passage. The specific selection of simultaneous notes (i.e., harmonically building 
chords) has profound effects on the listening experience of audiences, forming one of 
the key building blocks of strong physiological responses to music (Lowis,  2002; 
Sloboda, 1991). The masterful selection of notes, rhythms, and instruments requires 
both intuition and craft, and basic principles are articulated in numerous treatises on 
composition (Clough & Conley, 1984), and guidelines to orchestration (Alexander & 
Broughton,  2008; Rimsky-Korsakov,  1964). Yet another aspect of musical sound’s 
vertical structure plays a crucial role in the listening experience, even if it is under 
less direct control by composers—the “vertical structure” (i.e., harmonic content) of 
individual notes—as well as the time-varying changes to these components. This 
topic forms the primary focus of this chapter, for much as study of individual notes 
can lend insight into our perception of musical passages, studying the rich, time-
varying structure of concurrent harmonics can lend insight into our understanding 
of their perception.
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Grouping Harmonics: Deconstructing 
Individual Notes

The complexities in composers’ grouping of individual notes into chords are well 
known (Aldwell et al., 2002), yet the musical importance of individual harmonics 
is  less transparent, even though single notes produced by musical instruments con-
tain incredible sophistication and nuance (Hjortkjaer, 2013). Musical instruments produce 
sounds rich in overtones, which for pitched instruments generally consist of harmonics 
at integer multiples of the fundamental (Dowling & Harwood, 1986; Tan et al., 2010), 
as well as other non-harmonic energy (particularly during a sound’s onset). The law-
ful structure of these overtones serves as an important binding cue, triggering a deci-
sion by the perceptual system to blend overtones such that “the listener is not usually 
directly aware of the separate harmonics” (Dowling & Harwood, 1986, p. 24). Although 
some musicians develop the ability to “hear out” individual components of their instru-
ments (Jourdain, 1997, p. 35), in general this collection of frequencies fuses into a single 
musical unit. Consequently for practical matters the complex structure of individual 
notes is of less musical interest than the composer’s complex selection of structural cues 
(Broze & Huron, 2013; Huron & Ollen, 2003; Patel & Daniele, 2003; Poon & Schutz, 2015), 
or the performer’s interpretation of those cues (Chapin, Jantzen, Kelso, Steinberg, & 
Large, 2010).

Although the musical importance of small note-to-note variations in amplitude 
with respect to phrasing and expressivity (Bhatara, Tirovolas, Duan, Levy, & 
Levitin, 2011; Repp, 1995) is widely recognized, the small moment-to-moment ampli-
tude variations in individual overtones have received less research attention. Musical 
sounds contain overtones shifting in their relative strength over time (Jourdain, 1997, 
p. 35), and some textbooks explicitly note the importance of these dynamic changes 
(Thompson, 2009, p. 59). Yet the role of spectra is often presented as time-invariant 
and described through summaries of spectral content irrespective of temporal 
changes in a note’s spectra.

Musical instruments produce notes rich in temporal variation—not only in their 
overall amplitudes, but even with respect to the envelopes of individual harmonics. For 
example, Fig. 1 visualizes a musical note performed on the trumpet (left panel) and clari-
net (right panel), based on instrument sounds provided by the University of Iowa 
Electronic Music studios (Fritts, 1997). The intensity (z axis) of energy extracted from 
each harmonic (x axis) is graphed over time (y axis). These 3D visualizations illustrate 
the temporal complexity of harmonics bound into the percept of a single note. In fact, 
divorced from its context in a melody, expressive timings in musical passages, discus-
sion of performer’s intentions regarding phrasing and numerous other considerations, 
analysis of isolated notes affords invaluable insight. Small temporal variations in each 
overtone play a key role in the degree to which synthesized notes sound “real” rather 
than “artificial.” Highly trained musicians can routinely produce different variations on 
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a single note (“brighter” or “more legato,” “shimmery,” etc.), which involve intentionally 
varying both the balance and temporal changes in a note’s overtones.

As tones synthesized without adequate temporal changes often sound uninteresting 
or “fake,” composers of electronic music, producers, instrument manufacturers, and 
other musical professionals pay top dollar for high quality audio samplings of instru-
ments needed for their artistic purposes. Some creators of electronic music prefer 
samples of real musical sounds over efforts to synthesize these sounds (Risset & Wessel, 
1999), in part due to the temporal complexity of accurately realizing the temporal 
changes in individual musical notes, as well as our sensitivity to small changes (or the 
lack thereof) in electronically generated tones. From a psychological perspective, what 
is so crucial about the structure of individual notes? What are the acoustic differences 
between life-like and dull renditions of individual instruments?

The importance of dynamic changes in an individual note’s harmonics can be most 
usefully understood within the context of musical timbre—a complex, multidimen-
sional property that has proven incredibly challenging to even define, let alone explain. 
Unfortunately for timbre enthusiasts, this property is often treated as a “miscellaneous 
category” (Dowling & Harwood, 1986, p. 63) accounting for the perceptual experience 
of “everything about a sound which is neither loudness nor pitch” (ANSI, 1994; Erickson, 
1975). In other words, timbre is often defined less by what it is than what it is not (Risset 
& Wessel, 1999). This oppositional approach is sensible given the multitude of acoustic 
factors known to play a role in its perception (Caclin, McAdams, Smith, & Winsberg, 2005; 
McAdams, Winsberg, Donnadieu, de Soete, & Krimphoff, 1995).
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Figure 1. Visualization of single notes produced by a trumpet (left) and clarinet (right), illus-
trating their complex temporal structure. Although the trumpet spectrum changes more 
dynamically than the clarinet, each partial is in constant flux.

The goal of these 3D figures is to illustrate the dynamic nature of the harmonic structure of musical tones.  
Consequently they are not complete acoustical analyses (which are readily available elsewhere),  

but serve to highlight information lost in temporally invariant power spectra.
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Acoustic Structure and  
Musical Timbre

One particularly useful technique for studying musical timbre is multidimensional 
scaling (MDS), which allows for exploration absent of assumptions about which 
acoustic properties are most important. Many studies using this approach will present a 
variety of individual notes matched for pitch and intensity, asking participants to rate 
their similarity (or more often, dissimilarity). Analysis of dissimilarity ratings affords 
construction of a multidimensional space allowing for visualization of the “perceptual 
distance” between different pairs of notes. Early studies found spectral properties play a 
crucial role (Miller & Carterette, 1975), and subsequent work has refined our under-
standing of their role on both the neural (Tervaniemi, Schröger, Saher, & Näätänen, 2000) 
and perceptual (Grey & Gordon,  1978; Trehub, Endman, & Thorpe,  1990) levels. 
Consequently, the role of spectra in timbre is well explained in numerous textbooks on 
auditory perception and music cognition (Dowling & Harwood,  1986; Tan et al., 2010; 
Thompson, 2009, p. 48), typically through visualizations of power spectra, similar to Fig. 2.

Power spectra provide a useful, time-invariant summary of the relative harmonic 
strength. By collapsing along the temporal dimension shown in Fig. 1, Fig. 2 summarizes 
one of the characteristic distinctions between brass and woodwind instruments—that 
trumpets produce energy at all harmonics, whereas clarinets primarily emphasize 
alternate harmonics. Yet power spectra fail to capture the dynamic changes prominent 
in natural musical instruments, and the perceptual difference between synthesizing the 
information represented in Fig. 1 and Fig. 2 is striking. For interactive demonstrations of 
these differences, pedagogical tools useful for both teaching and research purposes are 
freely available from www.maplelab.net/pedagogy.
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Figure 2. Power spectra of trumpet and clarinet. These plots accurately convey the trumpet’s 
energy at many harmonics in contrast to the clarinet’s energy primarily at odd numbered har-
monics. However, power spectra fail to convey any information about the temporal changes in 
harmonic amplitude so crucial to a sound’s timbre.
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The shortcomings of power spectra are clear in cases where temporal cues play key 
roles not only in the realism of a musical sound, but in the distinction between different 
musical timbres. For example, the top row of Fig. 3 shows power spectra for notes 
produced on the trombone vs. cello.1 This visual similarity in power spectra is some-
what surprising, given the markedly different methods of sound production in these 
instruments—a brass tube driven by lips on a mouthpiece vs. a bow drawn across a string. 
Additionally, cellos and trombones function differently in most musical compositions, 
suggesting their perception is distinct. Although this distinction is not apparent from 
their power spectra, it is clear in the middle row of Fig. 3 showing changes in harmonic 
strength over time. The bottom row provides a visualization of tones synthesized using 
the power spectra in the first row—illustrating what is retained and what is lost in 
time-invariant visualizations of musical sounds.

Certain aspects of temporal dynamics are recognized as playing an important role in 
musical timbre. For example, both the rise time (initial onset) of notes (Grey,  1977; 
Krimphoff, McAdams, & Winsberg, 1994) as well as gross temporal structure—amplitude 
envelope—have been shown to be important (Iverson & Krumhansl,  1993). As an 
extreme example, reversing the temporal structure of a note qualitatively changes its 
timbre, such that a piano note played “backwards” sounds more like a reed-organ than a 
piano (Houtsma, Rossing, & Wagennars, 1987). It is important to note that in this case 
the power spectra for piano notes played either forwards or backwards are identical—
yet the experience of listening to these renditions differs markedly. Even beyond dra-
matic changes such as backwards listening, temporal changes are known to play an 
important role in sounds from natural instruments. However, interest in the connection 
between temporal dynamics and timbre has largely focused on a sound’s onset 
(Gordon, 1987; Strong & Clark, 1967) rather than changes throughout its sustain period. 
For example, past studies have shown that insensitivity to a tone’s onset correlates with 
reading deficits (Goswami, 2011). Tone onset is also crucial to distinguishing between 
musical timbres (Skarratt, Cole, & Gellatly, 2009), and their removal leads to confusion 
of instruments otherwise easily differentiable (Saldanha & Corso, 1964).2

The Use of Temporally Varying Sounds 
in Music Perception Research

Although temporal changes in the strengths of individual harmonics clearly play an 
important role in musical sounds, these changes are rightly recognized by experimental 
psychologists as potentially confounding (or at least introducing noise into) perceptual 

1 All analyses of notes in this chapter are based on additional samples from the University of Iowa 
Electronic Music studios (Fritts, 1997).

2 However, presenting notes without transients as part of a melodic sequence (rather than as isolated 
tones) may mitigate this confusion (Kendall, 1986).
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Figure 3. Visualizations of trombone (left) and cello (right). Panels in top row illustrate 
similarity in these instruments’ power spectra, despite the clear acoustical differences shown 
in the middle panels. Bottom panels visualize tones synthesized using static power spectra 
(i.e., ignoring temporal changes in the strength of individual harmonics).
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experiments. Not only will different instruments (along with variations in mouthpieces, 
mallets, bows, etc.) make consistency challenging when using natural musical tones, the 
complexity of changes in recordings of nominally steady-state notes runs contrary to 
the level of control desirable for scientific experimentation. If an experimenter’s goal is 
to explore the role of pitch difference in auditory stream segregation, short pure tones 
with minimal amplitude variation offer clear benefits for drawing strong, replicable 
conclusions elucidating some aspects of our auditory perceptual organization. 
Consequently, the high degree of emphasis placed upon tightly constrained, easily 
reproducible stimuli incentivizes the use of simplified tones lacking temporal varia-
tion beyond simplistic onsets and offsets. This raises important questions about what 
kinds of stimuli are used to assess auditory perception. Although simplified sounds 
aid researchers in avoiding problematic confounds, their over-use could lead to chal-
lenges with generalizing their findings to natural sounds with the kinds of temporal 
variations shown in Fig. 1.

In order to explore the kinds of sounds used in research on music perception, my 
team surveyed 118 empirical papers published in the journal Music Perception from 
experiments dating back to its inception in 1983, based on a previous comprehensive 
bibliometric survey (Tirovolas & Levitin, 2011). Primarily interested in determining the 
amount of amplitude variation found in the temporal structures of auditory stimuli, we 
classified every stimulus used in each of the 212 surveyed experiments as either “flat” 
(i.e., lacking temporal variation), “percussive” (decaying notes such as those produced 
by the piano, cowbell, or marimba), or “other”—sounds such as those produced by 
sustained instruments like the French horn or human voice. Fig. 4 illustrates examples 
of each stimulus class.

The most surprising outcome from this survey was that although most articles 
included a wealth of technical information on spectral structure, duration, and the exact 
model of headphones or speakers used to present the stimuli, about 35 percent failed to 
define the stimuli’s temporal structure. This finding is not unique to Music Perception—
my team found similar problems with under-specification in the journal Attention, 
Perception & Psychophysics (Gillard & Schutz, 2013). More important than under-
specification, both surveys revealed a strong bias against sounds with the kinds of 
temporal variations common to musical instruments. Although flat tones lend themselves 
well to tight experimental control and consistent replication amongst different labs, 
they fail to capture the richness of the sounds forming the backbone of the musical 
listening experience. Yet they remain prominent in a wide range of research on auditory 
perception on tasks purportedly designed to illuminate generalizable principles of 
auditory perception.

Prominent researchers have noted that the world is “[not] replete with examples of 
naturally occurring auditory pedestals [i.e., flat amplitude envelopes]” (Phillips, Hall, & 
Boehnke, 2002, p. 199). Yet flat tones appear to be the normative approach to research on 
auditory perception, which are clearly far removed from the complexity of natural 
musical sounds—as shown in Fig. 5. Note that each of the three musical instruments 
visualized not only exhibits constant temporal changes, but temporal changes in the 
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amplitudes of each individual harmonic. This dynamic fluctuation contrasts starkly 
with the flat tones favored in auditory perception research shown in the bottom right 
panel. This over-fixation on sounds lacking meaningful amplitude variation is not 
confined to behavioral work; a large-scale review of auditory neuroscience research 
concluded with a note of caution that important properties of functions of the auditory 
system will only be fully understood when researchers begin employing envelopes that 
“involve modulation in ways that are closer to real-world tasks faced by the auditory 
system” (Joris, Schreiner, & Rees, 2004, p. 570). The acoustic distance between the 
temporally dynamic musical sounds and temporally constrained flat tones common in 
auditory perception and neuroscience research raises important questions about the 
degree to which theories and models derived from these experiments generalize to 
musical listening. The complexities of balancing competing needs for experimental 
control and ecological relevance are significant, and will serve as the focus of the 
 following section.
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Figure 4.  Wave forms of different sounds found in the survey of stimuli used in Music 
Perception (Schutz & Vaisberg, 2014).

Reproduced from Music Perception: An Interdisciplinary Journal 31(3), Michael Schutz and Jonathan M. Vaisberg, 
Surveying the temporal structure of sounds used in music perception, pp. 288–296,  

doi:10.1525/mp.2014.31.3.288, Copyright © 2014, The Regents of the University of California.
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On the Methodological Convenience  
of Simplified Sounds

This focus on tightly constrained stimuli is not necessarily problematic; control of 
extraneous variables is essential to researchers’ ability to draw strong conclusions from 
individual experiments. Consistency in the synthesis of stimuli amongst different labs 
holds many advantages with respect to replication, an issue of increasing importance to 
the field as a whole. And in some circumstances the real-world associations inherent in 
temporally complex sounds can pose obstacles to answering key questions. For example, 
researchers exploring acoustic attributes of unpleasant sounds illustrate that frequency 
range (Kumar, Forster, Bailey, & Griffiths, 2008), spectral “roughness” (Terhardt, 1974), 
and the relative mix of harmonics-to-noise (Ferrand,  2002) are key factors—issues 
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Figure 5. Single notes produced by an oboe (upper left), French horn (upper right), and viola 
(lower left) illustrate their temporal complexity. Although their specific mix of harmonics varies, 
these instruments all exhibit constant changes in the strength of each harmonic over the tone’s 
duration. This temporal complexity contrasts strongly with the temporal simplicity of the flat 
tone depicted in the lower right panel, which lacks temporal variation beyond abrupt onsets/
offsets, and no change in relative strength of harmonics.
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important for engineers designing human–computer auditory interfaces. Yet a direct 
ranking of sounds shows that vomiting is regarded as one of the most unpleasant 
(Cox, 2008), an outcome related less to its specific acoustic properties than the obvious 
real-world associations (McDermott, 2012). In some cases these real-world associations 
may be regarded as confounds obfuscating the general principles at hand.

Therefore, in some inquiries aimed at understanding the relationship between 
acoustic structure and perceptual response, it is not only reasonable but actually necessary 
to use sounds devoid of referents. This issue of disentangling the effects attributable 
to associations vs. acoustic features is of particular importance in the perception of music, 
given the rich and complex relationship between music, memory, and emotion. 
Familiar compositions can evoke memories as a result of past associations—for example 
from a history of personal listening/performance (Schulkind, Hennis, & Rubin, 1999) or 
use in film sound tracks (e.g., those used by Vuoskoski and Eerola, 2012). Indeed songs 
from popular television shows are so familiar they have even been used to assess the per-
vasiveness of absolute pitch amongst the general population (Schellenberg & 
Trehub, 2003). Consequently, synthesized tones lacking real-world associations serve a 
useful purpose in advancing our understanding of auditory perception.

However, although artificial sounds devoid of real-world associations that afford 
precise control/replication offer advantages in certain circumstances, their simplicity 
can pose barriers to fully understanding music perception. In fact, auditory psycho-
physics’ focus on “control” (Neuhoff, 2004) and the study of isolated parameters absent 
their natural context (Gaver, 1993) is an issue of long-standing concern in some corners 
of the auditory perception community. This is of particular importance to understanding 
music, as composers, performers, conductors, and recording engineers focus great 
attention to slight nuances of musical timbre. Yet the same differences so useful in 
artistic creation often serve as confounds within the realm of auditory psychophysics. 
This raises important questions about the types of stimuli that should be used in experi-
ments designed to address questions related to music listening. Can artificial sounds 
abstracted from our day-to-day musical experiences lead to experimental outcomes 
that generalize to listening outside the laboratory?

Perceptual experiments exploring audio-visual integration in musical contexts offer a 
useful case study in the consequences of ignoring the role of musical sounds’ dynamic 
temporal structures. A large body of audio-visual integration research using temporally 
simplistic sounds has concluded that vision rarely influences auditory evaluations of 
duration3 (Fendrich & Corballis, 2001; Walker & Scott, 1981; Welch & Warren, 1980). 
However, a musical experiment exploring ongoing debate amongst percussionists led to 
a surprising break with widely accepted theory. In that series of studies an internation-
ally acclaimed musician attempted to create long and short notes on the marimba—a 
tuned, wooden bar instrument similar to the xylophone. Notes on the marimba are 
percussive (Fig. 4, middle panel)—with continuous temporal variation in their structure 

3 Provided that the acoustic information is of sufficient quality (Alais & Burr,  2004; Ernst & 
Banks, 2002).
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as the energy transferred into the bar (by striking) gradually dissipates as a result of 
friction, air resistance, etc. Whether or not the duration of these notes can be inten-
tionally varied has been long debated in the percussion community (Schutz & Manning, 
2012). However, an assessment of an expert percussionist’s ability to control note 
duration demonstrated that these gestures are in fact acoustically inconsequential, but 
trigger an illusion in which the longer physical gesture used to strike the instrument 
affects perception of the resulting note’s duration (Schutz & Lipscomb, 2007). Musical 
implications (Schutz, 2008) aside, this finding represents a clear break from previously 
accepted views on the integration of sight and sound (Fendrich & Corballis, 2001; 
Walker & Scott, 1981; Welch & Warren, 1980).

The surprising ability of percussionists to shape perceived note duration despite 
previous experimental work to the contrary stems in large part from a bias in the temporal 
structure of stimuli used in auditory research. Subsequent experiments illustrate that 
movements derived from the percussionists’ gesture (Schutz & Kubovy, 2009b) integrate 
with sounds exhibiting decaying envelopes (e.g., piano notes, produced from the impact 
of a hammer on string), but failed to integrate with the sustained tones produced by the 
clarinet or French horn (Schutz & Kubovy, 2009a). As the clarinet differs in many prop-
erties from the marimba and piano, a direct test of temporal structure using pure tones 
(i.e., sine waves) shaped with decaying vs. amplitude invariant amplitude envelopes 
found visual information integrated with the temporally dynamic percussive tones, but 
not the temporally invariant flat tones previously used in audio-visual integration 
experiments (Schutz, 2009).

This distinction between the outcomes of experiments with tones using temporally 
dynamic vs. static amplitude envelopes is important in assessing the degree to which 
lab-based tasks inform our understanding of listening in the real world. For example, 
temporal structure can play a key role in the well-known audio-visual bounce effect 
(ABE), in which two circles approach each other, overlap, and then move to their original 
starting point. Although this ambiguous display can be perceived as depicting circles 
either “bouncing off ” or “passing through” one another, a brief tone coincident with the 
moment of overlap enhances the likelihood of seeing a bounce (Sekuler, Sekuler, & 
Lau, 1997). However, not all sounds affect this integrated perception in the same way. 
Sounds synthesized with decaying envelopes mimicking impact events trigger signifi-
cantly more bounce percepts than their mirror images (Grassi & Casco, 2009). The 
temporal structure of individual tones also plays a role in a variety of “general” perceptual 
tasks assessed primarily using tones lacking dynamic temporal changes, leading to 
different experimental outcomes in tasks ranging from learning associations (Schutz, 
Stefanucci, Baum, & Roth, 2017) to perceiving pitches (Neuhoff & McBeath, 1996), 
assessing event duration (Vallet, Shore, & Schutz, 2014), and segmenting auditory 
streams (Iverson, 1995).

Overlooking the importance of temporal structure in auditory perception can even 
lead to misguided theoretical claims used to inform ongoing research programs. For 
example, as discussed previously a great deal of audio-visual integration research 
involves temporally simplified tones ensuring experimental control. However, interest 
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in the role of the natural connection between sight and sound has been considered in 
discussions regarding the “unity assumption” (Welch, 1999) and/or “identity decision” 
(Bedford, 2004). That research explores the idea that event unity between sight and 
sound plays an important role in the binding decision, such that stimuli perceived as 
“going together” are more likely to bind. For example, in the well-known “ventriloquist 
effect” the sound of a ventriloquist’s voice is perceptually bound with concurrent lip 
movements of their puppets (Abry, Cathiard, Robert-Ribes, & Schwartz, 1994; Bonath 
et  al.,  2007). Unfortunately, the natural real-world relationships between sights and 
sounds often pose challenges for the controlled manipulations so important to experi-
mental research. For example, tightly controlled, psychophysically inspired studies of 
multimodal speech help clarify the importance of event unity in multisensory integra-
tion. Gender matched faces and voices—the sound of a male producing syllable paired 
with the lip movements of either male or female articulating that syllable—bind more 
strongly than gender mis-matched faces and voices (Vatakis & Spence, 2007). This finding 
offers strong evidence for the unity assumption raising important questions about the 
degree to which it applies to auditory stimuli beyond speech.

A series of experiments assessing the role of the unity assumption with musical 
stimuli involved pairing the sound of a piano note and plucked guitar string with video 
recordings of the movements used to produce these sounds. Following their earlier 
procedures, this approach found no evidence of the unity assumption playing a role in 
this non-speech musical task (as well as other stimuli such as a hammer striking ice vs. a 
bouncing ball). This outcome contributed to the conclusion that the unity assump-
tion applied only to speech stimuli (Vatakis, Ghazanfar, & Spence, 2008). However, 
as summarized below, subsequent research found strong evidence for the unity 
assumption in non-speech tasks—considering the importance of auditory temporal 
structure.

The piano and guitar sounds used by Vatakis et al. (2008) exhibited similar amplitude 
envelopes—a property defining the gross temporal structure of a sound (i.e., the 
summation of changes in the amplitudes of spectral components). Building upon 
their approaches to assessing binding using musical notes produced by the marimba 
and cello, my team found evidence for the unity assumption when assessing sounds that 
involved clearly differentiable amplitude envelopes (Chuen & Schutz, 2016). Although 
in hindsight, the traditional focus on flat tones in auditory psychophysics research 
helped obfuscate the obvious similarity in temporal structure of the guitar and piano 
notes used by Vatakis et al. (2008). Given the relatively small proportion of auditory 
perception studies using natural sounds, this oversight is understandable as the use of 
natural sounds in psychophysics experiments is laudable given the general focus on 
temporally invariant stimuli, which “often seems to have limited direct relevance for 
understanding the ability to recognize the nature of complex natural acoustic source 
events” (Pastore, Flint, Gaston, & Solomon, 2008, p. 13).

From these examples, it is clear that the time-varying structure of natural sounds 
(or lack thereof) can meaningfully influence the outcomes of psychological experiments. 
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This is true whether researchers’ goals are to explore natural listening or attempting 
to better understand the theoretical structure and function of the auditory system. 
This issue holds important implications even for experiments aimed at elucidating 
generalized principles of perceptual processing rather than explicitly assessing the role 
of dynamic temporal changes. Together, these concerns are consistent with those raised 
previously by proponents of ecological acoustics such as John Neuhoff, who argue that 
“the perception of dynamic, ecologically valid stimuli is not predicted well by the results 
of many traditional experiments using static stimuli” (2004, p. 5).

Conclusions

Traditional studies of specific sequences of notes such as the four note opening of 
Beethoven’s Fifth Symphony provide useful insight into both the theoretical structure of 
musical passages, as well as their larger cultural relevance. Much as the constant move-
ment of pitches and rhythms gives rise to lively melodies, the continual variations in 
temporal structure (for multiple simultaneous harmonics) play an important role in 
musical listening. However, as this information is not notated in musical scores and is 
often under-emphasized in scientific discourse, the importance of these dynamic 
changes is not always fully recognized. This “insight” is well understood amongst those 
involved in sound synthesis and virtual modeling of musical instruments. However, the 
need for tight experimental control for stimuli used in experimental work on auditory 
perception and auditory neuroscience has incentivized the use of simple time-invariant 
flat tones. Although they offer important methodological benefits, their distance from 
musical sounds can pose limitations on their ability to inform our understanding of 
natural listening. With modern recording and sound synthesis approaches we now 
have the ability to generate auditory stimuli exhibiting the rich temporal variation of 
natural musical sounds, while also affording the precise control so crucial for avoiding 
confounds—raising exciting new possibilities for future innovation and discovery. 
Looking toward the future, research assessing core questions of auditory perception 
using temporally complex sounds will help clarify the degree to which existing theories 
and models apply to our perception of natural sounds such as those produced by 
musical instruments.
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