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Abstract
The perception of music depends on many culture-specific factors, but is also constrained by
properties of the auditory system. This has been best characterized for those aspects of music that
involve pitch. Pitch sequences are heard in terms of relative, as well as absolute, pitch. Pitch
combinations give rise to emergent properties not present in the component notes. In this review we
discuss the basic auditory mechanisms contributing to these and other perceptual effects in music.

Introduction
Music involves the manipulation of sound. Our perception of music is thus influenced by how
the auditory system encodes and retains acoustic information. This topic is not a new one, but
recent methods and findings have made important contributions. We will review these along
with some classic findings in this area. Understanding the auditory processes that occur during
music can help to reveal why music is the way it is, and perhaps even provide some clues as
to its origins. Music also provides a powerful stimulus with which to discover interesting
auditory phenomena; these may in turn reveal auditory mechanisms that would otherwise go
unnoticed or underappreciated.

We will focus primarily on the role of pitch in music. Pitch is one of the main dimensions along
which sound varies in a musical piece. Other dimensions are important as well, of course, but
the links between basic science and music are strongest for pitch, mainly because something
is known about how pitch is analyzed by the auditory system. Timbre [1] and rhythm [2], for
instance, are less well linked to basic perceptual mechanisms, although these represent
interesting areas for current and future research.

Pitch
Pitch is the perceptual correlate of periodicity in sounds. Periodic sounds by definition have
waveforms that repeat in time (Fig. 1a). They typically have harmonic spectra (Fig. 1b), the
frequencies of which are all multiples of a common fundamental frequency (F0). The F0 is the
reciprocal of the period – the time it takes for the waveform to repeat once. The F0 need not
be the most prominent frequency of the sound, however (Fig. 1b), or indeed even be physically
present. Although most voices and instruments produce a strong F0, many audio playback
devices, such as handheld radios, do not have speakers capable of reproducing low frequencies,
and so the fundamental is sometimes not present when music is listened to. Sounds with a
particular F0 are generally perceived to have the same pitch despite potentially having very
different spectra.
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Most research on pitch concerns the mechanisms by which the pitch of an individual sound is
determined [3]. The pitch mechanism has to determine whether a sound waveform is periodic,
and with what period. In the frequency domain, periodicity is signaled by harmonic spectra.
In the time domain, periodicity is revealed by the waveform autocorrelation function, which
contains regular peaks at time lags equal to multiples of the period (Fig. 1c). Both frequency
and time domain information are present in the peripheral auditory system. The filtering that
occurs in the cochlea provides a frequency-to-place, or “tonotopic,” mapping that breaks down
sound according to its frequency content. This map of frequency, established in the cochlea,
is maintained to some degree throughout the auditory system up to and including primary
auditory cortex [4]. Periodicity information in the time domain is maintained through the phase-
locking of neurons, although the precision of phase-locking deteriorates at each successive
stage of the auditory pathway [5]. The ways in which these two sources of information are used
remains controversial [6,7]. Although pitch mechanisms are still being studied and debated,
there is recent evidence for cortical neurons beyond primary auditory cortex that are tuned to
pitch [8]. These are distinguished from neurons that are merely frequency-tuned by being tuned
to the F0 of a complex tone, irrespective of its exact spectral composition.

Pitch Relations Across Time – Relative Pitch
When listening to a melody, we perceive much more than just the pitch of each successive
note. In addition to these individual pitches, which we will term the absolute pitches of the
notes, listeners also encode how the pitches of successive notes relate to each other – for
instance, whether a note is higher or lower in pitch than the previous note, and perhaps by how
much. Relative pitch is intrinsic to how we perceive music. We readily recognize a familiar
melody when all the notes are shifted upwards or downwards in pitch by the same amount (Fig.
2a), even though the absolute pitch of each note changes [9]. This ability depends on a relative
representation, as the absolute pitch values are altered by transposition. Relative pitch is
presumably also important in intonation perception, in which meaning can be conveyed by a
pitch pattern (e.g. the rise in pitch that accompanies a question in spoken English), even though
the absolute pitches of different speakers vary considerably.

The existence of relative pitch perception may seem unsurprising given the relational abilities
that characterize much of perception. However, standard views of the auditory system might
lead one to believe that absolute pitch would dominate perception, as the tonotopic
representations that are observed from the cochlea [10] to the auditory cortex [4] make absolute,
rather than relative, features of a sound’s spectrum explicit. Despite this, relative pitch abilities
are present even in young infants, who seem to recognize transpositions of melodies just as do
adults [11]. Relative pitch may thus be a feature inherent to the auditory system, in any case
not requiring extensive experience or training to develop.

Relative pitch – behavioral evidence
One of the most salient aspects of relative pitch is the direction of change (up or down) from
one note to the next, known as the contour (Fig. 2b). Most people are good at encoding the
contour of a novel sequence of notes, as evidenced by the ability to recognize this contour when
replicated in a transposed melody (Fig. 2a) [12,13]. Recent evidence indicates that contours
can also be perceived in dimensions other than pitch, such as loudness and brightness [14]. A
pattern of loudness variation, for instance, can be replicated in a different loudness range, and
can be reliably identified as having the same contour. It remains to be seen whether contours
in different dimensions are detected and represented by a common mechanism, but their
extraction appears to be a general property of the auditory system.

In contrast to their general competence with contours, people tend to be much less accurate at
recognizing whether the precise pitch intervals (Fig. 2b) separating the notes of an unfamiliar
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melody are preserved across transposition. If listeners are played a novel random melody,
followed by a second melody that is shifted to a different pitch range, they typically are unable
to tell if the intervals between notes have been altered so long as the contour does not change
[12], particularly if they do not have musical training [15]. This has led to a widely held
distinction between contour and interval information in relative pitch. A priori it seems
plausible that the difficulty in encoding intervals might simply be due to their specification
requiring more information than that of a contour; in our view this hypothesis is difficult to
reject given current evidence.

Discrimination thresholds for the pitch interval between two notes are measured by presenting
listeners with two pairs of sequential tones, one after the other, with the pitch interval larger
in one pair than the other. The listener’s task is to identify the larger interval. To distinguish
this ability from mere frequency discrimination, the lower note of one interval is set to be higher
than that of the other interval, such that the task can only be performed via the relative pitch
interval between the notes. Thresholds obtained with this procedure are typically on the order
of a semitone in listeners without musical training [16]. A semitone is the smallest amount by
which musical intervals normally differ (Fig. 3a). This suggests that the perceptual difference
between neighboring intervals (e.g. major and minor thirds; Fig. 3b) is probably not very salient
for many listeners, at least in an isolated context, as it is very close to threshold.

Intervals defined by simple integer ratios (Fig. 3b) have a prominent role in Western music.
The idea that they enjoy a privileged perceptual status has long had popularity, but supporting
evidence has been elusive. Interval discrimination is no better for “natural” intervals (e.g. the
major third and fourth, defined by 5:4 and 4:3 ratios) than for unnatural (e.g. 4.5 semitones,
approximately 13:10) [16]. One exception to this is the octave. Listeners seem more sensitive
to deviations from the octave than to deviations from adjacent intervals, both for simultaneously
[17] and sequentially [18,19] presented tones. The same method yields weak and inconsistent
effects for other intervals [20], suggesting that the octave is unique in this regard. This special
status dovetails with the prevalence of the octave in music from around the globe; apart from
the fifth, other intervals are not comparably widespread with much consistency. There is,
however, one report that changing a “natural” interval (a perfect fifth or fourth) to an unnatural
one (a tritone) is more salient to infant listeners than the reverse change [21], so this issue
remains somewhat unresolved.

Despite the large thresholds characterizing interval discrimination, and despite the generally
poor short-term memory for the pitch intervals of arbitrary melodies, interval differences on
the order of a semitone are critically important in most musical contexts. For melodies obeying
the rules of tonal music (see next paragraph), a pitch-shifted version containing a note that
violates these rules (for instance, by being outside of the scale; Fig. 3a) is highly noticeable,
even though such changes are often only a semitone in magnitude. A mere semitone change
to two notes can turn a major scale into a minor scale (Fig. 3a), which in Western music can
produce a salient change in mood (minor keys often being associated with sadness and tension).
Intervals are also a key component of our memory for familiar melodies, which are much less
recognizable if only the contour is correctly reproduced [12,14]. Moreover,
electrophysiological evidence suggests that interval changes to familiar melodies are registered
by the auditory system even when listeners are not paying attention, as indexed by the mismatch
negativity response [22].

The ability to encode intervals in melodies seems intimately related to the perception of tonal
structure. Musical systems typically use a subset of the musically available notes at any given
time, and generally give special status to a particular note within that set [23]. In Western music
this note is called the tonic (in the key of C major, depicted in Fig. 3a, C is the tonic). Different
notes within the pitch set are used with different probabilities, with the tonic occurring most
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frequently and with longer durations. In Western music this probability distribution defines
what is known as the key; a melody whose pitch distribution follows such tendencies is said
to be tonal. Listeners are known to be sensitive to these probabilities, and use them to form
expectations for what notes to expect (Fig. 3c) [24], expectations that are a critical aspect of
musical tension and release [25,26].

In many musical systems the pitch sets that are commonly used are defined by particular
patterns of intervals between notes. Thus, if presented with five notes of the major scale, a
Western listener will have expectations for what other notes are likely to occur, even if they
have not yet been played, because only some of the remaining available notes have the
appropriate interval relations with the observed notes. Listeners thus internalize templates for
particular pitch sets that are common in the music of their culture (see Fig. 3c for two examples
from Western music). These templates are relative pitch representations in that the tonic can
be chosen arbitrarily; the structural roles of other pitches are then determined by the intervals
that separate them from the tonic.

Most instances in which interval alterations are salient to listeners involve violations of tonal
structure – the alteration introduces a note that is inappropriate given the pitch set that the
listener expects. Interval changes that substitute another note within the same scale, for
instance, are often not noticed [27]. Conversely, manipulations that make tonal structure more
salient, such as lengthening the test melodies, make interval changes easier to detect [13]. It
thus seems that pitch intervals are not generally retained with much accuracy, but can be readily
incorporated into the tonal pitch structures that listeners learn via passive exposure [28].
Interval perception in other dimensions of sound has been little explored [29], so it remains
unclear whether there are specialized mechanisms for representing pitch intervals, but the
precise interval perception that is critical to music seems to depend greatly on matching
observed pitch sequences to learned templates.

Neural mechanisms of relative pitch
Evidence from neuropsychology has generally been taken as suggestive that contour and
intervals are mediated by distinct neural substrates [30,31], with multiple reports that brain
damage occasionally impairs interval information without having much effect on contour
perception. Such findings are, however, also consistent with the idea that the contour is simply
more robust to degradation. Alternatively, anatomical segregation could be due to separate
mechanisms for contour and tonality perception [32], the latter of which seems to be critical
to many interval tasks. It has further been suggested that interval representations might make
particular use of left temporal regions [33], although some studies find little or no evidence for
this pattern of lateralization [31,34].

Functional imaging studies in healthy human subjects indicate that pitch changes activate
temporal regions, often in the right hemisphere [35-38], with one recent report that the right
hemisphere is unique in responding to fine-grained pitch changes on the order of a semitone
or so [39]. Such results could merely indicate the presence of pitch selective neurons [40-42],
rather than direction selective units per se, but studies of brain damaged patients indicate that
deficits specific to pitch change direction derive from right temporal lesions, whereas the ability
to simply detect pitch changes (without having to identify their direction) is not much affected
[43-45].

An impaired ability to discriminate pitch change direction is thought to at least partially
characterize tone-deafness, officially known as congenital amusia. Tests of individuals who
claim not to enjoy or understand music frequently reveal elevated thresholds for pitch direction
discrimination [46-48], although the brain differences that underlie these deficits remain
unclear [49]. At the other end of the spectrum, trained musicians are generally better than non-
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musicians at relative pitch tasks like interval and contour discrimination [15,16]. However,
they also perform better on basic frequency discrimination [50] and other psychoacoustic tasks
[51]. Perceptual differences related to musical training therefore do not seem specific to relative
pitch, a conclusion consistent with the many structural and functional brain differences evident
in musicians [52,53].

There is thus some evidence for a locus for relative pitch in the brain, which when damaged
can impair music perception. The mechanisms by which this pitch information is extracted
remain poorly characterized. Demany and Ramos recently reported psychophysical evidence
in humans for frequency-shift detectors [54], which might constitute such a mechanism. When
presented with a random “chord” of pure tone components, listeners had trouble saying whether
a subsequently presented tone was part of the chord. But if the subsequent tone was slightly
offset from one of the chord components, listeners reported hearing a pitch shift, and could
discriminate upward from downward shifts. Because listeners could not hear the individual
tones, performance could only be explained with a mechanism that responds specifically to
frequency shifts.

Physiological investigations of frequency sweeps have demonstrated direction selectivity to
FM in the auditory cortex [55], but responses to sequences of discrete tones paint a more
complex picture. Playing one pure tone before another can alter the response to the second tone
[56-58], but such stimuli do not normally produce direction-selective responses. Brosch and
colleagues recently reported direction-selective responses to discrete tone sequences in primary
and secondary auditory cortex, in monkeys trained to respond to downward pitch shifts [59].
Their animals were trained for two years on the task, and responses were only observed to the
downward (rewarded) direction, so the responses are probably not representative of the normal
state of the auditory system. The neural mechanisms of relative pitch thus remain poorly
understood. It is worth noting that relative pitch perception appears to be less natural for
nonhuman animals than for humans, as animals trained to recognize melodies typically
generalize to transpositions only with great difficulty [60,61]. There is a pronounced tendency
for nonhuman animals to attend to absolute rather than relative features of sounds [62], and it
is still unclear whether this reflects differences in basic perceptual mechanisms.

Relative, absolute, and perfect pitch
Our dichotomy of absolute and relative pitch omits another type of pitch perception that has
received much attention – that which is colloquially known as perfect pitch. To make matters
more confusing this type of pitch perception is often referred to as absolute pitch in the scientific
literature. Perfect pitch refers specifically to the ability to attach verbal labels to a large set of
notes, typically those of the chromatic scale. It is a rare ability (roughly 1 in 10,000 people
have it), and has little relevance to music perception in the average listener, but it does have
some very interesting properties. The reader is referred to other reviews of this phenomenon
for more details [63,64].

Perhaps in part because of the rarity of perfect pitch, it is often claimed that the typical human
listener has poor memory for absolute pitch. In fact, all that most humans clearly lack is the
ability to label pitches at a fine scale, being limited to the usual 7 +/- 2 number of categories
[65]. This categorization limit need not mean that the retention of the absolute pitch of a sound
(by which we mean the perceptual correlate of its estimated F0) is limited. Studies of song
memory indicate that the average person encodes absolute pitch in memory with fairly high
fidelity, at least for highly over-learned stimuli. These experiments have asked subjects to either
sing back well-known popular songs [66], or to judge whether a rendition of such a tune is in
the correct key or shifted up or down by a small amount [67]. Subjects produce the correct
absolute pitch more often than not when singing, and can accurately judge a song’s correct
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pitch to within a semitone, indicating that absolute pitch is retained with reasonably high
fidelity. Both these studies utilized stimuli that subjects had heard many times and that were
thus engrained in long-term memory. Absolute pitch is also retained in short-term memory to
some extent, particularly if there are no intervening stimuli [68]. Unsurprisingly, the absolute
pitch of stimuli heard a single time decays gradually in short-term memory [69]; similar
measurements have not been made for relative pitch. Because relative and absolute pitch
abilities have never been quantitatively compared, there is little basis for claiming superiority
of one over the other. The typical person encodes both types of pitch information, at least to
some extent.

Representation of Simultaneous Pitches - Chords and Polyphony
One of the interesting features of pitch is that different sounds with different pitches can be
combined to yield a rich array of new sounds. Music takes full advantage of this property, as
the presence of multiple simultaneous voices in music is widespread [70]. This capability may
in fact be one reason why pitch has such a prominent role in music, relative to many other
auditory dimensions [71]. An obvious question involves what is perceived when multiple
pitches are played at once. Do people represent multiple individual pitches, or do they instead
represent a single sound with aggregate properties?

Examples of music in which multiple sequences of tones are heard as separate “streams” are
commonplace, especially in Western music. This is known as polyphony, and is believed to
take advantage of well-known principles of auditory scene analysis [72]. Electrophysiological
evidence indicates that for simple two-part polyphony, even listeners without musical training
represent two concurrent melodies as separate entities [73]. The study in question made use of
the mismatch negativity (MMN), a response that occurs to infrequent events. Changes made
to one of two concurrent melodies on 25% of trials produced an MMN, even though a change
made to the stimulus as a whole occurred 50% of the time, not infrequently enough to produce
a MMN. This indicates that the two melodies are represented as distinct at some level of the
auditory system. This ability probably does not extend indefinitely; behavioral studies of
polyphony perception indicate that once there are more than three voices present, even highly
experienced listeners tend to underestimate their number, suggesting limitations on how many
things can be represented at once [74].

In other contexts, sequences of multiple simultaneous notes are not intended to be heard as
separate streams but rather as fused chords; this is known as homophony. What is represented
in the auditory system when listeners hear a chord? The ability to name the notes comprising
a chord generally requires considerable practice, and is a major focus of ear training in music,
suggesting that chords may not naturally be represented in terms of their component notes.
However, to our knowledge there have been no psychophysical tests of this issue with music-
like stimuli. MEG experiments again suggest that two simultaneously presented pitches are
encoded separately, as a change to either one can produce a MMN [75], but combinations of
more than two notes have not been examined.

Related issues have been addressed with artificial “chords” generated from random
combinations of pure tones. When presented with such stimuli followed by a probe tone,
listeners are unable to tell if the probe tone was contained in the chord for chords containing
more than three or four tones, even when the tones are sufficiently far apart so as to preclude
peripheral masking [54]. The tones seem to fuse together into a single sound, even when the
frequencies are not harmonically related as in a periodic sound. It remains unclear to what
extent these findings will extend to the perception of musical chords composed of multiple
complex tones.
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The representation of chords thus represents an interesting direction for future research. The
issue has implications for theories of chord quality and chord relations, some of which postulate
that the notes and intervals comprising a chord are individually represented [25,76]. If chord
notes are not individually represented, chord properties must be conveyed via aggregate
acoustic properties that are as yet unappreciated.

Consonance
Consonance is perhaps the most researched emergent property that occurs in chords. To
Western listeners, certain combinations of notes, when played in isolation, seem pleasant
(consonant), whereas others seem unpleasant (dissonant). Of course, the aesthetic response to
an interval or chord is also a function of the musical context; with appropriate surroundings, a
dissonant interval can be quite pleasurable, and often serves important musical functions.
However, in isolation, Western listeners consistently prefer some intervals to others, and this
depends little on musical training [77]. This effect is often termed sensory consonance to
distinguish it from the more complicated effects of context [78].

The possible innateness of these preferences has been the subject of much interest and
controversy. Infants as young as 2 months of age appear to prefer consonant intervals to
dissonant ones [79-81]. This is consistent with an innate account, although it is difficult to rule
out effects of incidental music exposure that all infants surely have, even while still in the
womb. There is an unfortunate dearth of cross-cultural studies testing whether preferences for
consonance are universal [77,82], but the prevalence of dissonant intervals in some other
musical cultures [70] could indicate that such preferences may be learned, or at least easily
modifiable. The apparent absence of consonance preferences in some species of nonhuman
primates is also evidence that the preference is not an inevitable consequence of the structure
of the auditory system [83]. On the other hand, in at least some cultures in which conventionally
dissonant intervals are common, they appear to be used to induce tension [84], much as they
are in Western music. It thus remains conceivable that there is a component of the response to
dissonance that is universal, and that its prevalence in other cultures is due to alternative uses
for tension in music.

Even if the preference for consonance is not predetermined by the auditory system, it might
nonetheless be constrained by sensory factors. For instance, acoustic properties of note
combinations could determine classes of intervals and chords that are perceptually similar.
These classes might then be used in different ways in music, which could in turn determine
their aesthetic value. Proposals for the psychoacoustic basis of consonance date back to the
Greeks, who noted that consonant pairs of notes have fundamental frequencies that are related
by simple integer ratios.

Most contemporary accounts of consonance hold that ratios are not the root cause, but rather
are correlated with a more fundamental acoustic variable. The most prevalent such theory is
usually attributed to Helmholtz, who contended that consonance and dissonance are
distinguished by a phenomenon known as beating. Beating occurs whenever two simultaneous
tones are close but not identical in frequency (Fig. 4a). Over time the tones drift in and out of
phase, and the amplitude of the summed waveform waxes and wanes. Helmholtz noted that
the simple ratios by which consonant notes are related cause many of their frequency
components to overlap exactly (Fig. 4b), and contended that consonance results from the
absence of beats. In contrast, a dissonant interval tends to have many pairs of components that
are close but not identical in frequency, and that beat (Fig. 4c). The waveforms of consonant
and dissonant intervals accordingly reveal substantial differences in the degree of amplitude
modulation (Fig. 4d&e). Helmholtz argued that these fluctuations give rise to the perception
of roughness, and that roughness distinguishes dissonance from consonance.
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Quantitative tests of the roughness account of consonance have generally been supportive
[85-87] – calculated roughness minima occur at intervals with simple integer ratios, and
maxima at intervals with more complex ratios, such as the minor second and tritone (also known
as the augmented fourth). Neural responses to consonant and dissonant intervals are also
consistent with a role for roughness. Auditory cortical neurons tend to phase-lock to amplitude
fluctuations in a sound signal, so long as they are not too fast [88]. These oscillatory firing
patterns may be the physiological correlate of roughness, and have been observed in response
to dissonant, but not consonant musical intervals in both monkeys and humans [89].

Although the roughness account of consonance has become widely known, an alternative
theory, originating from ideas about pitch perception, also has plausibility. Many have noted
that because consonant intervals are related by simple ratios, the frequency components that
result from combining a consonant pair of notes are a subset of those that would be produced
by a single complex tone with a lower fundamental frequency [78,90]. As a result, a consonant
combination of notes has an approximately periodic waveform, generally with a period in the
range where pitch is perceived. This is readily seen in the waveform autocorrelation function
(Fig. 4f). Dissonant intervals, in contrast, because of the complex ratio generally relating the
two F0s, are only consistent with an implausibly low F0, often below the lower limit of pitch
(of around 30 Hz) [91], and accordingly do not display signs of periodicity in their
autocorrelation (Fig. 4g).

As with roughness, there are physiological correlates of this periodicity. Tramo and colleagues
recorded responses to musical intervals in the auditory nerve of cats, computing all-order inter-
spike interval histograms (equivalent to the autocorrelation of the spike train) [92]. Periodic
responses were observed for the consonant intervals tested, but not the dissonant intervals, and
a measure of periodicity computed from these histograms correlated with consonance ratings
in humans.

Despite being qualitatively different mechanistic explanations, both roughness and periodicity
provide plausible psychoacoustic correlates of consonance, and there is currently no decisive
evidence implicating either account. There are two case reports in which damage to auditory
cortex produced abnormal consonance perception [93,94], but such findings are equally
compatible with both accounts, as both roughness and periodicity perception may depend on
the auditory cortex. The two theories make similar predictions in many conditions – narrowly
spaced frequency components yield beats, but also low periodicity, as they are consistent only
with an implausibly low F0. However, the theories are readily dissociated in nonmusical
stimuli, which, for instance, can vary in roughness while having negligible periodicity, or in
periodicity while having negligible roughness. Discussion of these two acoustic factors also
neglects the role of learning and enculturation in consonance/pleasantness judgments, which
is likely to be important (perhaps even dominant). Further experiments quantitatively
comparing predictions of the various acoustic models to data are needed to resolve these issues.
Determining the factors underlying consonance could help to determine its origins [95]. If there
is an innate component to the consonance preferences commonly observed in Westerners, one
might expect it to be rooted in acoustic properties of stimuli with greater ecological relevance,
such as distress calls. A better understanding of the acoustic basis of consonance will aid the
exploration of such links.

Summary and Concluding Remarks
The processing of pitch combinations is essential to the experience of music. In addition to
perceiving the individual pitches of a sequence of notes, we encode and remember the
relationships between the pitches. Listeners are particularly sensitive to whether the pitch
increases or decreases from one note to the next. The precise interval by which the pitch changes
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is important in music, but is not readily perceived with much accuracy for arbitrary stimuli;
listeners seem to use particular learned pitch frameworks to encode intervals in musical
contexts. There is strong evidence for the importance of temporal lobe structures in these
aspects of pitch perception, though the neural mechanisms are not understood in any detail at
present. The perception of chords formed from multiple simultaneously presented pitches
remains understudied. In some cases it is clear that multiple pitches can be simultaneously
represented; in others, listeners appear to perceive an aggregate sound. What makes these
sounds consonant or dissonant is still debated, but there are several plausible accounts involving
acoustic factors that are extracted by the auditory system. These factors could contribute to
aesthetic responses, although enculturation is probably critically important as well.

Other aspects of pitch relations are less clearly linked to auditory mechanisms. The assignment
of structural importance to particular pitches in a piece (tonality; Fig. 3c) is widespread in
music, and is partly determined by learned templates of interval relations. However, there is
also evidence that listeners are sensitive to pitch distributions in pieces from unfamiliar musical
systems, tracking the likelihood of different pitches and forming expectations on their basis
even when the interval patterns are not familiar [96-98]. The mechanism for tracking these
probabilities could plausibly be supra-modal, monitoring statistical tendencies for any sort of
stimulus, pitch-based or not. It would be interesting to test whether similar expectations could
be set up with stimuli that vary along other dimensions, implicating such a supra-modal process.
Another common feature of pitch structuring in music is the tendency to use scales with unequal
steps (see Fig. 3a for examples). It has been proposed that this may serve to uniquely identify
particular pitch sets [99], but also that unequal step sizes might be more accurately encoded
by the auditory system [100]. There are thus open questions regarding how much of musical
pitch structure is constrained by audition per se; these represent interesting lines of future
research.

Annotations
Ref 3. An up-to-date survey of all aspects of pitch research.

Ref 11. A recent study demonstrating sensitivity to relative pitch in infants.

Ref 14. This study suggests that contours are not unique to pitch, but rather are perceived in
other dimensions of sound as well.

Ref 24. A review of past and current research on tonality in music.

Ref 39. A functional imaging study reporting that the right, but not the left, auditory cortex is
sensitive to pitch changes on the order of those used in music.

Ref 50. This study provides a striking example of the perceptual differences that are routinely
observed in musicians compared to non-musicians.

Ref 54. A psychoacoustics study providing evidence for frequency change detectors in the
auditory system.

Ref 59. This study provides the first report of neurons in auditory cortex tuned to the direction
of discrete pitch changes, albeit in animals extensively trained to discriminate pitch direction.

Ref 71. Authoritative treatment of all things related to music and language.
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Ref 75. The latest in a series of studies using a clever electrophysiological technique to
demonstrate that the auditory system represents multiple simultaneous pitches as distinct
entities.
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Glossary
Pure tone  

a tone with a sinusoidal waveform, consisting of a single frequency

Complex tone 
any periodic tone whose waveform is not sinusoidal, consisting of multiple
discrete frequencies

Harmonic  
a pure tone whose frequency is an integer multiple of another frequency

F0  
fundamental frequency. This is defined as the inverse of the period of a periodic
sound, or equivalently as the greatest common factor of a set of harmonically
related frequencies.

Octave  
a frequency interval corresponding to a doubling in frequency

Chromatic scale 
the scale from which the notes of Western music are drawn; the octave is divided
into 12 steps that are equally spaced on a logarithmic scale (Fig. 3a).

Semitone  
the basic unit with which frequency is measured in musical contexts; a twelfth
of an octave. It is the spacing between adjacent notes on the chromatic scale.

Timbre  
those aspects of a sound not encompassed by its loudness or its pitch, including
the perceptual effect of the shape of the spectrum, and of the temporal envelope.

Roughness  
the perceptual correlate of amplitude modulation at moderate frequencies, e.g.
between 20 and 200 Hz. Proposed to be a cause of sensory dissonance.

Contour  
the sequence of up/down changes between adjacent notes of a melody.

Interval  
the pitch difference between two notes.

Chord  
a combination of two or more notes played simultaneously.

Polyphony  
music that combines multiple melodic lines intended to retain their identity rather
than fusing into a single voice.
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Homophony  
music in which two or more parts move together, their relationships creating
different chords.
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Figure 1. Waveform, spectrum, and autocorrelation function for a note (the A above middle C,
with an F0 of 440 Hz) played on an oboe
a) Excerpt of waveform. Note that the waveform repeats every 2.27 ms, which is the period.
b) Spectrum. Note the peaks at integer multiples of the F0, characteristic of a periodic sound.
In this case the F0 is physically present, but the second, third, and fourth harmonics actually
have higher amplitudes. c) Autocorrelation. The correlation coefficient is always 1 at a lag of
0 ms, but because the waveform is periodic, correlations close to 1 are also found at integer
multiples of the period (2.27, 4.55, 6.82, and 9.09 ms in this example). Note that whereas
evaluating periodicity in the waveform requires examining every point, the autocorrelation
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makes periodicity more explicit – it is signified by high correlations at regularly spaced
intervals.
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Figure 2. Relative pitch
a) Transposition. Figure depicts two five-note melodies. The second melody is shifted upwards
in pitch. In this case both the contour and the intervals are preserved. b) Contour and intervals
of “Somewhere Over the Rainbow”.
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Figure 3. Scale and interval structure
a) Scales. In Western music the octave is divided up into 12 semitones, equally spaced on a
logarithmic frequency scale. All musical scales are drawn from this set of notes, which are
given letter names. Three common scales are depicted, in the key of C: the major scale (outline
circles); the harmonic minor scale (solid circles); a pentatonic scale (circles with lines). The
solfege note names for the major scale are also included on the left. Other musical systems use
different scales, but usually share some properties of Western scales - notes are typically not
separated by less than a semitone, and the steps separating notes are usually not all equal. b)
Musical intervals derived from the chromatic scale. In the equal-tempered scale that is common
nowadays, the ratios in the rightmost column are only approximate. c) Tonal hierarchy. The
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figure plots results of probe-tone experiments from Krumhansl and colleagues. Listeners were
played a melody in the key of C major or C minor, after which they were asked to rate the
appropriateness of different probe tones. Notes outside the scale (white circles) are rated as
inappropriate. The tonic (C) is most appropriate, followed by the other notes of the major triad
(E and G for the major key; D# and G for the minor key), followed by the other notes of the
key. The particular key structure shown here (i.e. the pattern of intervals between the notes) is
specific to Western music, but qualitatively similar structures appear to be used and perceived
in many other musical systems as well.
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Figure 4. Acoustics of consonance and dissonance
a) Beating. The red and blue waveforms differ in frequency by 10%, and so shift in and out of
phase over time. The first dashed line denotes a point where they are in phase; the second line
denotes a point where they are out of phase. The black waveform is the sum of the red and
blue, and exhibits beats – amplitude fluctuations that result from the changing phase relations
of the two components. b) Spectrum for a perfect fifth harmonic interval (a consonant interval
in Western music). Blue and red circles indicate the frequency components of the two notes
of each interval. Note that for the perfect fifth, the components of the two notes either exactly
coincide, or are far apart. c) Spectrum for a minor second harmonic interval, considered
dissonant in Western music. Note that the frequency components tend to be close in frequency
but not exactly overlapping. d) Waveform of perfect fifth. e) Waveform of minor second. Note
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amplitude modulation, produced by pairs of components that beat. f) Autocorrelation of
waveform of perfect fifth. Note the regular peaks near 1 – the signature of periodicity. g)
Autocorrelation of waveform of minor second. Note the absence of regular peaks.
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