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Preface

The aim  of this book is to argue that w hen considered in term s of biology, the w hys and
w herefores of tonal m usic are easier to understand than w hen considered in term s of
m athem atics, physics, psychology, or conventional m usic theory. The centerpiece of the
argum ent is the ecological benefits that arise from  recognizing and responding to
conspecific vocalization. W hile biology provides a lim ited perspective for tackling a
topic as com plex as m usical tones and their effects on listeners, there is a good reason
for this stance: the sources of tones in the w orld in w hich w e evolved are alm ost
exclusively anim ate, and the anim als w hose tonal utterances are m ost im portant to us are
other hum an beings. The foundation of the argum ent is thus that the hum an sense of
tonality and its current uses in speech and m usic have arisen to extract inform ationð and
there is plenty of itð in hum an vocalizations.

Even if one accepts this thesis and the evidence for it, m usicologists m ay w ell take
um brage at the idea that tonal m usic can be understood in biological term s. This
approach, how ever, is no m ore antithetical to m usic appreciation than understanding
visual perception as biology is to an appreciation of painting and sculpture. The chief
advantage of m usic over other art form s is the extraordinary opportunity provided by
m usical preferences established over centuries across different cultures and traditions.
W hereas visual aesthetics obviously existð w hy else art m useum s?ð preferences in this
dom ain are difficult to codify, a num ber of attem pts notw ithstanding. In contrast, m usical
practice and theory over m illennia have am ply docum ented the tones and tone
com binations hum ans w orldw ide like to play and hear.

A n even better reason for focusing on tones and their relationships is that tonal
phenom enology, w hile central to m usic, has never been fully explained. The tone
com binations that hum ans find consonant, the lim ited num ber of scales used to divide
octaves, the sm all num bers of notes in scales, the im portance of a reference tone, the
uniqueness of octaves, the em otions elicited by particular scales, and the variations in
tonal palettes across cultures raise m any unresolved questions. The gist of w hat follow s



is that m usical tones exam ined from  the perspective of biology provide plausible
answ ers.

Finally, the intended audience. M y hope is that anyone interested in m usicð
professionals, beginners, and those w ith little or no m usical trainingð w ill get
som ething out of the book. Thus, I have tried to steer a course betw een too m uch detail
and too little, perhaps not alw ays successfully. A lthough the basics are provided, I have
not attem pted to distill the volum inous literature on acoustics, auditory physiology and
anatom y, m usic theory, and m usic history. In addition to balance, I w anted to keep the
focus on the core of the argum ent. For those w ho w ish to dig deeper, recom m ended
review s, books, and articles are given in footnotes and at the end of each chapter, and a
m ore com plete bibliography at the end of the book.

A s a dedicated but m ediocre m usician, it has been fun as w ell as useful to think hard
about these issues. W hether in the end readers deem  the argum ents about m usic right or
w rong, I trust they w ill have som e fun as w ell.



 

1
Sound Signals and Sound Stim uli

A  TH EM E TH R O UG H O UT TH ESE C H A PTER S is that the dem ands of hum an biology, rather than
the physical w orld, determ ine w hat w e hear and that m usic provides one w ay to m ake
this case. W hereas vision research began to m ove beyond the idea of seeing physical
reality in the nineteenth century w ith H erm ann von H elm holtzôs theory of ñunconscious
inferencesò arising from  experience, auditory science has been m ore closely allied w ith
the idea that the goal of sensory system s is to recover and represent the physical
properties of the environm ent. Like the visual system , how ever, the auditory system  has
no access to the physical param eters of the objects and conditions in the w orld that give
rise to sound signals. Thus, defining w hat w e hear in term s of m echanical energy at the
ear is a good start, but ultim ately m isleading. A logical place to begin thinking about this
issue is to consider the reasons w hy sensory system s are saddled w ith this quandary;
how  the quandary m ight be resolved; and how  the apparent resolution bears on auditory
preferences, tonal m usic in particular. To do so, how ever, requires review ing som e
basic facts about sound and the hum an auditory system .

The Transform ation of Sound Signals

Sound signals are physically determ ined patterns of m echanical energy in the local
environm ent that exist w hether or not there is som eone around to hear them . The
transform ation of sound signals into biologically determ ined sound stim uli requires a
listener and begins by an enhancem ent of pressure changes at the ear that fall w ithin a
range that is relevant to hum ans (Figure 1.1; see the A ppendix for a prim er on the hum an
auditory system ). The peculiar shape of the outer ear, the dim ensions of the ear canal
and the bony apparatus of the m iddle ear all contribute to filtering and am plifying the
sound signals w e receive to better succeed in the w orld, w hich in biology eventually



boils dow n to reproducing successfully.
The inner ear, or cochlea, is w here this m odified m echanical energy is transform ed

into neural signals. The m ajor player in the inner ear is an elongated strip called the
basilar m em brane, w hich lies coiled w ithin a bony shell about the size of a pea. The
basilar m em brane vibrates in response to m ovem ents of the cochlear fluid initiated by
the back and forth m ovem ent of the m iddle ear bones at the oval w indow . Sitting atop
the basilar m em brane are neural receptors called hair cells each w ith cilia (ñhairsò)
protruding from  their apices into an overlying gelatinous strip called the tectorial
m em brane. A bout 3000 inner hair cells in each cochlea detect this m echanical
displacem ent, w hereas about 12,000 outer hair cells sharpen the location of
displacem ent along the basilar m em brane by changing its com pliance as a result of
innervation (feedback) that arises centrally. The displacem ent of the cilia changes the
m em brane potential of hair cells, releasing neurotransm itter m olecules onto the endings
of auditory nerve axons that carry the resulting location and pattern of hair cell
displacem ent to the central auditory nervous system .

A  sound signal can be perceived w hen the resulting pressure changes displace the
cilia on the inner hair cells by as little as 0.3 nm , w hich is about the diam eter of an atom
of gold. The force required to elicit such m ovem ents is equally m inuscule, on the order
of 10ī12 new tons / m 2. A t the threshold of hum an hearing, this force corresponds to a
displacem ent of about 10ī11 m eters, the pow er involved being on the order of a trillionth
of a w att / m 2. The upper end of the audible range of hum an hearing is about than 1012

tim es greater than this threshold, and it is lim ited by the dam age done to hair cells by
very high-energy sound signals.



FIG U R E 1.1   The peripheral auditory apparatus. This series of im ages shows the outer, m iddle, and inner
ear, with the cochlea cut in cross section. Blowups show the basilar m em brane and the receptors (hair
cells) that initiate auditory processing and perception when action potentials are elicited in the
afferent axons of the auditory nerve. (From  Purves et al., 2012.)

The pressure changes of sound signals at the ear consist of rarefactions and
condensations of the local atm osphere (Figure 1.2). If these variations are periodic, as
in the figure, they are described in term s of the frequency of repetition in cycles per
second, or H ertz, 1 H z being one cycle per second. Young adults can hear frequencies of
up to about 20,000 H z. W ith age, how ever, sensitivity to higher frequencies dim inishes
because of the dam age suffered by the non-regenerating hair cells over a typical
lifetim e. O ther m am m als have higher (or low er) response ranges, depending on their
size and biological needs. Som e bats, for instance, are sensitive to frequencies of up to
200,000 H z, w ith a low er lim it at about the upper lim it of hum an hearing.



FIG U R E 1.2   The sound signal generated by a tuning fork. W hen the tines of the fork m ove in one
direction, they create a local increase in air density, and when they m ove in the other direction a local
rarefaction. The resulting series of com pressions and rarefactionsð changes in pressureð produce a
highly regular sound signal called a sine wave. Like other wave phenom ena, sound waves can be
described in term s of their form  (e.g., sim ple, like a sine wave, or com plex, like m ost natural sound
signals); their frequencies (in H z); their am plitudes (in decibels); and their phase (the wave considered
in term s of 360 degrees over one cycle). Rather than being carried along a two-dim ensional surface
like the ripples on a pond, however, sound waves propagate in three-dim ensional space, creating
spherical shells of pressure change em anating in all directions. (From  Purves et al., 2012.)

Based on studies using sine w aves, the low -frequency end of the range of hum an
hearing is usually given as 20 H z. The reason w e canôt hear low er-frequency sine w aves
is their slow  rise tim e; that is, they donôt change quickly enough to displace the cilia on
the hair cells, and thus they fail to produce action potentials in the auditory nerve and
sound percepts. This slow ness is w hy w e donôt hear atm ospheric pressure changes
associated w ith the w eather. W e can, how ever, hear a single, m ore or less instantaneous
pressure change (a ñclickò) that has no recurring frequency. M oreover, if the am plitude
of sine w aves w ith frequencies less than 20 H z is increased, low er frequencies can be
heard.

N atural Sound Signals

A s im plied, audition has m ost often been studied using sine waves (also called ñpure



tonesò) because of their conceptual and m athem atical sim plicity. Indeed, the popularity
of sine-w ave stim uli is one reason that physical paradigm s have continued to dom inate
m uch auditory science. H ow ever, atm ospheric disturbances generated by vibrations at a
single frequency w ithin the range of hum an hearing rarely, if ever, occur in nature. Thus,
sine w aves can be a m isleading tool w hen thinking about the sound signals w e evolved
to hear, or how  the auditory system  actually operates in linking objectively m easurable
sound signals to subjective auditory perceptions.

The pressure changes that typically trigger auditory responses are caused by objects
that vibrate in far m ore com plex w ays than tuning forks. The sound signals w e hear as
rattles, squeaks, scratches, thum ps, clicks, and the like have little or no orderly
repetition and are loosely categorized as noise. If, on the other hand, the com plex
pressure changes in the local atm osphere repeat at rates betw een about 50 and 5000 H z
(see C hapter 3) and are sufficiently intense, the result for the listener is the perception of
a tone. Their com plexity notw ithstanding, tones are heard as a single pitch, rather than
as a bum py series of peaks and valleys, as occurs w hen the repetition rate is below  this
m ore or less m iddle range of hum an hearing. If the signal exceeds about 5000 H z, as it
often does in w histles, sirens, or shrieks, w e can still identify a pitch, but not one that is
considered tonal (or m usical).

Sources of Tones

Tones can have a single frequency, as in the case of sine w aves arising from  the tuning
fork in Figure 1.2. Far m ore com m on, how ever, are com plex signals w ith m ultiple
frequencies that nonetheless repeat system atically. A variety of objects produce such
com plex vibrations w hen acted on by a force; m usical exam ples include a taut string on
a string instrum ent, or a colum n of air in a w ind instrum ent. The resonance of such
objectsð defined as their natural m ode of vibration w hen disturbed by a forceð is
determ ined by m ass, m aterial com position, shape, and tension. These factors com bine to
account for the difference betw een the pitch of tones produced by a low  string or a high
string on a guitar or other string instrum ent.

M anufactured tonal sources have existed as m usical instrum ents for thousands of
years. But in natural auditory environm ents, tonal sounds arise alm ost exclusively from
the signaling apparatus of anim als, providing a basis for distinguishing anim ate from
inanim ate sound sources. A nim ate tones include the stridulations of insect appendages,
the calls of am phibians (e.g., frogs), the songs of m any birds, and the vocal sounds of
m am m als, including hum ans, all of w hich provide a m eans of social com m unication.
Inanim ate m echanical forces (e.g., w ind and w ater) acting on resonant structures rarely



com bine to produce periodic sound signals. Thus, anim alsð our fellow  hum ans in
particularð are the principal source of periodic sound energy in the environm ents in
w hich w e evolved. A s discussed in C hapters 3 and 4, this fact takes on particular
im portance in understanding m usic and w hy w e like it.

Sound Signal Spectra and H arm onic Series

Periodic sound signals, or indeed any sound signal, can be characterized by its
spectrum . A spectrum  is a graphical representation of the distribution of a signalôs
intensity (am plitude) plotted on the y-axis as a function of frequency on the x-axis
(Figure 1.3). Spectra are usually determ ined by Fourier analysis, a m athem atical tool
that decom poses signals into their com ponent frequencies. Since natural sound signals
typically change over tim e, spectra are derived from  sound signals sam pled over a
relatively brief interval (e.g., 100 m illiseconds); they can thus be thought of as a
ñsnapshotò of how  the energy in a sound signal is distributed. It is im portant to
distinguish this m ore or less m om entary analysis of energy distribution as a function of
frequency from  the analysis of a signal over an extended tim e (often referred as the
ñtim e signalò). For exam ple, the peaks of the w aves in Figure 1.2 recur over ongoing
tim e at som e frequency; the spectrum  of the signal sam pled over som e definite tim e
interval w ould have a single peak at the frequency of its repetition rate.

FIG U R E 1.3   The harm onic series evident in the spectrum  of a vibrating string. The illustration on the left
indicates the m ultiple m odes of vibration of a plucked string fixed at both ends (as for any string
instrum ent) and the relative am plitudes of the excursions in the standing wave that results. The graph
on the right shows the spectrum  determ ined by Fourier analysis. The num bers on the abscissa indicate
successive harm onics in the harm onic series; ñ1ò indicates the vibration that entails the full length of
the string, called the fundam ental frequency, ñ2ò the vibration at half of the full length, ñ3ò the vibration



at a third of the full and so on. As indicated, the am plitudes of the excursions decline progressively
over the harm onic series. (From  Purves et al., 2012.)

A m usical exam ple of a sound signal spectrum  is the vibration of a taut sting, as
show n in Figure 1.3. W hen plucked, a standing wave is generated that vibrates in a
series of m odes due to the reflection of the w aves at the fixed ends and their interaction.
The greatest excursion occurs over the full length of the string and generates the m ost
energetic com ponent in the spectrum . The frequency of this m ode is referred to as the
fundam ental frequency of vibration (som ew hat confusingly called ñF0ò in the literature,
despite the fact that it is the first harm onic in the series). The next m ost pow erful m ode
of vibration is at half the length of the string, the next at a third of the length, the next at a
quarter of the length and so on, thus form ing a harm onic series. These m odes occur
because the reflection of the w ave from  the ends of the string creates a series of ñnodesò
that cancel out all vibratory frequencies that are not integer m ultiples of the frequency of
the full length of the string (think of w ater w aves bouncing back and forth betw een the
sides of a bath tub). Since natural signals that produce periodic sound stim ulið the
hum an vocal apparatus in particularð tend to vibrate in a sim ilar m anner, a taut string
and the harm onic series it produces is a far m ore relevant m odel of the natural periodic
signals in m usic and anim al vocalization than the tuning fork and the sine w aves it
generates.

In determ ining a spectrum , the sound signal of interest m ust be sam pled over a
w indow  of tim e appropriate to its com ponent frequencies. For exam ple, in Figure 1.3
the w indow  w ould have to be at least tw ice as long as the tim e betw een the repeating
cycle of the first harm onic of the vibrating string (the fundam ental frequency). If the
string in the figure had a fundam ental frequency of 440 H z (m iddle, or ñconcert,ò A on a
piano) this interval w ould about 2.3 m illiseconds. The sam pling w indow  w ould
therefore be at least 5 m illiseconds, since a shorter sam ple w ould not include the low est
harm onic frequency. A different problem  arises w ith respect to sam pling the high
frequencies in a spectrum . In this case the rate of sam pling w ould have be at least tw ice
the frequency of highest frequency to avoid the ñaliasingò artifacts that arise w hen the
sam pling rate is too slow  (referred to as ñundersam plingò). A typical sam pling rate for
signals pertinent to hum an hearing is 44 kH z, w hich is som ew hat m ore than tw ice the
nom inal 20 kH z upper lim it of hearing in young adults.

Finally, keep in m ind that a harm onic series is both an arithm etic and a geom etric
progression: the sequence of harm onic num bers 1, 2, 3, 4, é  n is an arithm etic
progression, w hereas the w ay w e hear tones (pitch) is a geom etrical progression (e.g,
1,2,4,8, é  n). Thus, the sam e perceived change of a low -frequency sound signal entails



a sm aller change in frequency than does a high-frequency sound signal.

N oise

Tonal sounds are especially im portant in the chapters that follow . N evertheless, focusing
on signals that generate periodicity (vibrating strings, air colum ns, anim al vocalizations)
can also be m isleading. A s already m entioned, m ost natural stim ulið a babbling brook,
a breaking tw ig, rustling leavesð have little or no periodicity, and are lum ped together
under the som ew hat pejorative rubric of noise. N oise can be ongoing, as in the exam ples
of running w ater and w ind, or essentially instantaneous, as in the snap of a breaking tw ig
or a thunderclap arising from  the brief displacem ent of air m olecules by heat energy.

If the distribution of am plitudes as a function of frequency is perfectly uniform , the
signal is called white noise. By definition, then, the spectrum  of w hite noise show s no
periodicity at all, the energy at every frequency over the range of hum an hearing being
equal. The opposite extrem e is a sine w ave, in w hich the energy in the signal is
narrow ly distributed at a single frequency. Vision is bound by tw o sim ilar extrem es:
ñw hite lightò refers to a distribution of light energy that is uniform  enough to elicit the
visual perception of w hiteness, w hereas m onochrom atic light has a single colored
energy peak, sim ilar to the spectrum  of a sine tone.

O bstacles in D eterm ining the Sources of Sound Signals

The pressure changes at the ear that w e experience in perceiving sound stim uli are
determ ined by a variety of physical factors (Figure 1.4). The m ajor contributors are: (1)
the m echanical force that acts on an object capable of generating a sound signal; (2) the
properties of the object that determ ine its resonance w hen a force is applied (e.g., m ass,
m aterial com position, density, shape, tension); and (3) how  conditions in the local
environm ent influence the sound signal that reaches the listener (e.g., the decline in
signal intensity that occurs inversely w ith the square of distance traveled, and the
absorbance and reflection of the signal by local objects). In addition, interactions w ith
concurrent sound sources w ith different phases can am plify or reduce the pressure
changes that reach the ear. A ll these factors underscore the challenge of responding
appropriately to sound signals. The peripheral auditory system  lacks any obvious m eans
to disentangle these m essy, conflated factors, let alone m easure their contributions
independently. N onetheless, w e routinely behave in response to sound signals as if w e
ñknew ò this inform ation.



FIG U R E 1.4   The m ajor factors that determ ine sound signals at the listenerôs ear. A variety of physical
interactions affect sound signals at the ear, m aking it difficult to understand how listeners can use this
conflated inform ation to sort out the sources of sound signals in the environm ent and behave
appropriately.

A lthough w hat w e hear seem s to directly represent the sources of sound signals in the
environm ent, understanding how  and w hy w e hear w hat w e do presents a fundam ental
problem . The quandary is how  a biological sensing system  like audition, w hich has no
w ay to disentangle the physical param eters of sound signal sources, can nonetheless
generate successful behavior.

A n Em pirical A pproach

These confounding observations m ean that auditory perceptions m ust be generated in
som e w ay other than by recovering and representing the physical sources of sound



signals. A s indicated in Figure 1.4, the inform ation is sim ply not available in sound
stim uli, despite the fact that physical causes obviously determ ine the nature of sound
signals.

Som e indication of how  this fundam ental problem  for sensory system s m ay be
resolved has em erged in vision research. In vision, trial-and-error responses assign
perceptual values em pirically, a strategy that circum vents the need to represent the
physical properties of objects and conditions in the w orld as such. By using feedback
from  w hat w orks, stim uli can elicit useful responses, despite the absence of the
objective m easurem ents that biological sensors are unable to provide (see Chapter 9).
This strategy as it applies to audition is diagram m ed in Figure 1.5.

In general term s, the biology underlying this w ay of thinking about w hat w e hear and
w hy is w ell know n: it is sim ply D arw inian principles in auditory action. R andom
changes in the organization and function of ancestral auditory apparatus and neural
circuitry persistedð or notð according to how  w ell a given variation served the
survival and reproductive success of the anim als w hose preneural apparatus and neural
circuitry harbored that variant. A ny configuration of peripheral auditory structure and
central neural processing that m ediated successful responses to sound signals w ould
eventually dissem inate throughout the population, w hereas less useful auditory
apparatus, circuit configurations, and operations w ould not. This biological feedback
loop w ould progressively organize the basic qualities w e perceive (loudness, pitch and
tim bre; see C hapter 2) according to the em pirical occurrence of stim ulus patterns. A s
explained in C hapter 9, the strategy w orks because it establishes an objective-to-
subjective m apping via biological m achinery that does not depend on m easurem ents of
physical reality. The role of the physical w orld in this understanding of sensory
neurobiology is sim ply an arena in w hich preneural apparatus, neural circuitry, and
perceptions are em pirically tested by the criterion of reproductive success.

FIG U R E 1.5   Auditory perception based on feedback from  experience. As explained in Chapter 9, the
frequency of occurrence of different sound signal patterns provides a link between objective and



subjective dom ains that can prom ote survival and reproductive success without ever representing the
physical param eters of the signal sources in the world.

W hat, then, is the best w ay to describe w hat w e hear? A start w ould be to abandon
our overw helm ing sense that the auditory and other sensory system s reveal the physical
w orld, or that they evolved to do so. W hat w e hear in response to sound signalð
including m usical tonesð are percepts determ ined by the history of biological success
rather than the physical characteristics of signal sources or local pressure changes at the
ear. The central issue going forw ard is w hether this seem ingly odd w ay of defining
perception can be used to better understand m usical phenom enology.

Conclusion

Sound signals are easy to study in physical term s, w hich has encouraged a largely
physical paradigm  in auditory research. H ow ever, the inaccessibility of the physical
sources of sound signals to auditory anim als im plies that understanding w hat w e hear
and w hy requires thinking about audition in term s of em pirical success over the course
of evolution and lifetim e learning rather than as a system  that m easures the physical
properties of sound signals. The argum ent in the chapters that follow  is that
understanding m usic and its appeal m ay be better inform ed by this biological fram ew ork
rather than by a fram ew ork based on m athem atics, physics, or m usic theory.
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2
The Perception of Sound Signals

O UR  AW A R ENESS O F SENSO RY STIM ULIð a reasonable definition of perceptionð is
characterized by the subjective qualities w e use to describe w hat w e see, feel, taste,
sm ell, or hear. The basic qualities for vision are lightness, brightness, color, form ,
depth, and m otion; for the tactile senses, touch, pressure, vibration, and pain; for taste,
sw eet, salty, bitter, and sour; and for odors, a list that includes descriptors such as
floral, pungent, and putrid. In audition, loudness, pitch, and tim bre are the term s that
describe the perceptual qualities elicited by sound signals in the environm ent that
biology transform s into sound stim uli. Loudness is the subjective sense of the intensity
of sound pressure levels at the ear. The pitch of a sound signal, if it has one, is the sense
of higher or low er on a subjective scale that depends on periodic repetition of the
pressure changes in the signal. A nd tim bre is the term  applied to the com plex attributes
that distinguish the quality of sound signals that elicit the sam e sense of loudness and
pitch. The purpose of this chapter is to introduce these perceptual qualities, their
peculiarities, and the w ays in w hich they pertain to m usic.

Loudness

Loudness describes the perception of sound signal intensity, w hich is m easured as sound
pressure level at the ear, a physical param eter w hose units are new tons / m 2 (a new ton is
the am ount of force needed to accelerate a 1-kilogram  m ass 1 m eter per second). In
practice, how ever, intensities are usually given in decibels, units nam ed after A lexander
G raham  B ell. The decibel (dB) is also a physical unit of sound pressure, but defined in
term s of hum an hearing. Thus, a sound pressure level of 0 decibels is the average
hearing threshold for young adults responding to a sine tone at 1000 H z (equivalent to
about 0.00002 new tons / m 2). D evices that m easure sound pressure are therefore



calibrated (ñw eightedò) for particular purposes. If the aim  is specifically pertinent to
hum an hearing and perception, the so-called ñA -w eightingò is used, w hich m im ics the
frequency-dependent sensitivity of the hum an auditory system , m uch as photom eters
m im ic the sensitivity of the hum an visual system  rather than the absolute am ount of
photon energy reaching the detector. Settings w ith other w eightings are used to assess,
for exam ple, the adequacy of concert halls, or the safety of sound pressure levels in a
w orkplace.

Since hum ans respond to sound signal intensities over an enorm ous range of local
pressure changes, the decibel scale (and our perception of sound intensity) is
logarithm ic (Figure 2.1). A s a result, a sm all change in decibels represents a large
change in physical intensity. For exam ple, an increase of 6 dB represents a doubling of
sound pressure level at the ear. The upper lim it of perceivable intensities is about 120
dB, an intensity of about 60 new tons / m 2. A t this level, the changes in pressure are
painful and dam age hair cells, although low er intensities can also be destructive if the
exposure is chronic. Since hair cells donôt regenerate, any loss leads to som e degree of
perm anent deafness.

FIG U R E 2.1   Exam ples of sound signal pressure levels expressed in decibels. (From  Purves et al., 2013.)

The Peculiar Relationship betw een Sound Pressure and Loudness

The perception of loudness begins w ith signal m odifications im posed by the preneural
apparatus of the ear. A s described in Chapter 1, the properties of the external and
m iddle ear have evolved to am plify and filter sound signal energy before it reaches the
stage of neural processing, as is typical of the peripheral apparatus in any sensory
system . The end result in the cochlea is a traveling wave that proceeds along the basilar
m em brane of the inner ear. The shearing m otion of the m em brane caused by the traveling



w ave deflects the hair cell cilia, initiating action potentials in afferent auditory nerve
axons and the subsequent neural processing that w e end up perceiving as relative
loudness (Figure 2.2).

 

FIG U R E 2.2   Response of the basilar m em brane to a tonal stim ulus. The m ovem ent that activates the
neural com ponents of the auditory system  is a traveling wave along the basilar m em brane that
continues for as long as a tonal sound signal persists (a sine tone in this exam ple). The vibration of the
m em brane differs from  the standing wave generated by the taut string in Figure 1.3 because it is
attached only at the oval window end of the cochlea (1), being free to m ove at the apical end (7). An
analogy is the wave that m oves along a whip held at one end but free at the other. The greater width and
stiffness of the basilar m em brane near the oval window allows it to respond to higher frequencies,
whereas the m ore com pliant region toward the cochlear apex responds to lower frequencies. The
perception of loudness is initiated (but not sim ply com m ensurate with) the am plitude of the peak (or
peaks) in the traveling wave along the m em brane. Activation by a harm onic series or non-tonal sound
signals occurs in the sam e way, although the m ovem ents of the m em brane are m ore com plex. (From
Purves et al., 2012.)



A com m onsense expectation is that loudness should vary in direct proportion to
physical intensity m easured as sound pressure at the ear. This is not the case, how ever:
loudness also varies as a function of frequency, the bandw idth of the signal, signal
duration, and other factors. Since less is know n about the progressive m odifications
im posed by the neural stations of the prim ary auditory pathw ay, the neural basis for
these effects is not clear. A n additional obstacle to understanding the perception of
sound signal intensity is the fact that the intensities of tw o sound signals sum  in
perception only if the signals are sim ilar in m ost other respects. O therw ise, they are
heard as different sources w ith different loudness values.

The m ost thoroughly docum ented exam ple of the com plex relationship betw een the
physical m easurem ent of sound pressure and w hat w e perceive is variation in loudness
as a function of frequency (Figure 2.3). W hen listeners indicate the loudness they hear in
response to sine tones presented in a laboratory setting, loudness falls off at low  and
high frequencies w ithin the range of hum an hearing, being greatest at frequencies
betw een roughly 500 and 5000 H z. This range of m axim um  sensitivity coincides w ith
the range of sound signal frequencies that characterize voiced (tonal) speech signals and
m usic, as w ell as m any other sounds in nature. Thus, loudness is not sim ply a result of
the physical intensity of an auditory signal. Like lightness and brightness in vision,
loudness depends on the context in w hich a given intensity occurs. The context in Figure
2.3 is frequency, but other param eters, such as duration and bandw idth, also affect the
loudness heard in response to signals that produce the sam e pressure changes at the ear.

FIG U R E 2.3   Variation in loudness as a function of sound signal frequency. Each curve indicates the



sound pressure levels heard as equally loud when listeners are tested with sine tones at different
frequencies (each curve is a different level test intensity). The U -shaped curves show that hum an
sensitivity to sound signal pressures is greater at frequencies between ~100 and 6000 H z than at lower
or higher frequencies, a range that includes m ost of the tonal (repeating) sound signals in speech and
m usic. The dashed red line indicates the absolute threshold of hum an hearing. (From  Purves et al.,
2013.)

Pitch and Its Peculiar Relationship to Frequency

Pitch is the perception of a sound signal as higher or low er on a subjective scale that is
related to, but not determ ined by, the repetition rate of the frequencies in a sound signal.
W hereas all sound signals have a frequency spectrum , only a m inority have a pattern of
the recurring peaks and valleys that elicit a sense of pitch. A pitch can arise in response
to a sine w ave, a tone defined by a harm onic series, or sound signals that repeat in m ore
com plex w ays w ithin the frequency range of hum an hearing. A s described in C hapter 1,
w hen sound signals lack repetition rates w ithin the span of audible frequencies ( 20 to
20,000 H z) they are loosely classified as ñnoise.ò

O f special interest are tones, defined as harm onic series w hose fundam ental
frequencies have repetition rates of about 50 to 5000 H z. The pitches elicited by
fundam ental frequencies in this range are specific to voiced vow el sounds in speech and
the notes used in m usic, both of w hich correspond approxim ately to the tones generated
by the eighty-eight keys on a piano (from  27 to 4186 H z). Repetition rates outside this
tonal range are heard as ñbum pyò or ñroughò at the low  end and ñsqueakyò orò ñshrillò
at the high end. The non-tonal pitches that fall beyond this range are, for exam ple, w hat
w e hear in response to sirens. A lthough pitches are heard, they are not ones that are
spoken, sung, or played on conventional m usical instrum ents.

Studies of pitch and tonality in m odern term s began in the late sixteenth and early
seventeenth centuries, m ainly from  the observations of Vicenzo G alilei and his son
G alileo. The G alileis dem onstrated that pitch varies as a function of the m ass / unit
length of a string and its tension, and not sim ply ratios of string lengths and tensions, as
had been thought since the tim e of Pythagoras in ancient G reece (and probably earlier in
C hina). G alileo thus explained w hy the sam e pitch can be generated by a variety of
vibrating sources. H is insight w as that different com binations of the length, density, and
tension produce the sam e pitch if a source produces the sam e rate of vibration. G alileo
therefore proposed that pitch is determ ined by the frequencies of the sound signals
objects produce, and not by ratios as such.

A lthough know ledge of acoustics and hearing has obviously grow n enorm ously since
the seventeenth century, the idea that w hat w e hear is determ ined by the physical



characteristics of the signal at the ear rem ains a prem ise in m uch w ork on pitch. O ver
the past century or m ore, how ever, evidence has accum ulated that pitch is not a sim ple
function of frequency, or of any other physical param eter of the signal at the ear. The
findings that have been difficult to explain in term s of sound signal frequencies per se
include:

1. The pitch heard in response to a harm onic series corresponds to the low est harm onic
(the fundam ental frequency).

2. The fundam ental frequency of a harm onic series is heard even w hen there is no
spectral energy in the signal at that frequency, a phenom enon referred to as ñhearing
the m issing fundam entalò (Figure 2.4).1

3. W hen the frequencies of a harm onic series are increased or decreased by a constant
am ount such that they lack a com m on divisor (w hich norm ally defines the
fundam ental frequency of a harm onic series), the pitch heard corresponds to neither
the fundam ental frequency nor the frequency spacing betw een the harm onics (values
that are norm ally the sam e). This effect is called the ñpitch shift of the residue.ò

4. W hen the frequencies of only som e of the harm onics of a tonal sound signal are
changed such that the fundam ental of the low er harm onics differs from  that of the
higher harm onics, the pitch heard typically corresponds to the fundam ental of the
three or four spectral com ponents closest to 600 H z. This phenom enon is called
ñspectral dom inance.ò

5. Sound signals w ith w aveform  repetition rates in the range of 200ï500 H z evoke a
stronger sense of pitch than signals w ith repetition rates above or below  this range.
This effect is referred to as ñpitch strength.ò



FIG U R E 2.4   H earing the ñm issing fundam ental.ò Panel 1 diagram s the frequencies of the harm onic
series generated by a signal with a fundam ental frequency of 200 H z; the subsequent panels illustrate
signals from  which different harm onics have been rem oved. In each case, listeners judge the pitch of
the sound signal to be that of the fundam ental frequency (i.e., a pitch corresponding to 200 H z), even
though there is no energy at 200 H z in the spectra shown in the five lower panels. Each signal sounds
different, however, because the num bers and frequencies of the upper harm onics produce different
tim bres. (After Purves et al., 2013.)

A nother peculiar aspect of pitch is the distance along the basilar m em brane at w hich
tw o sine tones begin to interfere w ith each other in perception. This distance is called
the critical bandwidth and can be m easured by psychophysical testing. For a 100-H z
sine tone, w hen a second ñprobeò tone com es w ithin about 45 H z of the 100-H z tone,
listeners notice that the second tone begins to im pinge on the perception of the first tone;
outside this range, the tw o tones are sim ply heard as different. The w idth of the band in
term s of frequency is thus about 90 H z (since the perception of pitch is nonlinear, this
value varies w ith the frequencies of the tones being tested). W hen these psychophysical
data are translated into physical lengths along the basilar m em brane (w hich extends 35
m m ), the distance w ithin w hich tw o sine tones interact is 1 m m , regardless of the
frequency range. This observation is consistent w ith the fact that each unit length of the
basilar m em brane reports a sm aller range of frequencies as the distance from  the oval
increases (see Figure 2.2).

W hat is puzzling, how ever, is that at any frequency, the physical displacem ent of the
basilar m em brane by the traveling w ave arising from  a sine tone involves regions that
are m any m illim eters in length, as first dem onstrated by G eorg von B®k®syôs studies of



cochleas taken from  hum an cadavers.2 To elicit responses in dead cochleas von B®k®sy
had to use very strong sound signals (e.g., sine w aves at 100 dB). M ore recent analyses
in living anim als show  that activation of the outer hair cells m itigates this discrepancy
by m odulating the com pliance of the basilar m em brane according to efferent signals
arising centrally, thus em phasizing displacem ent at the locus of the peak illustrated in
Figure 2.2. N onetheless, the difference betw een responses determ ined by
psychophysical testing and responses m easured at the level of basilar m em brane
m ovem ent are difficult to explain. This difference adds to the evidence that w hat w e
hear is not just a result of physical sound signals m odulated by the peripheral auditory
apparatus.

In sum , pitch, like loudness, is strangely related to physical sound signals at the ear
and their transduction by the inner ear, and again the question is w hy.

Tim bre

Tim bre is defined, m ore or less by default, as the set of com plex perceptual qualities
that differentiate sound signals w hen their intensity and repetition rate are the sam e.
Thus, a clarinet and a bassoon playing the sam e note and creating pressure changes at
the ear that have the sam e am plitude obviously sound different.

Tim bre has no single unit of m easurem ent and is generally accepted as being
ñm ultidim ensional.ò The physical bases of this perceptual quality include the num ber of
harm onics present (w hich explains w hy the sound signals diagram m ed in Figure 2.4
sound different even though they are heard as having the sam e pitch); the overall
structure of the harm onic series (e.g., w ind instrum ents open at one end generate only the
odd harm onics in a series in contrast to vibrating strings; see Figure 1.3); the am plitude
profile of the sound signal over tim e (e.g., its rate of attack and decay); and finally the
am ount and quality of noise in the signal (i.e., w hatever nonperiodic inform ation it
includes).

Since these and other factors underlying tim bre are difficult to assess, tim bre rem ains
the least studied aspect of auditory perception. N onetheless, the characteristics included
under this rubric are im portant, particularly in vocal and m usical sound signals (see
Chapter 4).

Evidence from  Linguistics

Studies of speech and language have also show n that w hat w e hear differs from  the
physical characteristics of sound signals in w ays that are hard to explain. For exam ple,
perception of the sam e speech sound varies according to the characteristics of the



speakerôs voice. In studies carried out by linguist Peter Ladefoged and psychologist
D onald Broadbent in the 1950s, subjects listened to six versions of the sentence ñPlease
say w hat this w ord is,ò follow ed by a test sound signal of a b-vow el-t w ord that
contained one of four different vow elsð bit, bet, bat or but.3 The six versions of the
sentence w ere presented w ith the vocal characteristics artificially altered to assess the
influence of a speakerôs voice on perception. M ost subjects identified the test w ords
according to the vocal qualities of the speakers rather than to the acoustical character of
the test w ord signals them selves. Sim ilar studies show ed that follow ing an / al / sound,
listeners tend to hear am biguous targets as ñgaò rather than ñdaò; conversely, w hen the
targets follow ed an / ar / sound, listeners tended to hear ñdaò rather than ñga.ò

A nother exam ple is the M cG urk effect. W hen the acoustical qualities of a syllable are
coupled w ith a visual im age of the speaker uttering a different syllable, the sound heard
is a com prom ise betw een the auditory and visual inform ation provided (Figure 2.5).4

This im pressive phenom enon im plies that w hat is seen w hen hearing speech, a m usical
perform ance or any other sound signal can strongly influence w hat is heard.

FIG U R E 2.5   The M cG urk effect. (From  Purves et al., 2008.)

A uditory O bjects and Scenes

Finally, in keeping w ith the overall them e of the chapter, w hat a listener hears is not
loudness, pitch, and tim bre as such, but som ething akin to the perception of visual
objectsð that is, perceptions of sound objects that are behaviorally relevant: a voice,
footsteps, a banging door, the patter of rain. In vision, objects are organized in scenes,



and the analogy in audition is auditory scenes or ñsoundscapes.ò
Researchers interested in this subfield em phasize the im portance of grouping and

stream ing in the perception of auditory scenes. For exam ple, w e routinely tune out
background noise to follow  the speech of a person w e are talking w ith. Listeners thus
have the ability to track a pertinent stream  am id a w elter of sim ultaneous auditory
signals, recognizing the stream  as an auditory object of interest, including the notes in a
m elody and harm onic sequences in m usic. Such observations further em phasize the idea
that audition is determ ined by the biological significance of sound signals rather than by
their physical properties.

Conclusion

The perceptions elicited by sound signals donôt accord w ith the physical characteristics
of sound signals at the ear, although the signals are obviously the real w orld causes that
initiate w hat w e end up hearing. In a sensory system  like vision, the inability of the
system  to m easure the physical param eters of light signal sources leads to pervasive
discrepancies betw een visual perceptions and the physical w orld. A lthough m ore subtle,
such discrepancies are equally apparent in audition. In both cases, the im plication is that
w hat w e hear or see is determ ined by the biological dem ands of successful behavior
rather than by a strategy that reports the physical nature of sensory signals. A s taken up
in the follow ing chapters, this biological strategy appears to be central to understanding
tonal m usic, and w hy w e like m usic in the first place.
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3
H um an Vocalization

A NIM A L V O C A LIZATIO NS H AV E A W ID E R A NG E of intensities and frequencies that are rich in
both periodic (tonal) and aperiodic (noisy) signals, and these signals obviously m atter a
great deal to us and m any other species. Q uite apart from  any sem antic content, the
inform ation em bedded in hum an vocalizations includes the probable size, gender, age,
and em otional state (angry, loving, bored, etc.) of the speaker. Throw  in inform ation
derived from  tim bre, and even individual identity is apparent. A lthough vocal sounds
com prise only a fraction of auditory experience, analyses of speech show  it to be
structurally sim ilar to a conglom eration of other environm ental and anim al sounds. A ll
told then, hum an vocalization provides a good place to begin exploring auditory
perception in em pirical term s, and, m ore specifically, how  the resulting biological
fram ew ork inform s m usic by suggesting w hy hum ans w orldw ide prefer particular tone
com binations in m elodies and harm onies.

The Production of Vocal Sounds

A s discussed in Chapter 1, the greatest excursion of a vibrating string occurs over its
full length, the result being a large fluctuation in the am plitude of the sound signal at its
fundam ental frequency (the first harm onic). The next m ost pow erful m ode of vibration is
at half the length, called the second harm onic, the next m ost pow erful one third the
length, called the third harm onic, and so on (see Figure 1.3). In m ost instances, how ever,
vibrating strings are attached to other objects, such as the body of a piano, violin, or
guitar that am plify and m odulate the effects of the vibrating string, enhancing som e
m odes and dam ping others, as w ell as adding tim bre. Indeed, w ithout these attachm ents
the disturbance of the local atm osphere caused by a vibrating string produces only a
faint and not very interesting sound.



The reason for belaboring these points is that the hum an vocal folds (also called the
vocal cords) are roughly analogous to a vibrating string, w hile the rest of the vocal tract
is analogous to the attached body of a m usical instrum ent (Figure 3.1). Speech sounds
are thus produced in m uch the sam e general w ay as m usical sounds, a fact w hose
pertinence w ill becom e apparent in the next chapter.

N ot all m usical sounds, how ever, are quite so sim ple. W hile broadly tonal, the sound
signals generated by bells, gongs, drum s, blades and other m etallophone or
lam ellophone instrum ents used in traditional Javanese, A frican and Caribbean m usic are
not exactly the sam e as the sound signals produced by vibrating strings or the vocal
folds. A lthough the sam e rules of physics and analysis apply, the spectra are m ore
com plex than the sim ple harm onic series produced by a vibrating string or the vocal
folds, w ith peaks of energy that are less clearly lim ited to integer m ultiples of the
fundam ental frequency.

B y definition, the vocal tract includes the entire apparatus for vocalizing show n in
Figure 3.1. The air expelled from  the lungs stream s through the opening betw een the
vocal folds (the glottis) in the larynx. The airstream  accelerates through this narrow
space (think of the accelerated flow  of a river passing through a narrow  gorge). The
resulting decrease in lateral pressure causes the cords to com e together until the
pressure buildup in the lungs forces them  open again. This cyclical process gives rise to
a vibration w hose frequency is determ ined prim arily by the m uscles that control the
tension on the vocal folds and the pressure in the thoracic cavity. Varying the tension on
the folds is used change the pitch w hen speaking or singing. The fundam ental frequency
of vocalization ranges from  about 50 to 400 H z, depending on the gender, size, age, and
em otional state of the speaker; the norm al range of speech is about an octave and of
singing about tw o octaves (although training can increase this latter value quite a lot).



 

FIG U R E 3.1   The hum an vocal tract includes the vocal apparatus from  the larynx to the lips. The
structures that form  the tract are the larynx, pharynx, soft palate, m outh, and nasal cavities. The
m usculature of the pharynx, soft palate, tongue, and lips m odulates the shape of these cavities, which in
turn alters the distribution of energy in the harm onic series generated by the vibrations of the vocal
folds in specific ways to create different vowel and other speech sound signals. (From  Purves et al.,
2012.)

Like the body of a m usical instrum ent, the vocal tract above the vocal folds shapes



and filters the am plitudes in the harm onic series produced by vibration of the folds
(Figure 3.2). This ñsource-filter m odelò of speech w as proposed in the nineteenth
century by the G erm an anatom ist and physiologist Johannes M ¿ller and has been
accepted ever since. The lungs serve as a reservoir of air, w hile the m uscles of the
diaphragm  and chest w all provide the m otive force. The vocal folds then generate the
vibration that characterizes voiced (periodic) sound signals, defined as those m ade
w hen vow els (and voiced consonants such as ñm ò or ñzò) are uttered. U nvoiced sound
signals are produced w hen vocal fold vibration is not involved, as in the utterance of
m ost consonants (like ñfò or ñsò), or vow els w hen they are w hispered. Either w ay, the
shapes of pharyngeal, oral, and nasal cavities continuously m odulate the signal. The
shapes of these cavities are actively changed by the m usculature of the larynx, pharynx,
soft palate, tongue, and lips, producing different natural resonances and subsidiary
frequency peaks in the harm onic series that originated in the larynx. The relative
am plitudes and frequencies of the resulting peaks of intensity in the original harm onic
seriesð called speech form antsð are the basis of the different vow el sound signals that
are produced in any language.



 



FIG U R E 3.2   The source-filter m odel of vocal sound production. Based on their tension and the force of
the air expelled by the lungs, the vocal folds in the larynx initiate vibrations that eventually lead to the
tones in ñvoicedò speech sound signals. The m odifiable shape of the rest of the vocal tractð the
laryngeal, pharyngeal, oral, and nasal cavitiesð filters the vocal fold harm onics by the superposition of
their own resonances to create the speech sound signals received by listeners. (From  Purves et al.,
2012.)

The Perception of Vocal Sounds

The different speech sound signals produced in a language are called phones, and the
auditory perceptions they elicit are called phonem es. O ne or m ore phones m ake up
syllables in speech, w hich in turn m ake up w ords, w hich ultim ately m ake sentences.
Considering languages w orldw ide (about 6000, a num ber that is falling fast as a result
of globalization and the intrusion of m ining, logging and other industries into previously
rem ote areas), linguists estim ate the num ber of phones to be about 200, of w hich
approxim ately 30 to 100 are used in any given language. The culturally determ ined use
of different subsets and articulations used in various languages explains w hy people
have trouble learning a new  language. In addition to vocabulary, gram m ar, and syntax



they have to produce unfam iliar phones and com prehend new  phonem es. Since the brain
has a lim ited ability to change its connectivity after childhood, adult second-language
learners retain the accents and gram m atical biases characteristic of their native
language.

Phones, broadly considered, can be divided into vowel and consonant speech sound
signals. The approxim ately 40ï50 phones that characterize A m erican English (different
linguists m ake different estim ates) are about equally divided betw een vow els and
consonants, although other languages vary in this respect, and an em phasis unusual
phones such as ñclicksò is apparent in som e A frican languages (m ade by slapping the
tongue against the low er teeth and floor of the m outh). Vow el sounds com prise m ost of
the voiced com ponents of speechð the elem ental speech sounds that are generated by
vibration of the vocal folds in any language (see above). Because these oscillations are
periodic, vow el sounds have tonality, eliciting a perception of pitch in both speech and
song. The variation in the pitch of speech over tim e is called speech prosody, another
key term  that w ill figure later in sorting out the relationship betw een m usic and speech.

Consonants are phones (or phonem es) that typically begin and / or end syllables, in
contrast to vow els, w hich form  the ñnucleusò of each syllable and generate the tonality
of speech. C onsonant sound signals are usually briefer than vow el sounds, involve m ore
rapid changes in sound energy over tim e, are acoustically m ore com plex, and generally
have less pow er. They are categorized according to the site (or sites) in the vocal tract
that determ ines them  (the place of articulation) or the w ay they are generated (the
m anner of articulation). Som ew hat surprisingly, consonants are the m ore im portant
carriers of inform ation in speech. Thus, w hen subjects are asked to repeat spoken
sentences from  w hich either the vow el or the consonant sounds have been artificially
rem oved, their understanding of w hat w as said is m ore com plete w ithout vow els than
w ithout consonants. This observation jibes w ith the fact that elderly listeners have
particular difficulty understanding speech because of high-frequency hearing loss, w hich
is w here m any unvoiced consonants have the m ost pow er.

A lthough it seem s that speechð w hether spoken or heardð is physically divided into
w ords, syllables, and / or phones, this im pression is w rong. R ecordings of speech show
that there is no physical break betw een strings of syllables or w ords (Figure 3.3).
M oreover, in laboratory studies, listeners generally donôt notice short bursts of noise
that interrupt speech sounds ten to fifteen tim es per second. The relevant neural
processing and ultim ate understanding of speech evidently proceeds in a m ore holistic
w ay. This difference betw een signal and percept is further evidence that w hat w e hear is
actively created by the auditory system , and not just a representation of physical



pressure changes at the ear. The elem ents of language learned in school are not natural
units of speech production or auditory processing.

FIG U R E 3.3   The discrepancy between speech sound signals and heard speech. The sound signal of the
sentence over tim e (about 2 seconds) does not reflect the breaks between words or the syllables
perceived. (From  Purves et al., 2008.)

The Perception of Vocal Loudness in Em pirical Term s

A lthough not the first to consider the puzzling relation betw een the objective intensity of
sound signals and subjective loudness (see C hapter 2), psychologist Stanley Stevens
w orking at H arvard in the 1940s through the early 1970s show ed that the relationship of
physical intensity and loudness w as a nonlinear pow er function, an idea that he extended
to other perceptual qualities as w ell.1 In the case of loudness, Stevensô ñpow er law ò
refers to the fact that at low  sound pressure levels, loudness is greater than predicted by
a linear relationship, w hereas at higher pressure levels it is less (see Figure 3.4A , for
exam ple). Thus as pointed out in C hapter 2, the link betw een the physical m easure of
sound signals and their perceptual effects is not the one-to-one relation betw een
objective and subjective dom ains that one w ould expect if sound signals w ere
represented objectively by the auditory system . Stevens dem onstrated this relationship
by having volunteers m ake subjective judgm ents of the relative loudness (ñm agnitude
estim ationsò) of sound signals in the laboratory.

FIG U R E 3.4   The relationship between listeners subjective sense of loudness in response to objective
intensities in speech sound signals. (A) Loudness as a function of the intensity of the speech sound



signals we routinely hear (redrawn from  data from  Fletcher and G alt, 1950). (B) The probability
distribution of sound pressure levels determ ined by analysis of a database of Am erican English speech.
(C) The cum ulative probability distribution of speech sound intensities to which we are routinely
exposed (B). The generally sim ilar functions in (A) and (C) im ply that loudness accords with the
frequency of occurrence of intensities in sound stim uli rather than the intensities of the signal per se.
(From  M onson, H an, and Purves, 2013. CC BY 3.0.)

Figure 3.4 show s how  these observations can be explained by accum ulated
experience w ith the intensities of speech and other tonal sounds. A lthough Stevens and
others provided no reason for their results, Richard W arren at the U niversity of
W isconsin suggested in the 1980s that the nonlinear relationship betw een objective
signals and subjective responses m ight have to do w ith listenersô experience w ith the
attenuation of sound as a function of distance, and m ore generally w ith the ñconditions
and events responsible for stim ulation.ò2 This idea also accords w ith the observation
m ade by Peter Ladefoged and colleagues that w hen subjects are asked to judge the
loudness of speech sounds, their responses correlate better w ith the m easurem ents of the
speakerôs vocal effort than w ith m easurem ents of sound pressure level at the listenerôs
ear.3 A ll told, a fair am ount of evidence points in the sam e em pirical direction: the
loudness w e hear is strongly influenced by past experience.

The Perception of Pitch in Em pirical Term s

Since the m ost prevalent sources of tonal sound signals in the auditory environm ent in
w hich w e evolved w ould have been conspecific vocal sounds, it m akes sense that the
perception of tonality arose in large part to extract inform ation from  hum an or other
anim al vocalizations. Like loudness, then, pitch m ay also be determ ined em pirically by
associations m ade betw een perceptions and behavioral success. In other w ords,
reproductive success based on ecological m eaning of the signal in past experience
rather than signal frequencies as such. This strategy w ould again provide a w ay to get
around the inevitable entanglem ent of inform ation in auditory stim uli (see Chapter 1).

To explore this possibility, a database of vocal sound signals is needed. A popular
option is the Texas Instrum ents / M assachusetts Institute of Technology A coustic-
Phonetic C ontinuous Speech Corpus (usually referred to as the TIM IT database), w hich
com prises 6300 utterances of ten brief sentences by several hundred m ale and fem ale
A m erican English speakers (Figure 3.5). Perhaps the m ost obvious phenom enon to start
w ith in pitch is the fact that w e hear the pitch of fundam ental frequency of a harm onic
series w hether there is energy at that frequency or not (see Chapter 2). By the m id-
nineteenth century, the G erm an auditory scientist A ugust Seebeck had show n that the



frequency of the pitch heard in response to a set of tw o or m ore successive harm onics
corresponds to the greatest com m on divisor of the harm onic set, even w ithout
corresponding spectral energy at that frequency (the ñm issing fundam entalò; see Figure
2.4).4 H earing the fundam ental frequency of a harm onic set w ithout pow er at
fundam ental frequency is also referred to as hearing a ñvirtualò pitch.

Figures 3.6A  and B show  an artificial sound signal that includes only of the third,
fourth, and fifth harm onics of a fundam ental w hose frequency is 150 H z. Figure 3.6C
com pares the relative sim ilarity of this stim ulus to thousands of speech sound segm ents
sam pled from  the speech database, plotting the strongest periodicity in each speech
segm ent against the segm entôs cross-correlation w ith the artificial stim ulus. Figure 3.6D
show s the average correlations as a function of periodicity. The frequency associated
w ith the m axim um  of this function is 150 H z, w hich m atches the absent fundam ental of
the frequency com ponents m aking up the stim ulus in Figure 3.6A . It is also the pitch
listeners hear in response to this sound signal. The presum ptive reason is that the upper
harm onics suffice to trigger a neural association that has been biologically advantageous
over eons of evolutionary experience.



FIG U R E 3.5   U sing voiced speech signals to explore pitch perception in em pirical term s. (A) Variation of
the sound pressure level over tim e in a representative utterance (the sentence in this exam ple is ñShe
had your dark suit in greasy wash water all yearò). (B) Blowup of a 0.1-second segm ent extracted from
the utterance (the vowel sound in ñdarkò). (C) The spectrum  of the extracted segm ent in (B).
Incidentally, note the difference between actual voiced speech spectra like this and the ideal version in
Figure 3.2. (From  Schwartz, H owe, and Purves, 2003.)



FIG U R E 3.6   Explaining the perception of the ñm issing fundam entalò based on experience with vocal
sounds. (A) Schem atic spectrum  of a sound signal com prising the third, fourth, and fifth harm onics of
a series whose fundam ental is 150 H z. (B) Representation of the sam e signal in tim e. (C) The
m axim um  cross correlation of each speech sound in a large num ber of speech segm ents plotted
against the strongest periodicity of each segm ent. (D ) Average m axim um  correlation derived from  the
data in (C). The periodicity associated with the m axim um  of the function is 150 H z. The other m axim a
at 75 and 225 H z are consistent with the observation that som e listeners identify two or m ore distinct
pitches in response to com plex tonal stim uli. (From  Schwartz and Purves, 2004. É  2004 Elsevier B. V.
Reprinted by perm ission of Elsevier.)



 

FIG U R E 3.7   Explaining the ñpitch-shift of the residueò based on experience with vocal sounds. (A)
Schem atic spectrum  of a sound signal com prising the 9th, 10th, and 11th harm onics of a 200-H z
fundam ental in which the frequency of each harm onic has been increased by 40 H z. (B) Representation
of the sam e signal in tim e. (C) The m axim um  cross correlation of thousands of speech sounds with the
signal in (B) plotted against the strongest periodicity in each speech segm ent. (D ) Average correlation
derived from  the data in (C). Although the function has m any local peaks, the periodicity associated
with the m axim um  of the function is 204 H z, the pitch heard in psychophysical studies using this
stim ulus. (From  Schwartz and Purves, 2004. É  2004 Elsevier B. V. Reprinted by perm ission of
Elsevier.)

A nother phenom enon that supports the idea that pitch is determ ined em pirically



com es from  the perceptual result of surreptitiously changing frequencies of a harm onic
series (hearing the ñpitch-shift of the residue,ò as m entioned in Chapter 2). W hen the
harm onics of a sound signal are altered by adding or subtracting a constant value such
that they have no com m on divisor, the pitch that listeners hear typically shifts in the
direction of the frequency change, no longer corresponding to the fundam ental frequency
of the set. For exam ple, Figures 3.7A  and B show  frequency and tim e-dom ain
representations of an artificial stim ulus com prising the ninth, tenth, and eleventh
harm onics of a series w ith a fundam ental of 200 H z. The value of each harm onic,
how ever, has been increased by 40 H z. The harm onics are thus 1840, 2040, and 2240
H z, instead of 1800, 2000, and 2200 H z. A s a result, the fundam ental frequency of the
set is 40 H z, even though the spacing betw een the harm onics rem ains 200 H z. In
psychophysical testing, the pitch subjects hear in response to this signal is 204 H z.
Figures 3.7C and D  show  the m ean of the m axim um  cross-correlation coefficients for
speech, as in Figure 3.6. The periodicity associated w ith the m axim um  of the function is
204 H z, im plying again that perceived pitch arises from  routine experience w ith vocal
harm onics.

O ther phenom ena such as ñspectral dom inanceò (hearing am biguous spectra as
biased tow ard speech spectra), perceived ñpitch strengthò (hearing pitch m ore strongly
in the m idrange of speech fundam entals) m entioned in Chapter 2, although not show n,
also accord w ith predictions m ade on the basis of species and lifetim e experience.

The upshot of these exam ples is that rather than hearing the frequencies of acoustic
signals per se, listeners hear pitches that correspond to the behavioral significance of
sound signal frequencies experienced over individual and evolutionary tim e. The
rationale is that perceiving pitch in this w ay, m uch as perceiving loudness, is an
effective w ay to generate successful behavior in a w orld in w hich unam biguous physical
inform ation about sound energy sources is not available to biological listeners.

C onclusion

M any aspects of loudness and pitch are difficult to explain in term s of the physical
characteristics of sound signals, or the peripheral ñtransfer functionsò generated by the
external, m iddle, and inner ear. It m ay be that these phenom ena are better understood as
evidence that w hat w e hear depends on experience w ith biological success of perceived
sensory qualities rather than the physical characteristics of acoustic or other sensory
signals. The reason for this strategy is a w ay of dealing w ith the fact that hearing and
other sensory system s cannot specify physical sources of stim uli. A s taken up in the next
chapter, this biological interpretation of w hat w e hear and w hy m ay also provide a w ay



of unraveling the phenom enology of tonal m usic.
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4
M usic and Vocal Sim ilarity

C H A PTER  2 C O NSID ER ED how  otherw ise puzzling aspects of loudness and pitch in
nonm usical contexts can be rationalized in biological term s, and Chapter 3 review ed
vocalization and evidence that w e hear sound signals based on hum an evolutionary and
lifetim e experience rather than on their physical param eters. This chapter turns to m usic
and the idea that, based on the biological im portance of vocal recognition, the
phenom enology of m usical tones and tonal relationships can also be understood in
em pirical term s. D espite a w ide range of culturally specific variations, people
w orldw ide tend to use specific tone com binations to create m usic. M usic theory and
practice in W estern and m any Eastern cultures express this shared tendency by the use of
octaves divided into the thirteen notes and tw elve intervals that define the chrom atic
scale.1 Subsets of this collection m ake up the com m only used scales, w hich typically
em phasize only five, six, or seven of these intervals. D espite m illennia of study and
speculation, the reasons for this parsing are not understood. Equally puzzling is w hy
different scales tend to elicit particular aesthetic and em otional effects. Indeed, w hy
hum ans are attracted to com binations of tones in the first place rem ains a m ystery.
M aking som e sense of these issues is now  the goal, beginning here w ith observations
that link m usical tones and their relationships to the harm onic series characteristic of
hum an vocalization.

D efining M usic

A lthough everyone recognizes m usic, form al definitions are vague. The O xford English
D ictionary gives a prim ary definition as: ñThe art or science of com bining vocal or
instrum ental sounds to produce beauty of form , harm ony, m elody, rhythm , expressive
content, etc.ò The definition of m usic given in the glossary is: ñCom plex periodic



sounds produced by a variety of physical instrum ents (including the hum an vocal tract)
that are appreciated by hum ans as pleasing and affective, typically im plem ented by
specific tone com binations in m elodies and harm onies.ò The key concepts in these and
other definitions are em otion and aesthetic appreciation, the im petus for all art form s.

The effects of m usical tones entail all of the perceptual categories discussed earlier
ð loudness, pitch, and tim bre. In addition, rhythm , tem po, and m eter are tem poral
features of m usic that link it to m otor behavior ranging from  toe tapping and clapping to
elaborate choreography. Rhythm  refers to accentuated beats or subdivisions of beats that
correspond to a listenerôs inclination to tap or clap; tem po is the rate at w hich beats
occur (the num ber of beats per m inute, indicated by a m etronom e); and m eter refers to
the organization of the beats (i.e., how  m any beats there are in each m easure, a m easure
being a ñnaturalò grouping of beats [e.g., in threes, as in a w altz, or fours, as in
ñstraightò or ñcom m onò tim e]).

A lthough these tem poral aspects of m usic are obviously im portant, the focus of m ost
m usic theory over the centuries has been on tones and tonal relationships. A sequence of
m usical tones (Figure 4.1A ) is the basis of m elody, w hereas com binations of tones
played m ore or less sim ultaneously are the basis of harm ony. A lthough the particulars of
m usic have varied greatly over tim e and in different cultures, the structure of m usical
instrum ents dating back tens of thousands of years suggests that m usic has favored m uch
the sam e tonal intervals since the daw n of hum an enthusiasm  for this art (Figure 4.1B).

 



FIG U R E 4.1   Som e basic characteristics of m usic. (A) This segm ent of a W estern score indicates several
features: a m elodic line (tones played sequentially), harm ony (tones played sim ultaneously), the
relative duration of notes (e.g., the quarter notes in the first full m easure) and the arrangem ent of the
notes within each m easure (indicated by vertical lines) that conveys rhythm  and m eter. ñAllegroò alerts
the perform er to the com poserôs intention with respect to tem po (i.e., that the section be played
ñbrightlyò at a fast tem po). Finally, the segm ent was com posed with a specific key in m ind, which
refers to the low or reference note in the collection of tone com binations (scale) the com poser is
using. In this exam ple, this note is A-flat, indicated by the key signature at the beginning of the score.
(B) This flute was discovered at an archeological site in France and is estim ated to be about 32,000
years old. The distances between the holes here and in other m ore playable ancient flutes suggest that
the tone com binations favored today have been preferred for m any m illennia. Photo É  The Trustees of
the British M useum . All rights reserved. (After Purves et al., 2013.)

M usical Term inology and the Chrom atic Scale

A n obstacle to thinking about m usic for m any people (not least the author) is the
term inology of W estern and other m usic theory. M usic theory is a relatively recent
invention and is not essential in the sense that m any excellent m usicians have no
theoretical training and play ñby ear.ò N onetheless, it is difficult to talk about m usic
w ithout defining and em ploying the term s that have com e into w idespread use in recent
centuries.

Forem ost am ong these is the m usical interval, a term  that refers to the frequency
distance betw een the low  or reference note in a given scale and a higher note, or
betw een any other tw o notes in a scale (Figure 4.2).2 A n equally critical term  is octave,
defined as the interval betw een tw o tones w hen the fundam ental frequency of the first
tone is doubled (see Chapter 2). The w ord com es from  the fact that the m ost com m only
used W estern scalesð the ñdo, re, m iò m ajor scale for instanceð com prises an 8-note
subset of the thirteen notes in the chrom atic scale. 3 A note thus refers to a particular
frequency and its octave m ultiples. Since in m ost circum stances notes separated by one
or m ore octaves are m ore or less fungible, especially in harm onies, they are given the
sam e letter nam e (A , B, C, D , E, F, or G ). For exam ple, in Figure 4.2, either of the notes
at the beginning and end of the octave illustrated could be used w ithout producing a
dissonant effect w hen a C is called for in a com bination of tones played together. The
tw o Cs are distinguished only by a qualifier that denotes the ordinal position of the
octave in question over the range of a m usical instrum ent (e.g., C 1, C 2, C 3 é  C 7 on a
m odern piano, w hose eighty-eight keys span a little m ore than seven octaves).

The octave illustrated on the piano in Figure 4.2 begins w ith C, but could have begun
on any note, w hich defines the m usical key being used. The key is critical because,
given the organization of notes on a keyboard or any other instrum ent, it determ ines the



intervals (frequency distances) betw een the notes in the scale being used, w hich m ay be
quite different. For instance, w hereas the intervals in any m ajor scale have the sam e
pattern, the pattern of intervals in a m inor scale differs from  the pattern in a m ajor scale,
w ith perceptual consequences that are critical to effect of a m usical piece on listeners
(see Chapter 6).

Finally, although the thirteen notes and tw elve intervals of the chrom atic scale
provide a fram ew ork for discussing m usic w orldw ide, all m usical traditions m ake use
of sm aller divisions that m ay be form ally specified or not. These m icrotones are
specifically notated in traditional A rabic, Persian, and Indian m usic, giving rise to tonal
sets that are larger than the thirteen-note chrom atic set in Figure 4.2. But as discussed in
Chapters 6 and 7, W estern m usic is also replete w ith sm aller intervals that are for the
m ost part inform al em bellishm ents.

FIG U R E 4.2   W estern m usical intervals over an octave, illustrated on a piano keyboard. Colum ns indicate
the 12 interval nam es, abbreviations and fundam ental frequency ratios in just intonation tuning. The
colum n in cents pertains to the logarithm ically equal steps over an octave used in the equal
tem peram ent system  of m usical tuning, which is pretty m uch universal today. N otice that, as decim al
values, the just intonation ratios do not always specify the sam e increm ents as equal tem peram ent
tuning (see text).

If all of this seem s com plicated, thatôs because it is! But w ithout these basic concepts
discussing tonal m usic is im possible.

Tuning System s and Their Problem s



The phrase tuning system s refers to protocols that spell out exactly how  to partition the
frequencies over an octave, a critical decision for players and instrum ent m akers alike.
W hen octaves are divided into the tw elve ascending intervals of the chrom atic scale,
each note is increm ented by about 6 percent over the previous one, the exact value
depending on the system  being used. D ebates about how  to m ake this tw elvefold
division in tuning instrum ents go back thousands of years. A lthough the history of tuning
over the centuries includes m any com plex variants (estim ates by som e m usic historians
range as high as 150),4 only tw o protocols are routinely considered in contem porary
m usic theory. These are just intonation tuning and equal tem peram ent tuning.

Justly tuned intervals are determ ined by the ratio of the fundam ental frequency of the
note in question to the fundam ental frequency of the low  or reference note in a scale (see
Figure 4.2). The just intonation system  is an inheritance of Pythagorean theory, in w hich
the consonance (pleasing quality) of tonal com binations w as taken to arise from
identical strings w hose relative lengths or tensions defined sm all integer ratios. For
reasons of m athem atical ñpurity,ò Pythagoreans lim ited these consonant ratios to 1:1,
2:1, 3:2, and 4:3. A s described in Chapter 5, the num ber of intervals in m usic theory
eventually grew  to include other sm all integer ratios, leading to the set of chrom atic
ratios in Figure 4.2.5 In this system , the fundam ental frequency of each tone in an
ascending scale increases by 4 to 8 percent over the fundam ental of preceding note.
These proportional increm ents are called ñsem itones,ò even though they differ slightly
for som e intervals. In the eighteenth century, the French com poser and m usic theorist
Jean-Philippe Ram eau pointed out that the integer ratios of tone com binations are
present in any harm onic series, providing som e justification for this system  in physical
term s.6

The problem  w ith just intonation is that w hen playing in m ultiple keys, w hich becam e
com m on in W estern m usic by the Renaissance, the intervals determ ined in this w ay
differ slightly, as just m entioned. B ecause the tw elve intervals are not identical,
instrum ents that are in tune in one key (e.g., a scale beginning on A on the piano
keyboard) are ñout of tuneò in another key (e.g., a scale beginning on G ). Instrum ents
w ithout frets, such as a violin, or tones sung a cappella, allow  skilled perform ers to
m ake adjustm ents in real tim e. But for m akers of fretted string instrum ents, keyboard
instrum ents, flutes, and other w ind instrum ents w ith fixed holes, this problem  presented
a nightm are. In the W est, the increasing popularity of sm aller keyboard instrum ents like
the harpsichord and accordion dem anded a solution.

The answ er to the problem  w ith just intonation em erged in the Renaissance in Europe
(and earlier in China) in the form  of equal tem peram ent, a tuning system  based on tw elve



proportionately equal increm ents over an octave. In this system , the octave is parsed by
increasing the frequency of each successive note by exactly 21/12, or 5.9463 percent over
its predecessor. A s a result, the proportionality betw een the intervals in different keys is
m aintained. Since this requirem ent is m athem atically unique, equal tem peram ent tuning
is universal in m ost popular and classical m usic today, and it is here to stay. The only
alternative is sticking to a single key in just intonation tuning, and not m any m usicians or
com posers w ant to abide by this lim itation.

A problem  w ith equal tem peram ent, how ever, is that som e highly trained m usicians
find tone com binations on this basis to be less pleasing than com binations over an
octave in just intonation tuning. M ore im portant from  a scientific perspective, w hereas
the problem  of ñgoing out of tuneò across keys is resolved by equal tem peram ent tuning,
this ad hoc com prom ise canôt explain the tonal phenom ena taken up in the follow ing
section.

The bottom  line is that equal tem peram ent sacrifices a m odicum  of aesthetic purity
for m usical flexibility, and few  listeners are bothered the difference. From  the
perspective of understanding m usic in biological term s, how ever, the fact that equal
tem peram ent w orks w ell enough is not m uch help.

M usical Phenom ena That N eed to Be Explained

A lthough the term inology of traditional m usic theory can be daunting, the bright side is
that it provides a m eans of describing the m ajor scientific challenges in m usic. Just as
loudness and pitch in the absence of m usic present a series of phenom ena that need to be
explained (see Chapters 2 and 3), there are puzzles in m usical tonality w hose solutions
w ould presum ably reveal a good deal about m usic and audition. W hy, for instance, are
there octaves in m usic? W hy are tones an octave apart m ore or less equivalent? W hy
does m usic tend to parse octaves into tw elve divisions? W hy does m usic w orldw ide
tend to use the sam e subsets of these chrom atic scale tones? W hy do som e tone
com binations sound m ore pleasing than others? W hy, despite all the w ays that octaves
could be divided (billions), are only a few  dozen scales w idely used in m usic? W hy
does the em otional im pact of m usic differ according to the scale used? A nd w hy, despite
w idespread com m onalities, does the use of m usical tones differ across cultures?

Traditional approaches to these questions have been based on the subjective fact that
pleasing tonal com binations arise from  sources w hose fundam ental frequencies are
related by sm all integer ratios (see Figure 4.2). A fram ew ork based on ratios derived
from  the pleasing quality of tone com binations is indeed appealing, and it continues to
dom inate m uch thinking about these issues. G iven the argum ents in Chapter 1, how ever,



biology m ay be a better bet in seeking answ ers to this long list of largely unexplained
m usical phenom ena. To reiterate, the prem ise of a biological approach is that the hum an
sense of tonality arose over the course of hum an evolution to reap the ecological value
of recognizing and processing conspecific vocalizations, w hich are the m ost im portant
tonal sound signals in our natural environm ent.

Vocal Sound Signals and M usical Intervals

O ne w ay to begin exploring m usic in biological term s is to ask w hether m usical
intervals are represented in hum an vocalizations. This m ay seem  an odd w ay to start,
since vocalizations are single tones, not tone com binations. N onetheless, the harm onics
in any series are related by integer ratios, and Figure 4.3 show s that m usical intervals
are evident in accum ulated vocal sound signals. Figure 4.3A  graphs the distribution of
energy in the com piled spectra of about 100,000 brief segm ents of voiced (tonal)
speech. The m ean values are show n in Figure 4.3B, and the blow ups in Figures 4.3C
and 4.3D  show  the average concentrations of sound signal energy over a single octave.7

 



FIG U R E 4.3   Spectral characteristics of com piled voiced speech. The analysis is based on ~100,000
Am erican English speech segm ents drawn from  the TIM IT speech database described in Chapter 3. (A)
Frequency ratios and their am plitudes, norm alized with respect to the frequency of the m axim um
am plitude in each speech segm ent. (B) M ean values over the sam e range. (C) M agnification of the plot
in (B) over a single octave. (D ) D ata in (C) shown separately for m ale and fem ale speakers. (From
Schwartz et al., 2003.)

Figure 4.4 show s in turn that these energy peaks closely correspond to the interval
ratios in Figure 4.2. O nly the three least consonant intervals in the chrom atic scale (the
m inor second, m ajor seventh, and m ajor second) are m issing, presum ably because their
effects are obscured by the large peaks at unison and the octave. Thus, even though the
fundam ental frequencies of pitches in hum an vocalization (vocal prosody) donôt
represent m usical intervals as such (see Chapter 5), m usical intervals are apparent in the
energy distributions of com piled speech sound spectra.

To m ake sure that these results are not particular to A m erican English, the sam e
analysis w as carried out for speech segm ents draw n from  Farsi, M andarin, and Tam il.
A lthough the averages differ som ew hat across languages, the location and relative
prom inence of the bum ps in the patterns are m uch the sam e as those in Figure 4.4. Thus,
as m ight be expected from  the anatom ical sim ilarity of the larynx and the rest of the
vocal tract am ong hum ans, these characteristics of voiced speech are largely
independent of the language spoken.



FIG U R E 4.4   Com parison of the spectrum  of voiced hum an speech sounds and the intervals of the
chrom atic scale. (A) The chrom atic intervals indicated the arrows correspond to the am plitude peaks in
the norm alized spectrum  of speech sounds over a single octave, redrawn from  Figure 4.3C. (B) The
nam es of the m usical intervals and the frequency ratios corresponding to each peak in just intonation
tuning are shown on a piano keyboard for com parison. (From  Schwartz et al., 2003.)

It seem s unlikely, how ever, that the m ere presence of harm onic ratios or m usical
intervals in com piled hum an vocalization explains the attractiveness (consonance) of
particular tone com binations. Som ething is clearly m issing.

Vocal Sim ilarity as a Basis for A ttraction to Tone Com binations

In m ost m usic theories, the consonance of tone com binations w hose fundam ental
frequencies are related by sm all integer ratios is taken as axiom atic; that is, no
underlying reason is given for this connection betw een ratios and m usical appeal. The
argum ent here is that the m issing piece in the puzzle is supplied by tonal m usic
conceived in biological term s. The idea is that how  closely the harm onics in tone
com binations m atch the uniform  harm onic series that characterizes hum an vocalization
determ ines the relative consonance of any tone com bination. Thus rather than ratios, the
m etric of consonance is vocal sim ilarity: the greater the resem blance of a tone



com bination to the harm onic series characteristic of voiced vocalization, and the greater
its attraction for the listener.

Considered in this w ay, the only tone com bination that perfectly m atches the uniform
harm onic series that characterizes voiced vocal sounds is unison (a note played w ith
itself) . A note w ith harm onics at tw ice the fundam ental frequency of the reference note
(an octave) corresponds w ith every other harm onic of the low  note, thus duplicating
(and em phasizing) half the harm onics in that com bination. A note w ith harm onics spaced
at intervals three tim es the fundam ental of the reference note (a perfect fifth) duplicates
every third harm onic; a set w ith harm onics at four tim es the fundam ental of the reference
note (a perfect fourth) duplicates every fourth harm onic, and so on. N otice, how ever,
that w hen the reference note of a scale is played w ith any note other than itself or the
octave, the com bination also introduces non-corresponding harm onics that are also
im portant in explaining aspects of tonal phenom enology (see Chapters 5 and 6).

This w ay of looking at tone com binations provides som e insight into the em ergence
of chrom atic intervals in accum ulated speech signals (see Figure 4.4). W hen the
harm onic series of a large num ber of speech sound signals are com piled, the harm onic
coincidences w ould tend form  peaks of vocal energy, w hereas the non-coincidences
w ould not. A seem ing confound to a listenerôs appreciation of this fact, how ever, is that
voiced speech sounds are single tones, not tone com binations. W e donôt generally hear
com piled speech segm ents.

A lthough any voiced utterance is indeed a single harm onic series, m ost phones last
on the order of 100 m illiseconds and com e in bunches that m ake up syllables, w ords and
sentences, or the antecedents of gram m ar and syntax in pre-lingual vocalizations.
B ecause a personôs average fundam ental frequency varies over an octave or m ore, it
w ould not have taken ancient hum ans longð or any of us as toddlersð to recognize from
our ow n utterances that som e tone com binations in vocal sequences sound m ore
appealing than others, leading to a crude version of m elodic com binations and
eventually to vocalizing in consonant tone sequences (singing) just for the fun of it. The
underlying reason for the pleasure derived w ould be the biological advantages that
accrue from  recognizing and responding to conspecific vocalizations.

Conclusion

The intervals of the chrom atic scale are present in harm onic ratios and com piled
experience w ith hum an vocalizations. Thus, even in the absence of m usic as w e
norm ally think of it, hum ans have alw ays been exposed to tone com binations. Exposure,
how ever, doesnôt explain w hy w e find som e tone com binations to be m ore attractive



than others. The argum ent here is that the degree of harm onic correspondence betw een
any tw o tones conveys the degree of their com bined sim ilarity to a full harm onic series,
and thus the relative biological value of a sound signal to a listener. The question
explored in the follow ing chapters is w hether this attraction to the vocal sim ilarity of
tone com binations can account for the full range of phenom enology evident in tonal
m usic.
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5
C onsonance and D issonance

A  FUND A M ENTA L Q UESTIO N about the perception of m usicð and arguably the question at the
root of all tonal phenom enologyð is w hy, in all cultures, som e tone com binations are
perceived as relatively consonant or ñharm onious,ò and others as relatively dissonant or
ñinharm onious.ò These perceived differences are the basis for harm ony w hen tones are
played sim ultaneously and for m elody w hen they are played sequentially. In W estern and
m uch other m usic, the m ost agreeable com binations are often used to convey a sense of
tonal ñhom e baseò at the beginning of a m usical piece or a section of it, and a sense
resolution at the end of a piece or section. In contrast, less harm onious com binations are
typically used to evoke a sense of tension or of transition in a chord or a m elodic
sequence. These phenom ena, like the tonal preferences in the context of scales (Chapter
6), the em otions elicited by different scales (Chapter 7), and cultural differences in tonal
usage (C hapter 8) have to do w ith aesthetics. A lthough som etim es obscured by experts
expounding on unique qualities of an antique violin or a fashionable w ork of art,1 in
scientific term s aesthetics boils dow n to either liking or disliking sensory inputs, based
ultim ately on their relevance to biological (reproductive) success. W e tend to be
attracted and attentive to stim uli that contributed to our success as a species and have an
aversion to those that w ere less helpful or irrelevant. Thus the idea of biologically
determ ined consonance introduced in Chapter 4 and the alternatives w arrant a closer
look.

A ssessing Consonance and D issonance

A lthough definitions of auditory consonance vary, the m ost w idely accepted one in the
context of tonal m usic is a pleasing com bination of periodically repeating (tonal) sound
signals. To bring science to bear on the issue, a num ber of studies in the late nineteenth



and early tw entieth centuries focused on ranking the relative pleasantness of m usical
tone com binations heard by listeners.2 Since com binations of the sine tones described in
Chapter 1 are inherently som ew hat unpleasant, these studies of consonance tested tw o-
note com binations (dyads) played on a piano, violin, or other m usical instrum ent.

The relative consonance of the tone com binations in the chrom atic scale determ ined
in this w ay is show n in Figure 5.1. The reason w hy hum ans find som e of these
com binations in harm onies and m elodies m ore pleasing than others has been debated for
m illennia, but despite ongoing interest, there has been no consensus about the basis of
consonance.

Consonance Based on M athem atics

D iscussions of consonance usually begin w ith the ideas of the G reek m athem atician and
philosopher Pythagoras in the sixth century BCE. A s m entioned in Chapter 4, Pythagoras
is said to have dem onstrated that tone com binations generated by tw o plucked strings
w hose lengths and tensions defined sm all integer ratios are especially pleasing. (The
validity of this story is uncertain, since the accounts of it are secondhand, prim arily from
the w ritings of the G reek m athem atician N ichom achus, w ho lived several centuries
later). For both m athem atical and philosophical reasons, Pythagoras and his school
lim ited their concept of pleasing tone com binations to unison (1:1), the octave (2:1),
perfect fifth (3:2), and perfect fourth (4:3), ratios that had spiritual and cosm ological
significance in the Pythagorean w orldview .



FIG U R E 5.1   The relative consonance of two-tone com binations (dyads) assessed in psychophysical
studies. The graph shows the relative consonance assigned by listeners to 12 of the 13 notes in the
chrom atic scale played in com bination with the low (reference) note of the scale (unison was not
considered in these studies, but would presum ably have been the m ost consonant com bination). The
black dots connected by the dashed line show the m edian values of the 8 studies com piled here, each
indicated by a different sym bol. (From  Bowling and Purves, 2015; see also M alm berg, 1918.)

The list of Pythagorean ratios w as extended in the early R enaissance by the Italian
com poser G ioseffo Zarlino. Zarlino eased the Pythagorean constraints in order to
include the num bers 5 and 6, thus accom m odating the m ajor third (5:4), m inor third
(6:5), and m ajor sixth (5:3), w hich had becom e popular in the polyphonic m usic of the
late M iddle A ges. Echoing the Pythagorean outlook, how ever, Zarlinoôs rationale
included the num erological significance of 6, w hich is the first integer that equals the
sum  of all the num bers of w hich it is a m ultiple (1 + 2 + 3 = 1 Ĭ 2 Ĭ 3 = 6).3 A dditional
reasons included the natural w orld as it w as then understood (six planets could be seen
in the sky) and Christian theology (the w orld w as created in six days).

A lthough the Pythagorean take on consonance has long been derided as
num erological m ysticism , the coincidence of num erical sim plicity and pleasing
perceptual effects continues to influence concepts of consonance and is hard to ignore.
The idea that tone com binations are pleasing because they are m athem atically sim ple,
how ever, raises the question of w hy sim ple should be pleasing. A nd theories of



consonance based on m athem atical sim plicity have no good answ er.

Consonance Based on Physics

A s a result, m ore recent explanations of consonance have been based on the physics of
sound signals at the ear. A lthough a physical basis for consonance w as suggested by
Jean-Phillipe Ram eau in the eighteenth century (see Chapter 4), the dom inant figure w ho
prom oted a physical interpretation of consonance w as the nineteenth-century polym ath
H erm ann von H elm holtz. H elm holtz argued that the dissonance of a tone com bination
depends on the degree to w hich it exhibits w hat he called ñbeating and roughness.ò H e
pointed out that the physical bum piness of a sound signal produced by the interactions
am ong the harm onics of tone com binations is disagreeable and concluded that this effect
is the ñtrue and sufficient cause of consonance and dissonance in m usic.ò4 Thus, in
H elm holtzôs view , consonance is sim ply the relative absence of the ñroughò or beating
quality tone com binations.

H elm holtz w as not the first to com e up w ith this general idea. Even before Ram eau, a
link betw een auditory roughness and dissonance w as suggested by Isaac Beeckm an, a
seventeenth-century D utch philosopher w ho w as, am ong other things, a teacher of
D escartes. Like H elm holtz, Beeckm an concluded that a tone com bination sounds less
and less pleasant as beating and roughness becom e increasingly salient. Sim ilarly, the
early-eighteenth-century French m athem atician Joseph Sauveur also thought that w hen
roughness cannot be heard, m usicians take tone com binations to be consonant.5

It w as not until the nineteenth century, how ever, that H elm holtz provided a full
analysis of beating and the perception of roughness as the basis of consonance and
dissonance. H e reasoned that w hen tw o or m ore m usical tones are com bined, beating
and roughness arise not only from  the interaction of their fundam ental frequencies, but
from  interactions am ong their harm onics as w ell. H elm holtz knew  that w hen com bined
tw o harm onic series w ould have a characteristic ñbeatingò pattern due to constructive
and destructive interference (Figure 5.2). In accord w ith his hypothesis, the less beating
and roughness the greater the consonance heard by listeners (see Figure 5.1).6

In this understanding of consonance and dissonance the degree of perceived dyadic
roughness depends m ainly on the frequency of the periodic fluctuations in Figure 5.2.
W hen the repetition rate of the bum ps is relatively low  (about one to six per second) the
fluctuations are, in H elm holtzôs w ords, ñby no m eans disagreeable to the ear.ò But w hen
the rate increases to about fifteen to thirty per second, ñthe collective im pression é  [is]
jarring and rough.ò7 A s the rate of fluctuation increases still further, the sense of
roughness decreases and the im pression of the sound signal becom es sm ooth and



ñagreeableò again.
The physical reason for these phenom ena is straightforw ard. Since consonant dyads

have fundam ental frequencies related by sm aller integer ratios, this fact m eans that
consonant dyads have relatively high repetition rates com pared to dissonant dyads. For
exam ple, the w aveform  of a dyad arises from  com bined tones an octave apart (a
frequency ratio of 2:1) starting on m iddle C (262 H z) repeats 262 tim es a second; in
contrast, w hen the com bined w aveform  is that of a m inor second (16:15 in just
intonation tuning) the rate of repetition is only 16 tim es a second (see Figure 5.2).
Thus, the faster repetition rates of consonant dyads fall in a range perceived as
ñsm ooth,ò w hereas the repetition rates of dissonant dyads fall in a range perceived as
ñrough.ò

FIG U R E 5.2   The physical basis of ñbeating and roughnessò in tonal dyads. The waveform s of two notesð
m iddle C (262 H z; blue) and C# (277 H z; green)ð played on an organ; this tone com bination is a
m inor second, the m ost dissonant dyad in the chrom atic scale, as indicated in Figure 5.1. W hen these
two tones are com bined, alternating periods of constructive and destructive interference result in a
periodic fluctuation in the sound signalôs am plitude. In H elm holtzôs interpretation this bum piness is the
cause of perceived dissonance, and its absence the basis of perceived consonance. (After Bowling et
al., 2012.)

The relative sim plicity of this hypothesis (and no doubt H elm holtzôs scientific
stature) led to further studies that generally endorsed his claim s using new er m ethods
and observations. W ith respect to auditory m echanism s, H elm holtz had suggested that
the perception of roughness arises from  interactions am ong the vibrations at different



frequencies along the basilar m em brane of the inner ear. In this conception, roughness is
perceived w hen tw o frequencies are close enough to stim ulate overlapping regions of
the m em brane. G eorg von B®k®syôs w ork on this issue in the 1940s and 1950s (see
Chapter 2) m ade it possible to com pare frequency resolution w ith the m easured effects
of different stim uli on the basilar m em brane. A t the sam e tim e, m ore detailed
psychophysical studies gave rise to the com plem entary idea of a ñcritical bandw idth,ò
w hich refers to the frequency distance w ithin w hich tw o tones begin to interact w hen
assessed psychophysically (w hich corresponds to about 1 m m  along the basilar
m em brane, or about 3 percent of its overall length; see Chapter 2). These observations
further supported H elm holtzôs roughness theory.

O ther studies later in the tw entieth century put physical explanations of consonance
on a som ew hat different footing. Pattern recognition theories, for instance, supposed that
judgm ents of consonance involve higher-level processes in the auditory system . The
idea is that both the physical roughness of sound signals at the ear and stored
inform ation derived from  past experience play a role in perceived consonance and
dissonance, a concept that accords w ith obvious differences in m usical tastes across
cultures. The m ost prom inent exponent of this perspective w as the G erm an acoustician
and engineer Ernst Terhardt, w ho suggested in the 1970s that the perception of m usical
intervals derives from  fam iliarity w ith ñspecific pitch relationsò am ong the frequencies
of the low er harm onics of com plex tones.8 Like accounts based on physical interactions
along the basilar m em brane, how ever, Terhardtôs idea of ñtonal m eaningsò rem ains
focused on the physical characteristics of sound signals.

In the end, how ever, proposals that consonance depends on higher order processing,
or m ore subtle aspects of tonal sound signals such as the distribution of am plitudes or
frequencies, donôt do m uch to change H elm holtzôs basic idea that consonance is first and
forem ost the absence of physical roughness.

Problem s w ith the Roughness Theory

D espite ongoing enthusiasm  for som e version of the theory that consonance is the
absence of roughness, problem s w ith this perspective have becom e increasingly
apparent. O ne confound is the aw kw ard fact that dissonance is still perceived w hen the
tw o tones of a dyad are presented independently to the tw o ears (e.g., the low  or
reference note of a scale to one ear and a note a sem itone higher to the other, form ing the
dissonant m inor second interval). In this circum stance, there is no physical beating at the
level of basilar m em branes of either ear.

A nother problem  is that m ost studies of roughness exam ined dyads, but not m ore



com plex tone com binations. W hen chords w ith m ore than tw o tones are used, additional
harm onics that increase physical bum piness donôt necessarily reduce consonance. A n
exam ple is a m ajor seventh dyad (any note and a note a m ajor seventh above it) and a
m ajor seventh tetrad (the sam e note together w ith a m ajor third, perfect fifth, and m ajor
seventh above it). A lthough the greater num ber of interacting com ponents in the tetrad
increases its physical roughness at the ear, m ost listeners rate the tetrad as m ore
consonant than the dyad.

Yet another issue concerns the w aveform s of a m ajor triad or a m ajor seventh tetrad.
These chords are both perceived as consonant, although they repeat about fifty-tw o and
about ten tim es a second, respectively. Both these repetition frequencies are relatively
rough, but donôt generate dissonance. A related observation is that rem oving the
harm onics responsible for the roughness of a chord does not necessarily increase its
consonance. Finally, tim bre and intensity (the latter called the dynam ic in the context of
m usic) affect consonance and dissonance w ithout affecting roughness. Com posers
concerned w ith the orchestration of a piece know  that a dissonant interval played slow ly
by violins in a low  register m ay sound m ore consonant than a theoretically m ore
consonant m ajor triad played loudly by piccolos in a high register.

Perhaps the m ost dam ning evidence against the roughness theory of consonance and
dissonance has com e from  recent studies that distinguish the perceptions of roughness
from  consonance, confirm ing that w hatever its cause, consonance is not sim ply based on
absence of physically interfering tones. Psychologist A ndrew  O xenham  and colleagues
exam ined the relationship betw een consonance and roughness by asking subjects to rate
the ñpleasantnessò of consonant and dissonant chords, using the difference betw een their
ratings as a m easure of their preference for consonance.9 Participants w ith a strong
consonance preference rated consonant chords as m ore pleasing than dissonant chords,
w hereas participants w ith a w eak consonance preference rated consonant and dissonant
chords as being m ore or less sim ilar. These and other results show ed that consonance
preferences are only w eakly related to an aversion to roughness, suggesting that these
tw o aspects of tone perception are independent sensory qualities. In another study, the
sam e stim uli w ere presented to participants w ith congenital am usia, an extrem e form  of
w hat is referred as ñtone deafness.ò In contrast to a control group, the tone-deaf
individuals show ed sm aller differences betw een ratings of consonant and dissonant
chords, although they didnôt differ from  the control group w ith respect to the perception
of acoustic roughness.10 The fact that these subjects exhibited abnorm al consonance
perception but norm al roughness perception further w eakens the idea that the absence of
roughness is the basis of consonance. Indeed, an aesthetic effect based sim ply on the



absence of ñjarring,ò as H elm holtz put it, seem s dubious in principle.
A ll told then, a physical explanation of consonance as the absence of roughness is

untenable. N evertheless, roughness does track the perceived dyadic dissonance, raising
the question of w hy this should be. The answ er m ay be that roughness in any sound
signal is indeed ñannoyingò and in that sense unpleasant, w hether it is heard in response
to tonal m usic or the jackham m er in a nearby construction project. It doesnôt follow ,
how ever, that the absence of unpleasantness should define pleasantness. This
proposition w ould be analogous to claim ing that sugar tastes sw eet because it is not
sour. A rgum ents prom oting consonance as the absence of roughness neglect the fact that
consonance (or sw eetness) can be appreciated quite apart from  roughness (or sourness).

A Biological Rationale for Consonance and D issonance

From  a biological perspective, the lack of attraction to ñroughò sound signals in m usic
arises because am plitude fluctuations below  50 H z (the low est fundam ental frequency
produced by a large hum an m ale) are increasingly inconsistent w ith hum an vocalization
and im ply a dim inished rew ard. Thus consonance seem s better explained em pirically by
past experience w ith the relative sim ilarity of auditory stim uli to hum an vocalizations
and their biological payoff than by the physical characteristics of sound signals.

O f course a signal that is sim ply rough (e.g., the grow l of a predator) m ay be just as
im portant biologically or m ore so than a tone com bination. B ut such signals require a
different sort of response, just as sw eet and sour tastes call for different behavioral
reactions (sw allow ing som ething versus spitting it out). In both cases, one class of
stim uli is m ore attractive than others for reasons of basic biology (e.g., a rew arding
source of energy if ingested, or a potentially rew arding source of social inform ation if
attended)

O ther lines of evidence also support a biologically determ ined interpretation of tonal
preferences. First, hum ans and m any other anim als (including nonhum an prim ates) are
specifically attracted to conspecific vocalizations com pared to other sound signals.
Second, the hum an external ear, ear canal, inner ear, and auditory processing circuitry
are all optim ized to transm it signals in the range of hum an vocalizations (see Chapters 1
and 2). Third, as described in Chapter 3, a num ber of nonm usical pitch phenom ena can
be explained in term s of the specialization of the hum an auditory system s for processing
vocal sounds. Finally, the frequency range of voiced hum an vocalizations m ore or less
overlaps the frequency range of tonal m usic (roughly 50 to 5000 H z).

If an appreciation of tonal sounds has indeed arisen from  the benefits that accrue from
attending and responding to conspecific vocalizations, the im plication for m usical



consonance is sim ply that the m ore voice-like a m usical stim ulus is, the m ore w e should
be draw n to it. Further evidence for this explanation of consonance com es from  the
issues discussed in the follow ing chapters. These include the m usical scales that hum ans
like, the different em otional effects of m ajor and m inor m usic, cultural preferences for
specific tone collections, and core m usical phenom ena such as the octave. A ll are
arguably determ ined by the harm onic characteristics of hum an vocalization and their
significance for biological w ell-being.

Conclusion

The reasons for the relative consonance and dissonance of tone com binations have been
debated for centuries w ithout resolution. The focus over m ost of the past 150 years has
been on som e version of H elm holtzôs theory that these perceptual qualities are
determ ined by the presence or absence of the physical roughness that can occur w hen the
harm onics of tw o or m ore tones interact. G iven the sum  of evidence, how ever, it seem s
unlikely that m usical consonance is due to the absence of roughness, or any other
explanation based on the physical nature of sound signals or their peripheral processing.
A m ore plausible interpretation is that hum ans are especially attracted to sound signals
w hose harm onic characteristics im ply hum an vocalization as the source.
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6
M usical Scales

SC A LES (O R  ñM O D ESò IN SO M E C O NTEX TS) are collections of tones (notes) separated by
specific intervals that various cultures have used, know ingly or not, to m ake m usic for
thousands of years. W hereas the chrom atic scale discussed in Chapter 4 defines the
superset of intervals in m uch W estern m usic, the scales routinely used are subsets of this
or a sim ilar palette in other cultures. C om positions in W estern classical, folk, and
popular m usic, as w ell as in m any Eastern, A frican, and other m usical traditions, are
based on relatively few  of these m ore specific tone collections, typically em phasizing
the sam e six- to eight-note sets (i.e., five- to seven intervals). Thus, another fundam ental
question is w hy hum ans across m ost m usical traditions prefer these tonal groupings.
This self-im posed lim itation is particularly puzzling, since the hum an auditory system
can distinguish hundreds of pitches over an octave, m eaning that in principle billions of
scales could be used in m aking m usic. W hy m usical practice includes only a few  dozen
of the enorm ous num ber of possible tone collections hum ans m ight have used is not
know n. Based on the argum ents in C hapters 4 and 5, how ever, a good guess w ould be
that the intervals that define m usical scales are those that provide the greatest collective
sim ilarity to hum an vocalization. This chapter exam ines the evidence for this idea.

D efining M usical Scales

A lthough m usic theory is not essential to perform ing m usic, som e additional
nom enclature is needed for the discussion here. Basic to this descriptive canon is the
octave and its division into m usical scales (scala in G reek m eans ñladderò). Scales are
sets of frequency distances (intervals) over an octave that the com posers, m usicians and
listeners have preferred. A s introduced in C hapter 4, the overall set of intervals over an
octave used in W estern and m uch other m usic w orldw ide is the thirteen-note, tw elve-



interval chrom atic scale (see Figure 4.2). The frequency increm ent of each tone w ith
respect to the preceding one going up the chrom atic scale is called a sem itone. A s
already m entioned, a sem itone is an approxim ately 6 percent increase over each
previous step on the chrom atic ladder, the exact value or values depending on the tuning
system  being used. In practice, how ever, com posers and m usicians generally em phasize
a subset of the chrom atic scale tones in any particular piece. The chrom atic intervals
form ally excluded from  a scalar subset are not prohibited, but are used m ore sparingly
and in special w ays (e.g., as ñpassing tonesò).1

The determ inant of any scale is the frequency distance separating the notes w hen
arranged in ascending order, beginning w ith the low  or reference note of the set. A
fam iliar exam ple in W estern m usic is the m ajor scale illustrated on the piano keyboard
in Figure 6.1. This scale is the ñdo, re, m iò series learned in elem entary school, and in
this exam ple the low  ñdoò note is a C. The five intervening notes (the black keys in this
particular case) com plete the chrom atic scale by generating the sem itone intervals
betw een the adjacent w hite keys, w hich are a whole tone (tw o sem itones) apart. These
intervals are called flats or sharps, depending on the m usical context; in each case, the
sharps are a sem itone higher and flats are a sem itone low er than the adjacent note in a
scale, and as a group are called ñaccidentals.ò A s can be heard w hen playing or singing
this scale, the frequency distance from  ñdoò to ñreò is tw o sem itones (a whole tone), as
is the distance from  ñreò to ñm i,ò ñfaò to ñsol,ò ñsolò to ñla,ò and ñlaò to ñtiò; the other
distancesð ñm iò to ñfaò and ñtiò back to ñdoòð are sem itone intervals.

The low  or reference note of this or any scale has special im portance. Even m usical
beginners quickly appreciate that this note is the ñhom e baseò of any sim ple piece and
that com ing back to this note (or a chord based on it) provides a sense of resolution
w hen it appears at the end of a com position or a section w ithin it (called the cadence of
a m usical piece). W hy the low  note plays this role is yet another m usical puzzle to be
explained.



FIG U R E 6.1   The m ajor scale as an exam ple. The 7 white notes over an octave that begin with C on a
piano keyboard define a C m ajor scale; the 5 black keys are the other notes of the 12-interval / 13-note
chrom atic scale over an octave. The organization of the keyboard, however, was not derived a priori,
but reflects the m usical intervals that people like, arranged em pirically over the last few centuries in
ways that facilitate playing. The ascending notes are given num bers (called scale degrees), and nam ed
ñdo, re, m i é ò in the ñsolfeggioò system  used in W estern m usical teaching. In the form al schem e
indicated on the keyboard, M  stands for m ajor, P for perfect (m eaning a term inating fraction in
Pythagorean or just intonation tuning), and O ct for the octave (or P8); thus, M 2 is a m ajor second, M 3
a m ajor third, P4 a perfect fourth, and so on. The reference note is the low note in the scale to which
the higher notes are referred; the sam e note is called the root note or ñtonicò in a chord.

The C m ajor scale in Figure 6.1 is often used as an exam ple because only the w hite
keys are entailed. But this fact can also be confusing, and should not be taken to im ply
that m ajor scales on a keyboard use only w hite keys. W ere the m ajor scale to begin on a
different low  note, black keys w ould be in play. W hat defines any scale and its m usical
im pact is the sequence of w hole tone and sem itone intervals it com prises, and thus the
intervals draw n from  the chrom atic superset that are going to be em phasized in a
m usical piece. W hy the intervals em phasized should m ake such a difference presents
another question to be answ ered.

The N um ber of Scales

Perhaps as m any as 100 scales w ith different arrangem ents of sem itone and w hole-tone
intervals over an octave are used in m usic w orldw ide todayð or m ore depending on
oneôs taste for detail. The w iggle room  in specifying the num ber of scales in use arises
from  the fact m entioned in C hapter 5 that all traditions m ake use of sm aller intervals,
either form ally by specifically notated quarter-tones (e.g., in traditional Persian m usic),
or inform ally (as in classical Indian m usic, A m erican blues m usic, or jazz
im provisation). The basic scales used in W estern m usic over the past few  centuries are
the m ajor and m inor pentatonic and heptatonic scales illustrated in Figure 6.2, w hich
are also prevalent in traditional Indian, Chinese, and A rabic m usic. The other scales
show n are less com m on, but are used in early liturgical m usic, folk m usic, m odern jazz,
and som e classical com positions. In general, pentatonic scales tend to be used in
sim pler popular (ñfolkò) m usic, and heptatonic scales in m ore form al (ñclassicalò)
com positions.

These cultural and historical facts present another puzzle. G iven that listeners can
distinguish about 240 frequency distances over an octave in the m iddle range of hearing,
there are an enorm ous num ber of w ays to divide octaves into five or seven tonal
intervals. Using this value of discrim inable tones over an octave, the num ber of possible



seven-interval com binations is m ore than 1011. Even if the num ber of discrim inable
intervals over an octave w ere just tw elve, the num ber of possible scales w ould still be
overw helm ing (m illions).

N ot surprisingly, then, lots of people have grappled w ith the question of w hat m akes
a sm all num ber of six- to eight-note (five to seven intervals) scales special. O ne idea
dating back to Pythagoras is that these scalar sets are prevalent because, w hen a higher
note in the scale played w ith the reference note, the fundam ental frequencies of the tw o
tones define relatively sm all integer ratios (see Figure 4.2). This idea, how ever, breaks
dow n because only som e of the harm onic ratios of the seven notes in the m ajor scale
m eet this criterion. W hereas unison at 1:1, the octave at 2:1, the perfect fifth at 3:2, and
the perfect fourth at 4:3 follow  the rule in Pythagorean tuning (tuning according to a
series of perfect fifths), the ratio of other intervals do not. For instance, the m ajor
seventh in Pythagorean tuning is an ungainly 243 / 128, and the m inor second 256 / 243.
M oreover, even though their consonance is not detectably different for m ost listeners,
w ith the exception of unison and the octave none of the ratios in equal tem peram ent
tuning used today entail sm all w hole num bers (see Chapter 5).

FIG U R E 6.2   Pentatonic and heptatonic scales (the notes and intervals m aking up each scale are indicated
by red dots). The differences between various scales depend the specific intervals of the chrom atic
scale included. Although all the scales shown begin on C and end on C an octave higher, they could
begin on any note and would retain their m usical identity as long as the intervals between the notes
rem ained the sam e. The nam es of som e of the pentatonic scales are from  the Chinese or Indian
nom enclature. The heptatonic sets with G reek nam es are also called ñm odesò based on historical usage
and the affective im pact of the intervals used (see Chapter 7). (From  G ill and Purves, 2009. CC BY
3.0.)



The m ost w idely accepted approach to resolving the issue of w hy the scales in Figure
6.2 are special is based on the integer relationships in a harm onic series. H elm holtz, and
others before and since, pointed out that the frequency ratios in a harm onic series define
m ost of the intervals of the chrom atic scale in just intonation tuning.2 H ow ever, since the
am plitudes of harm onics fall off as the reciprocal of their harm onic num ber (see Figure
1.3), only the first few  harm onics w ould have m uch influence on w hat w e hear.
Psychophysical studies have show n that people can distinguish only four or five
harm onics, and then only w hen the testing is done under ñforced choiceò conditions (i.e.,
an answ er is dem anded even if the subject is only guessing). Finally, this concept of
m usical intervals doesnôt address the question of why w e should like sm all integer
ratios in the first place: the ratios derive sim ply from  the tone com binations that
listeners perceive as relatively consonant.

A Biological Interpretation of Preferred Scales

B iology m ay again offer a m ore com pelling explanation of preferred scales than
m athem atics or physics.3 The idea introduced in Chapters 4 and 5 is that the com m on
denom inator of the tw o-tone com binations (dyads) preferred in m usic is their com bined
sim ilarity to hum an vocalization, and this concept applies equally w ell to scales. O ne
w ay to m easure the sim ilarity of any tw o-tone com bination to a full harm onic series
(i.e., the sim ilarity of a dyad to this characteristic of voiced speech) is by determ ining
the percentage of harm onics the tw o tones of a dyad have in com m on. The resulting
values can then be used to give any dyad a vocal sim ilarity rank, as in the exam ple in
Figure 6.3 (notice that these ranks are in line w ith the psychophysical ranks of dyadic
consonance in Figure 5.1). By calculating the m ean percentage sim ilarity of all the
dyads in a given scale, the overall conform ance of any given scale to a harm onic series
can be specified (Figure 6.3B). The rationale is based on the sum m ed sim ilarity of the
intervals in the scale to a harm onic series. The greater the sim ilarity, the greater the
appeal based on the biological value of recognizing and responding to this salient
characteristic of hum an vocalization. In short, w hat applies to dyadic preferences
applies equally to scale preferences.

A good deal of evidence accords w ith this interpretation of w hy som e scales are
preferred over others. Table 6.1A  show s the 10 pentatonic scales out of 400,000
exam ined that have the greatest vocal sim ilarity. The scale topping the list is the m inor
pentatonic scale, one of the m ost w idely used five-note scales. The second-highest
ranked is the Ritusen scale, a pentatonic scale used in traditional Indian m usic. The third
and fourth ranked pentatonic scales are the ascending form s of tw o ragas used in



classical Indian m usic (as explained in Chapter 8 ragas are the tonal sets used in that
tradition). The fifth ranked pentatonic scale is the sam e as the Ritusen scale except that
the fifth scale degree (17:10) is slightly higher in frequency com pared to the 5:3 m ajor
sixth in the Ritusen scale. The sixth through eighth ranked five-note scales are the
rem aining m odes of the m ajor / m inor pentatonic scales in Figure 6.2, w hile the ninth
ranked scale is another Indian raga.

FIG U R E 6.3   M easuring the vocal sim ilarity of a scale, using the pentatonic m inor scale as an exam ple.
(A) The 15 possible interval relationships am ong the tones in this scale in just intonation tuning. (B)
The percentage sim ilarity of each interval based on corresponding harm onics in the com bined
harm onic series specified by the two notes. The m ean percentage sim ilarity of the full scale can then
be used to predict hum an preferences for different scales on the basis of their overall sim ilarity to
voiced vocalization. (From  G ill and Purves, 2009. CC BY 3.0.)

Table 6.1B show s the top 10 heptatonic scales w ith the highest vocal sim ilarity in
sam pling a large num ber (m ore than 40 m illion) of the approxim ately 1011 possible
seven-note scales. Three of the seven heptatonic scales in Figure 6.2 top the list.4 The
Phrygian m ode holds the highest rank, follow ed by the D orian m ode and the Ionian m ode
(the latter being the m ajor scale discussed earlier; see Figure 6.1). The fourth ranked
scale is sim ilar to the Phrygian m ode but contains a neutral second (12:11 in just
intonation tuning) instead of a m inor second; this collection is a scale used in A rabic
m usic. The A eolian m ode (the natural m inor scale) and Lydian m ode are the fifth and
sixth ranked scales. The next three scales are sim ilar to the D orian m ode but w ith slight
variations in one or tw o scale degrees. The seventh ranked collection is a scale in



classical Indian m usic w ith an alternative sharp sixth-scale degree; the eighth ranked
scale is another scale used in A rabian m usic. A lthough the ninth ranked scale does not
represent any w ell-know n m usical tone collection, the M ixolydian m ode is ranked tenth.
The low est ranked scale is the Locrian m ode at fiftieth. The Locrian is recognized in
W estern m usic theory but rarely used. In a biological fram ew ork, its rank is low  because
it conform s less w ell to a harm onic series and thus to a prim ary signature of hum an
vocal sound signals.

Table 6.1   Top ranked scales assessed according to vocal sim ilarity.
W hen ranked in this w ay, the top 10 pentatonic (A ) and heptatonic (B ) scales correspond to the
scales actually used in various m usical traditions. N one of scales used in m usic w orldw ide ranked
less than 50th out of the m illions exam ined. A lthough the num erical differences am ong ranks are
sm all, given the large num ber of possible scales, they are all highly significant. (A fter G ill and
Purves, 2009.)

 R ank  Scale nam e  M ean percent sim ilarity

 A . Top 10 five-note scales     
 1.  M inor  46.44
 2.  R itusen  46.44
 3.  C andrika todi  44.28
 4.  A sa-gaudi  44.09
 5.  ð  44.02
 6.  M ajor  44.00
 7.  Suspended  43.95
 8.  M an G ong  43.85
 9.  C atam  43.38
 10.  ð  43.33

 B . Top 10 seven-note scales      
 1.  Phrygian  40.39
 2.  D orian  39.99
 3.  M ajor  39.61
 4.  H usayni  39.39
 5.  N atural m inor  39.34
 6.  Lydian  38.95
 7.  ð  38.83
 8.  K ardaniya  38.76
 9.  ð  38.69
 10.  M ixolydian  38.59

A lthough the inclusion of m any of the scales used w orldw ide Table 6.1 is
im pressive, the ranks do not accord w ith the preem inence of the Ionian (m ajor) and
A eolian (natural m inor) in the W estern classical m usic of the past few  centuries. W hile
there is no clear reason for this, the ranking of any scale is bound to be influenced by
cultural experience, cultural differences in vocalization in particular, an issue taken up
in Chapter 8. This uncertainty should not obscure the fact that out of enorm ous num bers



of possible scales, by the m etric of vocal sim ilarity the relative handful in com m on use
com e out on top.

The Chrom atic Scale

W hat then about the full tw elve-interval, thirteen-note chrom atic scale, w hich includes
all the sem itone intervals over an octave? W hen the chrom atic scale is com pared to a
random  sam ple of 10 m illion possible tw elve-interval scales (the full num ber of
possibilities is m uch, m uch greater), about 1.5 m illion had a higher m ean percentage
sim ilarity to a harm onic series than the chrom atic scale, and none of these defined a
know n m usical palette. Thus, the chrom atic scale, as a collection, bears little or no
sim ilarity to voiced speech.5 This outcom e is consistent w ith the observation that the
full set of tw elve chrom atic tones is not em phasized in the vast m ajority of m usic.
A lthough A rnold Schoenberg, A nton W ebern, A lban Berg, and other m odernists have
com posed interesting m usic that em phasizes the full chrom atic scale, these ñtw elve-
toneò or ñatonalò com positions are often unappealing to listeners, especially at first. A
m uch-cited exam ple is Igor Stravinskyôs ñThe Rite of Spring,ò in w hich he used a w ide
range of chrom atic tonalities as w ell as unconventional rhythm s and m eters. The piece
w as w idely rejected w hen introduced in 1913, but is now  standard classical fare. In any
event, the chrom atic scale expresses a set of tonal possibilities rather than a scale that is
used (or appreciated) as such.

In term s of vocal sim ilarity, the im plied lim it of the thirteen notes and tw elve
intervals in the chrom atic scale, and the concept of the sem itone as a basic m usical unit,
are also unfounded. Since dividing an octave w hile m axim izing the num ber of the
coincident harm onics and m inim izing the other harm onics in tonal dyads has no end
point, there is no reason to lim it m usical scales to thirteen notes. In the m idrange of
hum an hearing, the just noticeable difference of pitch is 0.3 to 0.5 percent, w hich in
principle w ould allow  as m any as 200 notes over an octave. In fact, larger scales have
been used by com posers H arry Partch (a forty-three-note scale) and K arlheinz
Stockhausen (an eighty-one-note scale), although to m ixed review s.

In sum , the im plied lim its in m usic theory specified by the thirteen notes in the
chrom atic scale, and the concept of sem itone as a m usical unit, have no basis in a
biological fram ew ork. They are sim ply conventions that have been useful in teaching
and notation. In biological term s, tonal relationships are determ ined by how  w ell the
harm onics of tw o tones correspond to a single harm onic series, w hich m easures the
vocal sim ilarity of a particular dyad, or all the dyads in a scale. Rather than taking
subjective consonance as a starting point, this approach predicts consonance based on



an objective m etric. In this fram ew ork, any appealing m usical system  orders notes over
an octave according to their relative ability to indicate voiced speech in explicit
(harm onic) or im plicit (m elodic) com binations.

W hy O ctaves?

The existence of octaves and the approxim ate m usical equivalence of tones an octave
apart are central features of tonal m usic. But the reason underlying the im portance of the
octave and its functions in m usic rem ains unclear. The term  octave in any usage (e.g.,
electronics) is historical, and derives from  the em pirical fact that m any m usical scales
com prise eight notes. Conventional m usic theory, how ever, does not explain w hy
octaves are special, as they clearly are. Their existence and the fungibility of notes
separated by one or m ore octaves are accepted as m usical axiom s. O f course it has long
been noted that 50 percent of the harm onics in tw o notes separated by an octave are
aligned and this fact is som etim es taken as an explanation. But other dyads such as a
perfect fifth also have a relatively high degree of harm onic correspondence (33 percent)
and donôt play a sim ilar role in m usic.

The rationale for the im portance of octaves in biological term s seem s
straightforw ard. The frequency distances of octave intervals are integer m ultiples of the
higher note of a dyadic pair. W hile this relationship w ould be of no consequence in
itself, only integer m ultiplication m aintains the harm onic correspondences that determ ine
the degree of vocal sim ilarity, and thus the relative biological value of any specific tone
com bination. C onsider, for exam ple, the harm onic series w ith a fundam ental frequency
of m iddle C (C 4) on a piano keyboard. W hen played w ith itself (i.e., unison) every
harm onic in one tone is m atched to a harm onic in the other. M ultiplying the fundam ental
of one of the tones by a factor of tw o creates the octave interval C4 to C5, w hich
m aintains the precise correspondence the harm onics in the tw o series, but w ith half the
harm onics in the low er note lacking a corresponding harm onic in the series of higher
note. The result, in addition to a higher pitch, is a difference in the tim bre of the tw o
notes, explaining w hy notes an octave apart are not sim ply identical in m usical practice.
M ultiplying C 4 by a larger integer (e.g., three or four) also m aintains precise m atches
for each of the higher note harm onics, but w ith progressively m ore non-corresponding
harm onics in the low er note of the dyad, introducing a greater difference in the tim bre of
notes tw o or m ore octaves apart. The upshot is that m ultiplying one note in a m usical
dyad by a factor of tw o m axim izes the harm onic correspondence of the pair and thus its
relative sim ilarity to a com plete harm onic series. Since the degree of vocal sim ilarity is
unchanged in any octave relationship, the attraction of any notes one or m ore octaves



apart should be heard as sim ilar.
M ultiplication of the higher note of a dyad by any non-integer value, how ever, fails

to achieve the sam e degree of vocal sim ilarity because at least som e of the harm onics in
the series of the higher note no longer have a m atch in the low er note series, thus
introducing som e degree of dissonance (i.e., m ovem ent aw ay from  the harm onic
uniform ity that characterizes voiced speech). Indeed, this difference is w hat defines the
eleven other frequency intervals in the chrom atic scale and their different roles in m usic.

In biological term s, the observation that there are eight notes in a diatonic scale is
irrelevant to understanding the preem inence of octaves.

R easons for the Sm all N um bers of N otes in Scales

Finally, the scales used in m ost m usic w orldw ide em phasize six to eight tones as in the
eight-note, seven-interval (diatonic) scales used in m uch W estern classical m usic; the
six-note, five-interval (pentatonic) scale characteristic of classical Chinese m usic, folk
and pop m usic; and the seven-note, six-interval ñblues scaleò that is especially popular
today. W hy should this be? A s already indicated, there is, in principle, no lim it to
dividing octaves into finer divisions.

In biological term s, the reason is that as m ore tones are added to a scale, the num ber
of harm onic correspondences that convey vocal sim ilarity sum m ed over an octave (see
Table 6.1) decreases progressively relative to the num ber of non-corresponding
harm onics. Thus, as m ore notes are added to any scale, sum m ed vocal sim ilarity
decreases because of the inclusion of dyads w ith less and less correspondence betw een
their harm onics. Indeed, this effect is already apparent in the vocal sim ilarity ranks of
the five note versus seven note scales in Table 6.1, and explains w hy pentatonic scales
are favored in pop and folk m usic. Em pirically, w hen m ore than about eight notes are
em phasized in a piece the overall decrease of vocal sim ilarity causes a progressive loss
of overall m usical appeal.

H ow  M usical Tone Com binations M ight H ave A risen

M usical intervals are explicit or im plicit com binations of tw o tones; single notes
played on an instrum ent or sung are m ore or less equal in term s of their attraction and, in
this sense, m usically m eaningless.6 Since a speaker or singer canôt produce tw o notes at
once (w ith exceptions such as Tibetan ñthroat singers,ò or individuals w ho have learned
how  to w histle a fugue), isolated vocalizations, like isolated notes on a piano, do not
m ake m usic. Thus, origins of m usic m ust have entailed individuals creating tones in
sufficient tem poral proxim ity to be heard as the tonal relationships in m elodies, or as



m ultiple voices creating explicit harm onies.
The im plication is that m usic as defined in C hapter 4 w ould not have appeared until

hum ans began to vocalize in fairly sophisticated w ays, stringing together the voiced
sounds of individuals or as com bined vocalization in duets or chants.7 A ncient hum ans
w ould presum ably have noticed that sequential voiced sounds or com m unal chants that
m axim ized harm onic correspondence are m ore appealing and project better than those
that do not. A s vocalizing together in hum an cultures becam e m ore com m on, consonant
intervals based on their degree of harm onic correspondence w ould have been
discovered, leading eventually the subsets of full tw elve-interval / thirteen-note superset
used in m uch m usic today. If the evidence from  ancient instrum ents is to be believed (see
Figure 4.1B), m uch of this progress happened thousands of years before Pythagoras and
other m usic theorists got into the act.

Conclusion

The observations described in this chapter point to a biological basis for the scales that
hum ans have preferred since the daw n of history. Since w e can distinguish m ore than
200 different pitches over an octave in the m idrange of hearing, very large num bers of
tone com binations could have been used to divide this frequency distance. N onetheless,
m usic in m any traditions is based on a surprisingly sm all num ber of scales. The fact that
the intervals found in the m ost w idely used scales throughout history and across cultures
are those w ith the greatest aggregate sim ilarity to a harm onic series supports the idea
that w e hum ans prefer tone com binations, w hether as dyads or scales, that signify
conspecific vocalization. The advantage of this biological perspective is its ability to
rationalize a variety of scalar phenom enað including the sm all num ber of scales used in
m usic, the relative attractiveness of different scales, w hy the chrom atic scale is not used
as such, w hy octaves are special, and the lim ited num ber of notes in scalesð all of
w hich are otherw ise hard to explain.
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ñpleasing.ò
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successful behavior and reproduction in the niche an organism  occupies.

4. The analysis is based on sm all integer ratios (just intonation) not equal tem peram ent (see C hapter 4). A lthough
the latter system  alters the size of som e chrom atic intervals in just intonation in order to m ake all tw elve sem itones
identical, the scales w ould have the sam e relative ranks.

5. This statem ent m ay seem  to contradict the evidence described in C hapter 3 show ing that accum ulated sam ples
of voiced speech em phasize the chrom atic intervals. The tw o observations, how ever, are not com parable.

6. Tones in isolation are m ore appealing than nontonal sound signals, as m ight be expected, but by definition
m usic entails relationships betw een tw o or m ore tones.

7. M any prim ates vocalize in a call and response form at for social purposes. The nonhum an prim ate best know n
for duetting is the G ibbon, and im pressive exam ples can be heard on YouTube (https://w w w.youtube.com /w atch?
v=o-c3TF6ym sM ). A rguably these interactions are harbingers of the hum an discovery of m elody and harm ony in
prelingual vocalization.

https://www.youtube.com/watch?v=o-c3TF6ymsM
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M usic and Em otion

M USIC  ELIC ITS EM O TIO NA L R ESPO NSES IN LISTENER S, often quite pow erfully, an effect that is
arguably the goal of m usic and the reason w e are so strongly draw n to it. The affective
im pact of m usic depends on a variety of factors, including intensity and its variation
over the course of a piece (the ñdynam icò) as w ell as tem po, rhythm , tim bre, and the
tonal intervals used. The w ay that em otion is conveyed by m ost of these factors seem s
clear enough: im itation of one or m ore aspects of an em otional state. If, for instance, a
com poser w ants to im bue a com position w ith excitem ent and produce that sense in
listeners, the dynam ic tends to be forte (loud), the tem po fast and the rhythm  anim ated.
Conversely, if a subdued em otion is the aim , the dynam ic is typically piano (soft), the
tem po slow , and the rhythm  staid. These effects on the listener presum ably arise because
the characteristics of the m usic accord w ith the w ays the corresponding em otional state
is expressed in hum an physiology and behavior, eliciting an association on this basis.
The reason for the em otional effect of the tonal intervals used in m usic, how ever, is not
obvious at all. G iven the gist of the previous chapters, how ever, a plausible hypothesis
is that em otional reactions to m usical tones are likew ise generated by im itation and
association. In this case, the association in listeners w ould arise because the intervals
that distinguish different tone collections (scales) im itate the tonal characteristics of
voiced speech and nonlinguistic vocalizations uttered in one or another em otional state.
This chapter exam ines the basis for this idea, focusing on the tonal characteristics of
m ajor and m inor m usic and their em otional im pact.

M ajor and M inor Scales

M usicians and listeners m ust have been aw are long before the abstract conception of
scales cam e into use that different tone collections tend to elicit different em otions. For



exam ple, early church m usic w as lim ited to stipulated arrangem ents of the three
intervals betw een the tonic note of a chord (in that era called the ñfinal toneò) and a
perfect fourth (a tetrachord), as in the G regorian chants developed by the Catholic
Church in the ninth and tenth centuries.1 The reason for this liturgical restriction w as
presum ably to m aintain a m ood of subdued reverence that differed from  popular (ñfolkò)
m usic that then, as now , elicits m ore carnal em otions pertinent to the needs, desires, and
disappointm ents of daily life.

In the M iddle A ges m usical tone collections w ere generally called ñm odesò in the
W est (Figure 7.1). A lthough the difference betw een a ñm odeò and a ñscaleò is largely
historical, the distinction persists in m usic theory today and can be confusing. M ode
refers to collections of tones thought to elicit a particular feeling or state, m uch like the
Indian ragas discussed in the next chapter. Scales is a m ore m odern term  for m usical
tone collections, as described in Chapter 6. The term  used depends on the m usical
context and period under consideration. In any event, the focus in recent centuries has
been on the seven-interval, eight-note collections in Figure 7.1.

A s m entioned earlier, perhaps a hundred different types of scales are used in m usic
today. In the M iddle A ges, how ever, the focus w as on form al perm utations of the
ascending sequence of w hole tone and sem itone intervals in seven-interval, eight-note
collections that led to these seven scales or m odes. Each w as nam ed retrospectively
after regions of ancient G reece for reasons that m ay have been related to the m usic of
those areas (there seem s to be no clear evidence on this point). Since the Renaissance,
these seven m odes have been collectively referred to as diatonic scales, w hich is just a
rubric for these particular tone collections.2



FIG U R E 7.1   M ajor and m inor m odes (or scales). (A) The seven diatonic scales, or ñm odes,ò highlighting
the Ionian (m ajor) and Aeolian (m inor) scales. Although the Ionian and Aeolian m odes have been
preem inent in W estern m usic since the sixteenth century, m ost of the other m odes continue to be used
today. For exam ple, the D orian m ode is used in plainchant and som e folk m usic, the Phrygian m ode is
used in flam enco m usic, and the M ixolydian is used in som e m odern jazz. The Lydian and Locrian
m odes are rarely used because the less consonant tritone takes the place of the perfect fourth between
the first and fourth scale degrees in the Lydian m ode, and of the perfect fifth between the first and fifth
scale degrees in the Locrian m ode. (B) The m ajor and m inor scales illustrated on a piano keyboard.
The difference between the two is that three notes in a m ajor scaleð the third, sixth, and seventh scale
degreesð are shifted down a sem itone in a m inor scale. (Although the sem itone, as pointed out in
Chapter 6, has no scientific standing, it rem ains a useful term  in discussing W estern and other m usical
traditions.)

O f the seven scale classes illustrated in Figure 7.1, the Ionian and the A eolian are the
m ost w idely used today and are referred to sim ply as the m ajor and m inor scales. O ne
reason for the prevalence of these tw o scalesð perhaps the m ain reasonð is their
distinctly different affective im pacts. O ther factors being equal (i.e., if played w ith the
sam e intensity, at the sam e tem po and w ith the sam e rhythm  and tim bre), m usic
em phasizing the tones of a m ajor scale tends to be perceived as relatively excited,
happy, bright, or m artial, w hereas m usic em phasizing the tones of a m inor scale tends to
be perceived as subdued, sad, dark, or w istful. There has been no agreem ent, how ever,
about how  and w hy these scales and the different sequences of intervals that distinguish
them  have distinct em otional effects.

A n Em pirical A nalysis of M ajor and M inor M usic



The em pirical differences betw een m ajor and m inor m usicð as opposed to the form al
distinctions m ade in m usic theoryð can be evaluated using databases of classical and
folk m elodies com posed in m ajor and m inor keys (Figure 7.2). In both classical and folk
genres, m ajor thirds m ake up about 16 or 17 percent of the notes in m ajor m elodies, but
less than 1 percent of the notes in m inor m elodies. This pattern is reversed for m inor
thirds, w hich com prise less than 1 percent of the notes in m ajor m elodies, but about 14
percent of the notes in m inor m elodies. The occurrence of m ajor and m inor sixths and
sevenths also distinguishes m ajor and m inor m usic by virtue of these sam e biases, but
less robustly.

Sorting out the necessary but som ew hat intrusive term inology tends to obscure the
obvious difference betw een m ajor and m inor scales, and the consequences for m usic
com posed in one or the other of these scale classes. W hether considered in relation the
tonic or root tone in harm onies, or to the preceding note in the m elody line of a piece,
m ajor m usic em ploys larger intervals m ore frequently than m inor m usic. W ith respect to
the m elody, the salient distinction betw een m ajor and m inor m usic is the prevalence of
w hole tone versus sem itone intervals. M ajor m usic is characterized by increased
num bers of m ajor seconds (w hole-tone intervals), and m inor m usic by an increased
num ber of m inor seconds (sem itone intervals). W ith respect to harm onies, m ajor m usic
em phasizes intervals that are further from  the tonic com pared to m inor m usic. The
upshot is that w hether in term s of harm ony or m elody, m ajor m usic tends to em phasize
larger tonal distances and m inor m usic sm aller ones.

FIG U R E 7.2   Frequency of occurrence of different intervals in m ajor (A) and m inor (B) W estern
classical and folk m usic. The biased use of chrom atic intervals that distinguish m ajor and m inor m usic
are highlighted, with red signifying m ajor intervals and blue m inor ones; the lighter colors indicate
intervals that m ake less salient contributions. As indicated in Chapter 6, none of the 12 chrom atic
intervals are prohibited in m usical com positions; the notes not form ally included in a given scale are
sim ply used sparingly and in special circum stances. (D ata are from  Bowling et al., 2010.)



C om parison of M ajor and M inor M usic w ith Speech

G iven the im plication in Chapter 6 that the tonal intervals used in dyads or m usical
scales have arisen because of their sim ilarity to hum an vocalization, how  then, if at all,
do these em pirical differences betw een m ajor and m inor com positions reflect the
differences of vocalization in particular em otional states?

In addressing this question, the sim plest com parison to m ake betw een m usic and
vocalization is of prosody, w hich in vocalization refers prim arily to the up and dow n
variations in pitch that occur in norm al speech, and is one of the w ays that em otion is
conveyed by the tones of any utterance (intensity, tem po, rhythm , tim bre, and sem antic
content being others). Individuals w ho by virtue of brain dam age lose the ability to
express em otion vocally tend to speak in a m onotone. Such syndrom es are typically due
to lesions of the right hem isphere in areas that, w ith respect to brain anatom y, roughly
correspond to the better (but incom pletely) understood language areas in the left
hem isphere (see A ppendix). The loss of prosody is a serious deficit, as is apparent if
you say ñI love you!ò in a m onotone.

FIG U R E 7.3   The distribution of tonal intervals in m onologues read by Am erican English speakers in
different em otional states. W hen uttered in an excited m anner the prosodic intervals in speech are
generally larger than when the sam e m onologues are spoken in a subdued m anner. The inset shows the
results in term s of intervals greater or sm aller than a m ajor second, indicated by the dashed lines in the
m ain graph. (D ata from  H an et al., 2011.)

A relevant com parison of the tw o dom ainsð m usic and speechð is thus betw een
variations in the tonal intervals that characterize m ajor and m inor m usic, and variations
in the prosody of speech uttered in an excited, happy state versus a subdued, sad state
(Figure 7.3). A lthough speech does not exhibit m usical intervals as such in any
em otional state (i.e., there are no peaks in the distributions of frequency intervals in
Figure 7.3 at the m usical intervals indicated along the abscissa of the graph), excited
speech entails larger intervals on average than subdued speech (and presum ably in
nonlinguistic vocalizations as w ell). Thus, speech prosody in excited and subdued



em otional states and the tonal variations that characterize m ajor and m inor m usic tend to
track each other, form ing one basis for associations m ade by listeners.

Com parison of M usic and Speech Spectra

A nother w ay to com pare m usical and vocal sound signals w ith respect to a rationale for
the em otional effects of m ajor and m inor scales is to assess the spectra of m ajor and
m inor scale tones in relation to the spectra of speech uttered in an excited or a subdued
state. A s outlined in C hapter 1, spectra indicate the distribution of energy at different
frequencies over a brief w indow  of tim e, an analysis that provides a different w ay of
m easuring the characteristics of m usical intervals and voiced speech that could lead to
associations m ade by listeners.

FIG U R E 7.4   The fundam ental frequencies of excited (red) and subdued (blue) voiced speech segm ents
for m ale and fem ale speakers. The participants were instructed to utter single words (A) or
m onologues (B) as if they were excited and happy (red), or conversely as if they were subdued and sad
(blue). The differences between the m ean fundam entals of excited and subdued voiced speech
segm ents are indicated. (After Bowling et al., 2010.)

In m usic, the ratio of the fundam ental frequency in the spectrum  of the higher note to
the fundam ental of the low er note defines each interval played, w hile the relative
prevalence of tones in a piece distinguishes w hether the com position is m ajor or m inor
(see Figure 7.2). In voiced speech, the fundam ental frequencies of vocal pitch are
equally im portant, conveying the em otional state of a speaker, as w ell as inform ation
about the speakerôs age, size, gender, and identity (see earlier).

Figure 7.4 show s the distributions of the fundam ental frequencies derived from  the
spectra of voiced speech segm ents for individual speakers uttering speech in an excited
versus a subdued m anner. The com parison show s, as one w ould expect, that the
fundam ental frequencies in excited speech are a good deal higher than those of subdued
speech.



A ssessing the relevant fundam entals in m usic is m ore com plicated in that m usical
intervals are defined by the ratio of the fundam ental frequencies of two tones (i.e., a
higher tone w ith respect to the low er one, w hich in a scale is the low  note or reference
tone). Thus, there is no single fundam ental as there is for a voiced speech sound. A s
described in Chapter 6, a w ay around this difference is to consider the com bined
harm onics of the notes as a single harm onic series, the fundam ental of the com bination
being the greatest com m on divisor. A s show n in Figure 7.5, the differences betw een the
fundam ental frequencies in m ajor and m inor m usic parallel the differences in
fundam ental frequencies evident in excited and subdued speech (cf. Figure 7.4).

FIG U R E 7.5   The fundam ental frequencies of two-tone com binations in W estern classical m usic (A) and
folk m usic (B). The m ean fundam ental frequency values (i.e., the com m on denom inator of the two
frequencies) for each distribution are indicated. The average fundam entals in m ajor m usic of both
genres are greater than those in m inor m usic. The relative narrowness of the data in (B) is a
consequence of less variation in the key signatures of folk m usic com pared to classical m usic. (After
Bowling et al., 2010.)

The m ain reason for the tonal distinctions betw een excited and subdued speech is the
fundam ental frequency of the speakerôs voice. W hen a speaker is excited, increased
m uscular tension acting on the vocal folds, the vocal tract, and the chest cavity raises the
fundam ental frequency of the signal and its prosodic variation; conversely, w hen a
speaker is subdued, decreased tension low ers the fundam ental frequency and decreases
prosodic variation (see Figure 7.3). In m usic, the tones in m inor m usic have less
variation in pitch height because of the prevalence of sm aller tonic and m elodic
intervals com pared to the intervals characteristic of m ajor com positions.

Com parison of M ajor and M inor M usic and Speech Form ant Ratios

A nother type of analysis uses the frequency ratios that distinguish m ajor and m inor
m usic com pared w ith the ratios of speech form ants. A s described in Chapter 3, form ants



are am plitude peaks in the harm onic series that characterize the spectrum  of any voiced
speech signal, and are generated by the resonances of the vocal tract above the larynx
(see Figure 3.2). The first tw o form ants (called F1 and F2) represent the m ost salient
resonances of the vocal tract and are necessary (and sufficient) for the production and
discrim ination of vow el sounds in any language. F2 / F1 ratios thus allow  particular
vow el sounds to be recognized as such across speakers w ith anatom ically different
vocal tracts (e.g., m en, w om en and children).

In excited speech, m ore form ant ratios correspond to those of m ajor seconds, thirds,
sixths, and sevenths, w hereas ratios corresponding to m inor seconds, thirds, sixths, and
sevenths are absent (Figure 7.6). In contrast, in subdued speech few er form ant ratios
correspond to m ajor seconds, thirds, sixths, and sevenths, w hereas m ore ratios
correspond to those of m inor seconds, thirds, sixths, and sevenths.

These parallel differences betw een the frequency of occurrence of form ant ratios in
excited and subdued speech and the ratios of the m usical intervals that distinguish m ajor
and m inor scales add further to the sim ilarity betw een speech in different em otional
states and the intervals that distinguish m ajor and m inor m usic, providing yet another
basis for associations betw een em otions expressed in m usic and em otions expressed in
speech.

Em otional Effects of O ther D iatonic Scales

W hy, then, is there little evidence about affective qualities conveyed by the five other
diatonic m odes in Figure 7.1?

O ne problem  that m ilitates against pursuing this issue is distinguishing other em otions
in term s that w ould allow  a com parison of their expression in speech and m usic. Figure
7.7 show s a standard w ay of parsing hum an em otional states. N otice, how ever, that a
num ber of different em otional states are subsum ed under the descriptors ñexcitedò and
ñsubduedò used in the studies described earlier in the chapter. Thus, in addition to
ñhappyò and ñsad,ò the classifier ñexcitedò includes em otional states such as ñalarm ed,ò
ñafraid,ò ñangry,ò and ñastonished.ò Sim ilarly, the classifier ñsubduedò w ould include
the em otional states called ñbored,ò ñtired,ò and ñgloom y.ò A lthough the term s excited
and subdued apply w ell enough w hen assessing the expression of these states in m usic,
attem pts to m ore specifically align other em otional states w ith the rem aining m odes in
Figure 7.1 or other scales w ould be a difficult task, even if one w ere to focus on genres
such as opera w here em otions are highlighted.



FIG U R E 7.6   Com parison of speech form ant ratios in different em otional states with the ratios that
define m usical intervals. (A, B) The distribution of form ant ratios in excited and subdued speech in
recordings of single words and m onologues. Yellow bars indicate ratios that fall within 1 percent of
chrom atic interval ratios (see Figure 4.2). G ray bars indicate ratios that do not correspond to
chrom atic intervals. (C, D ) Percentages of chrom atic intervals in (A) and (B) that correspond to the
intervals that distinguish m ajor and m inor m usic. Asterisks indicate significant differences. See text
for explanation. (After Bowling et al., 2010.)

FIG U R E 7.7   A diagram  of hum an em otional states. D iagram s like thisð called ñcircum plexò m odels of
em otionð are based on studies in which participants rate the words designating an em otion on a graph



where the horizontal axis specifies degree of arousal (i.e., activity versus torpor) while the vertical
axis specifies the degree of pleasantness or unpleasantness (the ñvalenceò) of an em otional state.
(From  Purves et al., 2013.)

A nother problem  is the subtlety of the em otional im pact conveyed by the rem aining
m odes in Figure 7.1, or any other scales, and the difficulty describing exactly w hat they
are. W hereas m ajor and m inor scales have been tied to excited and subdued em otional
states for at least several centuries (and no doubt m uch longer in practice), there is little
agreem ent about other associations betw een an em phasis on different tonal intervals in
m usic and their em otional consequences.

These caveats, how ever, should not obscure the evidence here that tones play the
sam e sort of role in generating em otions by im itation and association as do the dynam ic,
tem po, rhythm  and tim bre of a m usical piece.

Conclusion

For aspects of m usic that do not entail tonality such as intensity, tem po, rhythm  and
tim bre, the em otional quality of a com position is conveyed by im itating the w ay a given
em otion is expressed in hum an behavior, m otor behavior in particular. The sam e
im itative principle and the associations it elicits in listeners can likew ise explain the
affective im pact of the different tone collections. Thus, the acoustical characteristics of
speech in an excited state m ore closely reflect the intervals that define m usic in a m ajor
scale, w hereas the characteristics of subdued speech m ore closely reflect the intervals
em phasized in m inor m usic. The resulting associations betw een speech uttered in
different em otional states and the different tone collections used in m usic appear to
provide a biological basis for the em otions elicited.
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M usic and Speech across C ultures

A S A LR EA D Y EM PH A SIZED , the use of preferred subsets of chrom atic scale intervals is
characteristic of m any m usical traditions. H ow ever, as anyone w ho has traveled w idely
ð or sim ply dined in a Chinese restaurantð w ill have noticed that the w ay the sam e or
sim ilar tone collections are used differs m arkedly across cultures. M ost attem pts to
account for these differences betw een W estern, Eastern, and other traditions refer to
scale preferences, but this line of thinking raises the question of w hy particular sets of
intervals should be preferred in the first place. G iven the links betw een m usic and
vocalization docum ented in earlier chapters, a possible explanation is that cultural
differences in the w ay the sam e tonal sets are used arise because the tonal
characteristics of a cultureôs speech influence the tonal characteristics of its traditional
m usic. This chapter sum m arizes evidence that the characteristics of a cultureôs m usic are
indeed biased by the character of its language.

Tonal D ifferences am ong Languages

The use of tonality in speech varies greatly am ong languages. The m ost obvious exam ple
is the division of languages into tonal and non-tonal types. In tone languages, pitch
contours and levels convey the lexical m eaning of each syllable. For exam ple, Standard
M andarin (the lingua franca of China) uses five tones, referred to as ñhigh,ò ñrising,ò
ñfalling then rising,ò ñfalling,ò and ñlight tone,ò the latter being considered a ñneutralò
tone. The syllable ñm aò uttered as a high tone m eans ñm other.ò The sam e syllable
uttered w ith a rising tone m eans ñhem p,ò w ith a falling then rising tone ñhorse,ò and
w ith a falling tone ñscold.ò O ther tone languages, such as Vietnam ese and Thai are
sim ilar, but differ in the num ber of tones used to convey the lexical m eaning of a
syllable. M any other languages use tonal variations in a less com prehensive w ay (e.g.,



Japanese), or for different purposes (e.g., to indicate past and future, as in som e A frican
languages). In contrast, in non-tone languages (e.g., English, French, Spanish, G erm an,
Tam il) tone levels and / or syllabic contours do not affect lexical m eaning, although
syllabic stress is som etim es used to differentiate w ords w ith the sam e spelling, for
exam ple the English w ords CO N tent and conTEN T.

The use of tonality in speech and language is thus a continuum , w ith languages like
Standard M andarin and A m erican English defining extrem es in w hich tonality is used to
convey the m eaning of every syllable (M andarin) versus languages in w hich variations
convey only broader, generally non-lexical inform ation (English). These differences in
the uses of tonality in language presum ably explain the fact that a higher percentage of
M andarin speakers (estim ates vary w idely but are on the order of 30 percent) have
absolute or ñperfectò pitch (defined as the ability to identify a m usical tone w ithout
com parison to an explicit reference tone). In contrast, in non-tone language-speaking
cultures this ability is considered relatively rare, and is restricted to highly trained
m usicians. The im plication is that w hether or not a person has absolute pitch is largely a
m atter of tonal practice, w hether as m usic or language, particularly at an early age w hen
neuronal connections are far m ore m alleable than they are in adulthood.1

M usic and Speech in Tone Language and N on-tone Language Cultures

In considering these observations, a pertinent question is w hether differences in the
traditional m usic of tone and non-tone language cultures are related to the different uses
of tones in speech. To explore this issue, traditional m elodies can be com piled for tone
language and non-tone language cultures, and the tonal variations in speech com pared to
tonal variations in m usic.



FIG U R E 8.1   Analysis of tonal sequences in m usic. (A) The m usical notation of a few m easures of a
traditional Am erican m elody (ñH om e on the Rangeò). (B) The sam e m elody reform atted for analysis
of slope reversals and m elodic interval sizes. Yellow bars represent pitch heights in the m elody, with
open circles m arking the beginning and ending of a new level. Local m axim a (m ax) and m inim a (m in)
indicate levels where the slope of the m elodic contour reverses; m elodic interval size (M I) is the
vertical distance between successive pitch heights in the m elody, indicated by the dashed lines. (After
H an et al., 2011.)

Figure 8.1 show s how  tonal differences in m usic can be analyzed using sim ple
param eters such as the frequency of m elodic ñslopeò reversals and the size of m elodic
intervals. Slope reversals refer to changes in the direction of the contour of a m elody as
it unfolds, and interval ñsizeò refers to the difference in pitch height betw een successive
notes in a m elody.

Insofar as possible, speech is analyzed in the sam e w ay. For instance, Figure 8.2A
show s exam ples of em otionally neutral m onologues recorded from  readings by native
speakers of six different languages. Figure 8.2B indicates how  the analogous features of
speechð slope reversals in the prosodic contour and the size of the pitch height
differences betw een syllablesð are m easured.

Figure 8.3 com pares the num ber of m elodic slope reversals in the m usic of tone
language and non-tone language cultures w ith the num ber of prosodic slope reversals in



speech. The m edian num ber of m elodic slope reversals per one hundred notes is greater
in the m usic of tone language cultures com pared w ith non-tone language-speaking
cultures. Sim ilarly, the m edian num ber of prosodic slope reversals per one hundred
syllables is greater in the speech of tone language cultures than in non-tone language
cultures.

Figure 8.4A  com pares the size of m elodic intervals in the m usic of tone and nontone
language cultures w ith the size of prosodic intervals in speech. M elodic intervals in all
cultures are relatively sm all (0 to 500 cents), presum ably because intervals m uch
greater than a perfect fourth (500 cents) are harder to sing or play.2 This overall
tendency notw ithstanding, the distribution of m elodic intervals in tone and nontone
language cultures differs. The m usic of tone language cultures uses few er m elodic
intervals that are less than or equal to a sem itone (100 cents; 16 percent versus 37
percent) com pared w ith non-tone language cultures, and m ore larger intervals (200 to
500 cents; 84 percent versus 64 percent). The only inconsistency in the com parison is
the m ajor third (400 cents), w hich is used som ew hat m ore in the m usic of the non-tone
language cultures (in traditional W estern m usic, for exam ple).

Finally, the distribution of prosodic interval sizes in speech is show n in Figure 8.4B.
A s in m usic, there is a low er incidence of sm aller pitch changes (<200 cents) and a
higher incidence of larger changes (>200 cents) betw een adjacent syllables in tone-
language speech com pared w ith non-tone language speech.





FIG U R E 8.2   Analysis of tonal sequences (prosody) in speech. (A) Exam ples of m onologues read by
native speakers of the languages exam ined. (B) The sentence ñI applied for a job that would give m e a
good work experienceò spoken in Am erican English. The upper panel shows the sound signal generated
by the spoken sentence, with the fundam ental frequencies of the voiced speech segm ents shown in
yellow. The m iddle panel shows the fundam entals of the voiced portions of the syllables sim plified as
bars, and the lower panel shows the data with open circles m arking the beginnings and endings of the
bars. As in Figure 8.1, local m axim a (m ax) and m inim a (m in) indicate slope reversals in the prosodic
contour; the analog in speech of m elodic interval size (M I) is indicated by the vertical distance
between the pitch heights of successive tonal com ponents in the utterance. (After H an et al., 2011.)

In sum , the tonal patterns in m usic and speech again track each other, in this case
across the different cultures exam ined. The m usic of tone language cultures changes
pitch direction m ore frequently and uses larger m elodic intervals on average com pared
to the m usic of non-tone language cultures. Sim ilarly, the frequencies of occurrence of
changes in pitch direction and the size of the pitch intervals betw een subsequent
syllables are greater in tone language com pared to non-tone language speech. The
im plication is that the tonal character of a cultureôs speech influences the w ay tones are
used in its m usic, and perhaps vice versa.



FIG U R E 8.3   Slope reversals in the m usic and speech of a tone and non-tone language speaking culture.
(A) The num ber of m elodic slope reversals per 100 notes in the traditional m usic of the tone (red) and
non-tone (blue) language culture. Yellow lines indicate the m edian num ber of reversals; boxes indicate
the interquartile range and dashed lines the overall range. (B) The num ber of prosodic slope reversals
per 100 syllables in tone and non-tone language speech illustrated in the sam e way. (From  H an et al.,
2011. CC BY 3.0.)

FIG U R E 8.4   Com parison of interval sizes in the m usic and speech of tone and non-tone language
speaking cultures. (A) The distribution of m elodic interval size per m elody in the m usic of tone (red)
and non-tone (blue) language cultures (the overlap is shown in purple); the inset sum m arizes these data
in term s of intervals greater or sm aller than 200 cents (a m ajor second; dashed line in the m ain graph).
(B) The distribution of prosodic interval size in the speech of tone (red) and non-tone (blue)
languages. The inset again shows the percentage of prosodic interval sizes greater or sm aller than 200
cents. Asterisks indicate that the differences are statistically significant. (From  H an et al., 2011. CC
BY 3.0.)

The Expression of Em otion in Eastern and W estern M usic

A nother issue is w hether the relationship betw een the w ay em otion is expressed in
speech and in m usic holds for non-W estern cultures. A s explained in Chapter 7, in
W estern m usic the m ajor scale (the Ionian m ode) is typically used to convey excited,
happy, bright, or m artial feelings w hile the m inor scale (the A eolian m ode) is used to



convey subdued, sad, or darker em otional states. The preem inent em pirical difference
betw een these tone collections is that larger intervals tend to be used in m ajor m usic and
sm aller ones in m inor m usic. W hat then about the expression of em otion in classical
Eastern m usic? Is the sam e connection betw een m usic and speech tonalities apparent?

A n especially useful corpus in this regard is traditional South Indian Carnatic m usic,
in w hich the em otions conveyed by traditional ragas are specified (the H industani m usic
of N orthern India is m uch the sam e).3 Ragas, as briefly m entioned in C hapter 7, are
collections of tones analogous to scales or m odes in W estern m usic, but m ore elaborate
(Table 8.1). In addition to specifying a group of tonal relationships that tend to convey a
different em otional state, ragas also specify patterns of tonal m ovem ent and particular
w ays that notes are to be played. Thus, w hile using w hat is essentially the chrom atic
scale, som e additional variants are specified and used in different contexts. O ther
ornam ents called gam akas indicate notes that are to be ñshaken,ò or w here the m usician
is m eant to ñslideò to the next note. These elaborations are sim ilar to the stylized
ornam entation in seventeenth and eighteenth century Baroque m usic and other classical
genres in w hich vibrato, glissandos, trills, and other figures adorn m elodies in both sung
and played m usic. Less form al ornam entation is abundant today in popular W estern rock,
R& B, and blues m usic, in w hich m elism as, pitch bends, and glissandos are typical.
These less form al nuances in m usical pitch also seem  to im itate hum an vocalization in
different em otional states, although this possibility has not been studied.

Table 8.1   Tonal intervals in classical W estern m usic com pared to classical Indian m usic. (A fter
H an et al., 2011.)
A . T he 13 notes and 12 principal intervals used in South Indian C arnatic m usic over an octave
are indicated by the nam es in the first colum n (here and in Table 8.2, a dot above or below  the
abbreviated nam e indicates the octave above or below  the prim ary octave).
B . T he 13 notes and 12 intervals of the W estern chrom atic scale for com parison. T he nam es,
abbreviations, fundam ental frequency ratios in just intonation (JI), and interval sizes in both JI
and equal tem peram ent (ET ) are indicated. T he 12 principal intervals in the tw o system s are
sim ilar.

Interval size (cents)

Interval nam e (s)     A bbreviation  Frequency ratio  JI 12-TET

A . Tw elve-interval, thirteen-note system  used in C arnatic m usic
Sa  S  1 : 1  0 0
Shuddha R i  R 1  16 : 15  112 100
C hathusruthi R i, Shuddha G a  R 2,G 1  9 : 8  204 200
Shatsruthi R i, Sadharana G a  R 3,G 2  6 : 5  316 300
A nthara G a  G 3  5 : 4  386 400
Shuddha M a  M 1  4 : 3  498 500
Prati M a  M 2  45 : 32  590 600
Pa  Pa  3 : 2  702 700
Shuddha D ha  D 1  8 : 5  814 800



C hathusruthi D ha, Shuddha N i  D 2,N 1  27 : 16  906 900
Shatsruthi D ha, K aisiki N i  D 3,N 2  9 : 5  1,018 1,000
K akali N i  N 3  15 : 8  1,088 1,100
Sa   2 : 1  1,200 1,200

B . C hrom atic scale used in W estern m usic
Perfect unison  P1  1 : 1  0 0
M inor second  m 2  16 : 15  112 100
M ajor second  M 2  9 : 8  204 200
M inor third  m 3  6 : 5  316 300
M ajor third  M 3  5 : 4  386 400
Perfect fourth  P4  4 : 3  498 500
Tritone  tt  7 : 5  583 600
Perfect fifth  P5  3 : 2  702 700
M inor sixth  m 6  8 : 5  814 800
M ajor sixth  M 6  5 : 3  884 900
M inor seventh  m 7  9 : 5  1,018 1,000
M ajor seventh  M 7  15 : 8  1,088 1,100
Perfect octave  P8  2 : 1  1,200 1,200

Table 8.2   C om parison of Eastern ragas and W estern m ajor and m inor m odes.
A . C arnatic ragas com m only associated w ith positive/excited and negative/subdued em otion.
T he positive/excited ragas are taken to fall under the em otional them es (rasas) of happiness,
courage, pride and confidence. T he negative/subdued ragas are m ostly associated w ith the rasas
of disgust, depression and self-pity.
B . T he W estern m odes com m only associated w ith positive/excited and negative/subdued
em otion from  C hapter 7 for com parison. A bbreviations are those defined in Table 8.1.

Em otional them e    
N am e of raga (Indian) or
m ode (W estern)    

Interval nam es (abbr.) (ŷ = ascending)
(Ź = descending)    

N um ber of m elodies
exam ined

A . C arnatic Indian ragas
positive/excited  Bilahari  ŷ S, R 2, G 3, P, D 2,    51

    Ź , N 3, D 2, P, M 1, G 3, R 2, S   
  M ohanam  ŷ S, R 2, G 3, P, D 2,    42
    Ź , D 2, P, G 3, R 2, S   

negative/subdued
 
N aadanaam akriya

 
ŷ 3, S, R 1, G 3, M 1, P, D 1, N 3

 
    5

    Ź N 3, D 1, P, M 1, G 3, R 1, S, 3   
  Punnaagavaraali  ŷ 2, S, R 1, G 2, M 1, P, D 1, N 2    30
    Ź N 2, D 1, P, M 1, G 2, R 1, S, 2   
  Varaali  ŷ S, G 1, R 1, G 1, M 2, P, D 1, N 3,    57
    Ź , N 3, D 1, P, M 2, G 1, R 1, S   

B . W estern m odes
positive/excited  M ajor  ŷ P1, M 2, M 3, P4, P5, M 6, M 7, P8  566

    Ź P8, M 7, M S, P5, P4, M 3, M 2, P1   

negative/subdued
 
M inor

 
ŷ P1, M 2, m 3, P4, P5, m 6, m 7, P8

 376

Ź P8, m 7, m 6, P5, P4, M 3, M 2, P1

A s w ith m ajor and m inor W estern m odes, particular ragas are used to convey
different em otions. In H indu tradition, nine em otional them es (called rasas) are
described, and different ragas fall into one or another of these categories. Thus, the rasa



of joy, happiness, and m irth (called H asya), and the rasa of sadness, grief, and pity
(called Karuna), together w ith other rasas that express positive and excited or negative
and subdued em otional states, are sim ilar to the em otional states that are conveyed by
m ajor and m inor W estern m usical m odes, respectively (Table 8.2).

In com parison w ith the negative and subdued ragas, positive and excited ragas
em phasize m ajor tonic intervals, w ith approxim ately 20 percent m ore m ajor sixths, 15
percent m ore m ajor thirds, 11 percent m ore m ajor seconds, and 4 percent m ore unison
or octave intervals (Table 8.3A ). W ith respect to m elodic intervals, the m ain difference
is in m elodic m ajor seconds: positive and excited ragas exhibit 31 percent m ore m ajor
seconds than negative and subdued ragas.

Table 8.3   A n em pirical com parison of the interval differences used to convey em otion in
Eastern and W estern m usic. (From  B ow ling et al., 2012. C C  B Y  3.0.)
A . Intervals used in C arnatic ragas that express positive/excited em otions (red) com pared to
negative/subdued em otion (blue). W estern interval abbreviations are used for convenience;
asterisks indicate statistically significant differences.

A . Interval prevalence in C arnatic Indian m elodies
B in center
(cents)

   A pprox.
interval

 positive/excited raga
m elodies

   negative/subdued raga
m elodies

   D egrees of
freedom

   t-statistic    P-
values

   

Tonic intervals
positive/excited raga > negative/subdued raga

900*  M 6  19.9%  0%  192  39.66  2 Ĭ
10ī94

 

400*  M 3  16.8%  0.9%  192  27.36  3.5 Ĭ
10ī68

 

200*  M 2  17.5%  7.3%  192  11.87  0  
0 / 1,200*  P1 / P8  19%  14.9%  192  4.75  3.9 Ĭ

10ī6
 

700  P5  17.8%  16.7%  192  1.34  0.18  

positive/excited raga < negative/subdued raga
100*  m 2  0%  15.9%  192  ī23.56  1.5 Ĭ

10ī58
 

800*  m 6  0%  12.3%  192  ī19.39  4.1 Ĭ
10ī47

 

300*  m 3  0%  8%  192  ī7.3  6.7 Ĭ
10ī12

 

600*  tt  0%  6.6%  192  ī9.64  0  
500*  P4  3.7%  7.4%  192  ī3.58  4.4 Ĭ

10ī4
 

1,100*  M 7  4.5%  7.3%  192  ī3.29  1.2 Ĭ
10ī3

 

1,000*  m 7  0.8%  2.6%  192  ī4.23  3.6 Ĭ
10ī5

 

M elodic intervals
positive/excited raga > negative/subdued raga



200*  M 2  55%  23.2%  192  12.47  0  
300*  m 3  19.3%  87.%  192  8.37  1.2 Ĭ

10ī14
 

500*  P4  3.5%  1.5%  192  6.31  1.8 Ĭ
10ī9

 

700*  P5  0.7%  0.4%  192  2.15  0.032  
0  P1  11.5%  11.1%  192  0.38  0.71  
900  M 6  0.1%  0%  192  1.78  0.076  
> 1,200  > P8  0%  0%  192  1.33  0.18  

positive/excited raga < negative/subdued raga
100*  m 2  8.3%  48.7%  192  ī17.87  1.1 Ĭ

10ī42
 

400*  M 3  1.3%  5.5%  192  ī9.03  2.2 Ĭ
10ī16

 

600*  tt  0%  0.4%  192  ī3.68  3 Ĭ
10ī4

 

800*  m 6  0%  0.2%  192  ī1.9  0.058  
1,000  m 7  0.1%  0.1%  192  ī0.08  0.94  
1,100  M 7  0%  0.1%  192  ī0.72  0.41  
1,200  P8  0%  0.1%  192  ī0.82  0.49

B . W estern interval distributions for com parison. R ecall that ñtonic intervalò refers to an interval
in the context of harm ony w here the m etric is based on the reference note of the dyads in a scale
or the root tone of m ore com plex chords. ñM elodic intervalò refers to the frequency distance
betw een successive notes in a m elody line.

B . Interval prevalence in classical W estern m elodies
 B in center

(cents)
 A pprox.
interval

 M ajor
m elodies

M inor
m elodies

 D egrees of
freedom

 t-statistic  P-values

Tonic intervals
M ajor > M inor

 400*  M 3  18.1%  0.8%  202  32.42  0
 900*  M 6  8.4%  1.4%  202  16.12  0
 1,100*  M 7  7.7%  5.3%  202  5.06  5.1 Ĭ

10ī7
 0 / 1,200  P1 / P8  20.2%  19.7%  202  0.68  0.5

M inor < M ajor
 300*  m 3  0.9%  15.6%  202  ī36.98  0
 800*  m 6  0.6%  7.8%  202  ī20.97  0
 1,000*  m 7  0.7%  3.4%  202  ī9.56  0
 700  P5  19.2%  20.6%  202  ī2.01  0.05
 600  tt  1.2%  1.6%  202  ī1.53  0.13
 500  P4  10.1%  10.4%  202  ī0.46  0.65
 200  M 2  12.6%  12.8%  202  ī0.43  0.67
 100  m 2  0.4%  0.6%  202  ī1.29  0.2

M elodic intervals
M ajor > M inor

 200*  M 2  33.8%  26.9%  940  5.94  4.0 Ĭ
10ī9



 400*  M 3  7.4%  5.5%  940  3.66  2.7 Ĭ
10ī4

 0  P1  11.1%  10.7%  940  0.4  0.69
 500  P4  8%  7.6%  940  0.69  0.49
 900  M 6  1.4%  1.2%  940  1.06  0.29
 > 1,200  > P8  1%  0.9%  940  0.64  0.52
 1,200  P8  1.3%  1.2%  940  0.37  0.71
 1,000  m 7  0.4%  0.4%  940  0.62  0.53

M inor < M ajor
 100*  m 2  21%  28.2%  940  ī7.12  2.2 Ĭ

10ī12
 300*  m 3  9.8%  11.1%  940  ī2.01  0.044
 800*  m 6  1.3%  2%  940  ī2.76  5.9 Ĭ

10ī3
 600*  tt  0.5%  1.1%  940  ī3.01  2.7 Ĭ

10ī3
 700  P5  3%  3.3%  940  ī0.92  0.36
 1,100  M 7  0.1%  0.1%  940  ī0.12  0.9

In contrast, negative and subdued raga m elodies are characterized by an overall
increase in m inor intervals com pared w ith positive and excited raga m elodies.
N egative and subdued m elodies on average com prise 16 percent m ore m inor seconds,
13 percent m ore m inor sixths, 7 percent m ore m inor thirds, and 4 percent m ore tonic
m inor sevenths. O ther intervals that are m ore prevalent in negative and subdued ragas
are the tritone (6 percent m ore) and the perfect fourth (5 percent m ore). In term s of
m elodic intervals, negative and subdued ragas exhibit 40 percent m ore m elodic m inor
seconds than positive and excited ragas.

The upshot is that w hether in term s of tonic or m elodic intervals, positive and excited
ragas use larger intervals, w hereas negative and subdued ragas use sm aller ones. This
pattern of interval sizes used to express em otion in Carnatic m usic is thus m uch the sam e
as the pattern apparent in W estern m ajor and m inor m odes (see Table 8.3).

Expression of Em otion in Eastern and W estern Speech

The question that follow s is w hether these differences in m usic used to convey different
em otions also track differences in em otional speech across cultures, or at least this
particular com parison of Eastern and W estern cultures.

Figure 8.5 show s the distributions of prosodic interval sizes in positive and excited
com pared w ith negative and subdued speech in Tam il (the non-tone language spoken in
South India, w here Carnatic m usic arose) and A m erican English. A s m ight be expected
from  the evidence described in C hapter 7, prosodic intervals in positive and excited
speech are larger on average than prosodic intervals in negative and subdued speech in



both languages.
In short, the tonal characteristics of speech in different em otional states and the

characteristic intervals used to convey these feelings in m usic are m uch the sam e in this
exam ple of Eastern and W estern cultures.

FIG U R E 8.5   Prosodic intervals in Tam il (A) and Am erican English (B), based on analyses of m onologues
(above) and two-syllable utterances (below). As before, the distribution of positive/excited speech is
shown in red and of negative/subdued speech in blue; purple shows overlap. The dashed lines indicate
the boundary between intervals sm aller than a m ajor second (between the dashed lines) and intervals
that are larger. The upper panel in (B) is the sam e data shown in Figure 7.3. It is worth em phasizing
again that m usical intervals as such are not apparent in the prosodic variations of speech in either
language.

Conclusion

The co-variation of tonal characteristics in m usic and speech across cultures accords
w ith the intim ate relationship betw een these tw o form s of social com m unication. W ith
respect to the possible reasons for different of use of notes w ithin the sam e scales, the
characteristics of m usic and speech in tone-language and non-tone-language culture track
each other pretty w ell. Further supporting the connection betw een the tones used in
speech and those in m usic, the use of larger intervals, w hich are perceived as
em otionally positive and excited, versus sm aller intervals, w hich tend to be perceived
as em otionally negative or subdued, is also m uch the sam e in the tw o nontone language
cultures exam ined.
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Im plications

T H E G O A L O F NEUR O SC IENC Eð w hether in audition or any other dom ainð is to understand
the operation of anim al nervous system s, the hum an brain in particular. A nd in m ost
respects, this effort has been a great success. The cellular and m olecular basis of neural
signaling is w ell understood; the connectivity of the brains of m any species is know n in
detail; the functional properties of individual neurons and circuits in num erous nervous
system s have been thoroughly described; and observing neural activity in the brains of
hum ans carrying out various tasks is now  routine. In one respect, how ever,
understanding the brain has been deeply elusive: despite a w ealth of inform ation and
technology, the link betw een the physical w orld and the odd w ay w e perceive it is not
understood. By the sam e token, alm ost nothing is know n about biological basis of w hy
w e like som e sensory inputs (stim uli) m ore than others (i.e., aesthetic preferences). This
last chapter focuses on w hat tonal m usic as biology im plies about these and other
broader issues.

Im plications for M usical Phenom enology and A esthetics

A  them e in previous chapters is that a biological fram ew ork for understanding tonal
m usic can rationalize a range of m usical phenom enology that conventional m usic theory
cannot. M ost accounts of m usical tonality can be traced back to the m athem atical ratios
first prom oted by Pythagoras, w ho according to legend found that subjectively pleasing
tone com binations are generated by plucking strings w hose lengths or tensions are
related by sm all integer ratios. These ratios define m usical unison, octaves, fifths, and
fourths. O ther frequency ratios w ere form ally included in W estern theory (and other
traditions) over the centuries, leading eventually to the thirteen-note / tw elve-interval
chrom atic scale that defines the set from  w hich m uch m usic is draw n today.



B eginning w ith the scientific insights in the Renaissance and culm inating w ith the
w ork of H elm holtz in the nineteenth century, subjectively pleasing (consonant) tone
com binations w ere recognized as ratios of the fundam ental frequencies of vibrating
strings or air colum ns, putting m usical tonality and instrum ent tuning on a physical
footing. M usic on the basis of subjective preferences for particular ratios based on m ath
and physics does not, how ever, explain any of the puzzles in m usic taken up in previous
chapters. M oreover, this w ay of looking at m usic flirts w ith a tautology: the m usical tone
com binations w e like are used to explain w hy w e like m usical tone com binations.

The biological perspective laid out here offers a w ay to resolve these deficiencies by
taking tonal m usic to be, at bottom , a consequence of our inherent attraction to tones,
driven by the evolutionary advantages of recognizing and responding to conspecific
vocalizations.1 G iven this fram ew ork, understanding the phenom enology of tonal m usic
becom es a lot easier. The salient phenom ena that m ake m ore sense w hen looked at in
this w ay are consonance and dissonance, m usical scales, the special role of octaves, the
sm all num ber of scales hum ans use, the sm all num ber of tones in scales, w hy scales
have ñhom e baseò reference tone, m usical tension and resolution, w hy m usical tones
convey em otion, and w hy tonal palettes vary across cultures.

A  biologically based understanding of tonal preferences also provides insight into the
evolution of a sense of tonality in the first place, its extension over the eons to tonal
m usic, the lim ited m usicality of other species, and even hum an aesthetics. W hereas data
about preferences in other art form s are hard to generate and discuss in scientific term s,
m usic provides an abundance of carefully docum ented inform ation that indicates w hat
w e hum ans have been and are attracted to. These data in turn allow  exploration of w hy
these attractions exist and w hat science m ight have to say about aesthetics, w hich have
generally been relegated to the hum anities.

C hapter 5 on consonance and dissonance, Chapter 6 on m usical scale preferences
and their characteristics, Chapter 7 on the em otions inspired by different scales, and
Chapter 8 on the sim ilarities and differences in tonal preferences across cultures all
point in the sam e direction. W e like tonal stim uli that help us detect and interpret hum an
and other anim al vocalizations, and dislike (or better said, like less) tone com binations
that indicate less clearly a voiced sound source and its significance. The basis of tonal
preferences in the art form  w e call m usic is, in this conceptual fram ew ork, the degree to
w hich the sound signals accord w ith the tonal characteristics of hum an vocalization, the
harm onic series of voiced phones in particular.

Im plications for A uditory Physiology and A natom y



The biological im portance of recognizing conspecific sound signals based on vocal
sim ilarity accords w ith the physiology and anatom y that is being pursued in auditory
system s of nonhum an prim ates and other experim ental anim als. For exam ple, m any
neurons in the auditory cortex of m onkeys are driven not only by fundam ental
frequencies of a tone, but by integer m ultiples of that frequency (i.e., by its harm onics).
M oreover, w hen tested w ith tw o-tone com binations (dyads), m any neurons show
stronger excitation or inhibition w hen the tones are related as integer m ultiples (i.e. by
octave intervals). These findings led physiologist X iaoqin W ang w orking at Johns
H opkins to propose that responding to harm onics is an organizing principle of the
prim ate auditory cortex.2 A dding to this evidence, other researchers have described a
region in the anterior tem poral lobe of m acaque m onkeys that responds specifically to
the variety of calls that these anim als use to com m unicate socially.3

Readers w ill have noticed, how ever, that little has been said in the book about
regions of the hum an brain that support responses to m usic, despite the fact that m any
studies have addressed this issue over the past couple of decades using functional
m agnetic resonance im aging, electroencephalography, transcranial m agnetic stim ulation,
as w ell as clinical evidence from  neurological patients. W hile these studies are
certainly of interest, the results have show n that m any poorly understood brain regions
that also serve other neural functions are activated by m usic.4

Thus, interpreting the role of the various cortical and subcortical structures activated
by listening to or perform ing m usic (or any other stim uli for that m atter) rem ains a
difficult challenge. This w ork has been w ell sum m arized in a num ber of review s; those
by Robert Zatorre and colleagues at M cG ill University listed at the end of the chapter
are especially recom m ended.

Im plications for M usicality in O ther Species

Social com m unication using vocal sound signals has been am ply docum ented in m any
species, including species of am phibians, birds, w hales, dolphins, other m am m als, and
non-hum an prim ates. W hy then is tonal m usic absent or at least very lim ited in other
anim als?

If the hum an sense of tonal consonance derives from  the biological im portance of the
inform ation conveyed by conspecific vocalization, other anim als that generate sound
signals that entail harm onics seriesð including the species just m entionedð should also
be attracted to a uniform  harm onic series for the sam e reasons w e are: an indication of
anim acy, conspecific anim acy and its biological significance in particular. In principle
then, lots of species have the w herew ithal to m ake tonal m usic.



W hat seem s to be m issing is the social learning that drives hum an culture, w hich has
evolved in hum ans to a far greater degree than in other anim als. The term  culture of
course carries a good deal of baggage. A lthough its definition is debated, learning from
parents and peers (social learning) lies at the core of argum ents about the sim ilarities
and differences betw een hum an culture and the sim pler versions of culture in other
species.5 W hereas hum an culture depends critically on w hat w e are taught by parents,
teachers and peers, social learning in other species, although it clearly exists, is
obviously lim ited.

A bsent the vastly increased social learning that has led to speech and language in
hum an culture and all that has follow ed therefrom , tonal expression as w e know  it in
m usic should be lim ited in other anim als, as it appears to be. A lthough m any anim als can
discrim inate pitches, m onkeys can recognize transposed m elodies by octave sim ilarity,6

and som e birds produce a few  m usical intervals,7 that seem s to be about the extent of
non-hum an m usicality.

Im plications for the O peration of Sensory System s in G eneral

Since the m id-tw entieth century, the focus of sensory neuroscience has been on the
properties of neurons in the relevant input system s and the neural circuits they form  in
experim ental anim als. The seem ingly sensible assum ptions underlying this approach are
that perception arises from  neural m echanism s that encode stim ulus features, filter out
redundant or otherw ise less im portant inform ation, and com bine w hat rem ains to
represent a ñsparseò version of external reality m ediated by the population activity of
functionally specific neurons in the brainôs sensory cortices. It seem s self-evident that
the goal of neural processing in any sensory m odality, audition included, should be to
accurately reveal the physical properties of the local environm ent so that successful
behavior can follow .

A s pointed out in Chapter 1, how ever, the problem  w ith this assum ption is that
neither the real w orld nor its significance for behavior is specified by the energy that
im pinges on biological sensors. Figure 9.1 illustrates this problem  in vision in m uch the
w ay Figure 1.4 illustrated the problem  in audition. The reason for bringing up vision
here is that this confounding issue has been far m ore extensively studied in the visual
system , w here it is easier to understand both the problem  and its apparent resolution.
M oreover, the sim ilar quandary in another m odality im plies that evolution has had to
resolve the sam e challenge in all sensory system s. The quandary is that stim uli derived
from  electrom agnetic radiation, local atm ospheric pressure changes, or any other form
of biologically usable energy in the environm ent could have arisen from  m any



com binations of physical sources. This fact precludes m apping stim ulus features back
onto physical reality. The inform ation needed to do this is sim ply not available to
biological sensing system s.8 Inform ation about physical sources, how ever, is w hat
anim als need to succeed in the w orld.

FIG U R E 9.1   An exam ple of why the physical sources of visual stim uli cannot be apprehended in vision.
Lum inance values in retinal stim uli are determ ined by illum ination and reflectance, as well as a host of
other physical factors (e.g., atm ospheric transm ittance, spectral content, occlusion, distance, object
orientation, and m any m ore). These physical param eters, however, are conflated in light stim uli,
precluding biological m easurem ents of the objective world in which perceptions and other behaviors
m ust play out. (After Purves and Lotto, 2011; cf. Figure 1.4.)

Since w hat w e see, hear, and otherw ise perceive in response to the energy affecting
peripheral sensors w orks quite w ell as a guide to behavior, the idea that objects and
conditions in the environm ent cannot provide inform ation about the physical w orld m ay
be difficult to credit. B ut despite our deeply held belief that the w orld w e experience
via the senses represents reality, it does not. The universal discrepancies betw een the
objective w orld and our subjective im pression of it are not hard to appreciate,
especially in vision, w here they have been m uch better docum ented than in audition.9 A s



an standard exam ple, Figure 9.2 dem onstrates the strange relationship betw een
lum inance (a physical m easure of light intensity) and lightness (the perceived lightness
or darkness of object surfaces). W hat w e see is clearly not w hat physical instrum ents
like photom eters m easure.

These puzzling observations in vision and audition im ply that w e contend w ith the
inherently uncertain m eaning of stim uli by generating perceptions that have been
determ ined em pirically by trial and error. Perceptual responses w ill have been
rew arded or not according to their ultim ate contribution to behavior and reproductive
success. A s diagram m ed in Figure 9.3, the result of evolutionary and lifetim e learning is
that perceptions end up tracking the frequency of occurrence sensory input patterns, not
physical reality. In sim plistic term s,10 perceptual and other behavioral responses to
stim uli w ould have been m ade random ly at first. O ver tim e, how ever, useful responses
w ould have been selected for, w hile those that contributed less to the success of the
species w ould have been w eeded out. By gradually ranking the qualities seen or heard
over a subjective range that had proven useful in responding to recurring stim ulus
patterns, w e and other anim als w ould have succeeded in the w orld despite being unable
to m easure reality (see Figure 9.1).11



FIG U R E 9.2   D ifferences between objective m easurem ents of light and perception. Although the target
patches in the inset have the sam e lum inance and appear the sam e in a ñneutralò setting, there is a
striking perceptual difference in lightness when the patches are viewed in the scene with context. This
phenom enon and others like it are not ñillusionsò but the inevitable outcom e of the way hum ans
evolved to perceive any and all patterns of lum inance in retinal im ages, which cannot be m apped back
to their physical sources. (After Purves and Lotto, 2011; cf. Figure 9.1.)

FIG U R E 9.3   H ow and why the frequency of occurrence of stim ulus patterns predicts perceptions. Early
in evolution, different behaviorally significant input patterns are associated with responses m ade m ore
or less random ly by trial and error. As evolution progresses, however, sensory inputs are gradually
linked to perceptual (and other behavioral) outputs based on their contribution to survival and
reproductive success. As a result, the frequency of occurrence of stim ulus patterns and the evolving
agentôs responses to them  eventually accord with (and can be used to predict) their perception (e.g., the
lightness values we see in Figure 9.2, or the auditory qualities we hear as loudness, pitch and tim bre).
(After Purves et al., 2014.)

A lthough inputïoutput equivalence in any trial-and-error process is never reached,
after sufficient evolution and lifetim e learning the function that describes the input
should approxim ate the function that describes the output, w hich includes perception.
O nce evolution of a sensory system  has brought the inputïoutput functions into
approxim ate alignm ent, the frequency of occurrence of stim ulus input patterns should
predict w hat w e see, hear, or otherw ise experience subjectively. A nd since the m etrics
of reproductive success differ fundam entally from  m etrics of the physical w orld, the
observed discrepancies betw een objective m easures and subjective percepts are
expected.

This strategy im plies that pre-neural apparatus in the sensory periphery and all
related sensory system  circuitry have evolved to serve the sam e overriding purpose: to
rank-order the subjective qualities w e perceive (and responses to stim uli generally)



according to their prom otion of survival and reproductive success. A lthough linking
objective and subjective dom ains in this w ay does not bring perceived values closer to
the relevant physical param eters (see Figure 9.2), the strategy endow s us and other
agents w ith the ability to perceive and act in w ays that lead to biological success
w ithout having to access physical reality as such.

Im plied M echanism s

G enerally speaking, the biological m echanism s underlying this em pirical w ay of
understanding sensory system s and perception are w ell know n. The driving force that
instantiates the links betw een sensory stim uli and reproductive success during the
evolution of a species is natural selection: random  changes in the structure and function
of the sensory system s in ancestral form s have persisted or not in descendants according
to how  w ell they serve the reproductive success of the agent w ho harbors the variants.
A ny configuration of pre-neural apparatus and neural circuitry that m ediated m ore
successful responses to stim uli w ill increase am ong m em bers of a population, w hereas
less useful circuit configurations and operations w ill not. The significance of this
conventional statem ent about the phylogeny of any biological system  is sim ply the
existence of a w ell-established m echanism  for instantiating and updating the em pirical
associations that underlie perceptions and other behavioral responses.

N eural circuitry is of course m odified over the lifetim es of individuals according to
particular experience by the m echanism s of neural plasticity, taking advantage of
inform ation that allow s individuals to benefit from  their circum stances in innum erable
w ays. W hat w e learn over the course of a lifetim e is not, how ever, heritable.12 C ontent,
including the m usic w e experience, is passed on to future generations by m eans of
culture. Thus it is evolutionary experience that does the heavy lifting in this w ay of
explaining how  sensory system s circum vent the inverse problem  illustrated in Figures
1.4 and 9.1.

Im plication That A udition and O ther Sensory System s A re Reflexive

A further im plication of this strategy is that perceptions and other behaviors are
reflexive. A lthough the concept of ñreflexò has alw ays been im precise, it alludes to
behaviors such as the ñknee-jerkò response that depend on the autom atic transfer of
inform ation from  sensory input to m otor (or other) output via circuitry established by
feedback from  behavioral success. The advantages of reflex responses are clear enough:
once natural selection and the m echanism s of neural plasticity have done their w ork
over evolutionary and individual tim e, the nervous system  can respond to sensory or



other inputs w ith greater speed and accuracy.
It does not follow , how ever, that reflex responses m ust be ñsim ple,ò that they are

lim ited to m otor acts, or that they entail only ñlow er orderò neural circuitry. Charles
Sherrington, w ho pioneered the study of reflex circuits in the early tw entieth century,
w as w ell aw are that the concept of a ñsim pleò reflex is, in his w ords, a ñconvenient é
fiction.ò A s he pointed out, no part of the nervous system  acts w ithout affecting other
parts, how ever rem ote. M oreover as alluded to earlier, cortical neurons are not lim ited
to perform ing a single task. It follow s that an enorm ous num ber of interacting neural
influences m ust be taken into account for the optim al execution of even the basic reflex.

There is no evidence that responses to sensory input based on feedback from
behavioral outcom es, no m atter how  com plex, differ in any im portant w ay from  a spinal
reflex or the reflexive regulation of hom eostatic processes by the autonom ic com ponents
of m am m alian nervous system s. A lthough the concatenation of neural circuitry and brain
regions involved m ay be far m ore extensive in cognitive functions like perception,
understanding them  as responses based on connections previously established by
em pirical success m akes good biological sense.

Conclusion

M usical tonality understood in term s of our attraction to sound signals that are sim ilar to
hum an vocalization (i.e., that conform  to a harm onic series) can rationalize m any issues
that conventional m usic theory cannot. The m ost im portant of these issues are
consonance and dissonance, m usical scales and their organization, the num ber of scales
used, the special role of the octave, the num ber of tones in scales, w hy a reference tone
acts as a m usical ñhom e base,ò m usical tension and resolution, how  m usical tones
convey em otion, and the tonal palettes of different cultures. Like other sensory qualities
that hum ans find attractive, m usic is evidently based on a subjective preference for
auditory stim uli that have prom oted reproductive success, in this instance by recognizing
the biologically critical inform ation conveyed by conspecific vocalizations. A lthough
this reinvention of tonal m usic theory as biology is unlikely to have gotten everything
right, it seem s a step tow ard the goal of understanding m usic in a m ore rational w ay.
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A PPE N D IX
A n O verview  of the H um an A uditory System

This prim er is m uch abbreviated and am ended inform ation from  Chapter 13 of Purves et
al., Neuroscience, 5th edition (2012), and Chapter 4 of Purves et al., Principles of
Cognitive Neuroscience, 2nd edition (2013). It is presented here to give readers a
general idea of the sensory system  that, am ong other things, is critical for an
appreciation of m usic. It should be understood, how ever, that other brain system s such
as those that generate em otion and speech are also involved. Thus the relationship
betw een the structure and function of the hum an auditory system  and m usic is only part
of a com plex anatom ical and physiological story that is not w ell understood.

The Ear

In hum ans and other m am m als, the auditory system  transform s m echanical energy carried
by the m ovem ent of air m olecules into neural signals that ultim ately give rise to the
perceptual qualities w e hear, as described in Chapter 1. The first stage of this
transform ation entails pre-neural effects produced by the external ear and the m iddle ear
(see Figure 1.1). By virtue of their anatom y and resonance properties, these structures
collect, filter, and am plify sound energy so that stim uli of particular ecological
im portance (e.g., vocalizations) are transm itted w ith greater em phasis and efficiency.
Thus, the odd-looking cartilaginous structures of the external ear, called the concha and
pinna, function m uch like an old-fashioned ñear trum petò to collect and focus sound
energy, w hile the resonance of the ear canal helps filter out the less relevant aspects of
sound signals. The three bones of the m iddle ear link the resulting deflections of the
tym panic m em brane (eardrum ) to the inner ear, further enhancing the energy transm itted
to the inner ear at the oval w indow . This bony m echanism  betw een the eardrum  and oval
w indow  enhances pressure in m uch the sam e w ay that the pressure on the plunger of a
syringe is increased at the bore of the needle.

The Cochlea



To reiterate som e of the anatom ical points m ade in Chapter 1, the oval w indow  m arks
the entry to the cochlea, w hich houses the neural receptor apparatus of the inner ear (see
Figure 1.1). The m ajor features of the cochlea, so nam ed because the overall shape of its
bony shell is sim ilar to that of a snail (cochlea m eans ñspiral shellò in Latin), are the
basilar m em brane and its em bedded receptor cells, the hair cells. The m ovem ent of the
oval w indow  is transm itted to the fluid in the cochlea, w hich in turn m oves protrusions
on the tips of the hair cells called stereocilia. The m ovem ent of the stereocilia
depolarizes the m em brane of the hair cells, leading to the release of transm itter
m olecules from  their basal ends, w hich in turn elicits synaptic potentials and, if these
are sufficient, action potentials in the endings of the axons that form  the auditory nerve.
The relevant neuronal cell bodies are in the nearby spiral ganglion (see again Figure
1.1).

A ction potentials in auditory nerve fibers convey inform ation about the frequency,
am plitude, and phase of sound stim uli to the auditory processing regions of the brain,
leading eventually to the prim ary auditory cortex and higher-order auditory cortices (see
Figure A .1). The frequency and intensity of a given sound signal are transduced,
respectively, by the region of the basilar m em brane that is m ost affected by a stim ulus
and the am plitude of the deflection. These spatially specific responses of the basilar
m em brane rely on its m echanical properties: the stiffer portion near the oval w indow
m oves in response to relatively high frequencies, w hile the m ore com pliant portion at
the cochlear apex reacts to low  frequencies (see Figure 2.1).



FIG U R E A .1   The prim ary auditory pathway, showing the m ajor stations of the hum an auditory system .
The insets indicate the levels at which the cross sections in the diagram  are taken. O nly the ascending
pathways are shown; there are equally com plex descending pathways at every processing level.

The Prim ary A uditory Pathw ay

The prim ary auditory pathw ay show n in Figure A .1 begins w ith the hair cells in the



cochlea and entails further processing in the cochlear nuclei in the brainstem , the
inferior colliculi in the m idbrain, and the m edial geniculate nuclei of the thalam us before
arriving at the prim ary auditory cortex (see below ).

The first stage of central auditory processing occurs in the cochlear nucleus in the
rostral m edulla of the brainstem , the initial target of the auditory nerve axons that convey
inform ation from  the basilar m em brane. From  there, peripheral auditory inform ation
diverges into a num ber of parallel pathw ays that project to one or m ore of several
targets:

The superior olivary com plex, the first place that inform ation from  the tw o ears
interacts, is the site of the initial processing of cues that allow  listeners to localize
sound signal sources in space.

A xons from  the neurons of the cochlear nucleus also project to the inferior colliculus
in the m idbrain, a m ajor integrative center and the first place w here auditory
inform ation interacts w ith the m otor system  to initiate auditory-guided behavior (e.g.,
turning the head tow ard a sound in order to see w hat caused it).

N eurons in the cochlear nuclei also send projections to the nucleus of the lateral
lem niscus in the m idbrain, w hose neurons process tem poral aspects of sound stim uli
that are also involved in locating sound signal sources in space.

A s in the case of the other the m ajor sensory m odalities (w ith exception of olfaction),
inform ation from  these stations in the brainstem  and m idbrain is sent to the thalam us,
w here it is further processed and relayed to the prim ary auditory cortex. The relevant
thalam ic target in this case is the m edial geniculate nucleus, a station hom ologous to the
lateral geniculate nucleus in the prim ary visual pathw ay. H ow  these thalam ic nuclei alter
the incom ing inform ation is unclear

The A uditory Cortices

The auditory cortices are located in the superior tem poral lobe and adjacent regions of
the parietal lobe. Like the other sensory cortices, the auditory cortex is divided into
prim ary and secondary regions (Figure A .2). The prim ary auditory cortex (also called
A 1) lies on the superior aspect of the tem poral lobe along the superior tem poral gyrus,
and is defined by being the m ajor cortical recipient of the thalam ic projections. The
adjoining areas of the tem poral and parietal lobes com prise the secondary auditory
cortex (called A 2; the auditory cortical areas surrounding the prim ary auditory cortex
are also referred to as ñbeltò areas). These secondary regions are w here higher-order



auditory processing occurs, including the processing germ ane to understanding speech
sounds and the recognition and com prehension of w ords (see below ). These auditory
areas are thus sim ilar sensory association areas w here m ore com plex integrative
processing of stim uli occurs. These secondary areas com bine inform ation from  other
sensory m odalities as w ell as from  additional brain regions.

A n im portant feature of the prim ary auditory cortex is its tonotopic arrangem ent,
w hich accords w ith the tonotopy of the basilar m em brane: in both instances neurons are
selective for particular stim ulus frequencies and arranged from  low  to high in an orderly
ñm ap.ò The higher-order processing of sound stim uli that gives rise to auditory percepts
occurs in the secondary auditory cortex adjacent to A 1, w hich is roughly analogous to
the cortical areas adjacent to V1 in the visual system  of S1 in the som atic sensory
system . A s show n in Figure A .3, the tonotopic arrangem ent in A 1 is reiterated at least
tw ice m ore in these higher-order areas.

Inform ation from  both ears is processed in both hem ispheres, although there is a
slight tendency tow ard greater hem ispheric processing of signals originating in the
opposite ear. This bilateral processing is in contrast to the visual or som atic sensory
system s in w hich inform ation arising from  one side of the visual field or the body is
processed in the opposite hem isphere.

 



FIG U R E A .2   Location and tonotopic organization of the prim ary auditory cortex.

H igher-O rder Cortical Processing

A s in other sensory system s, higher-order auditory cortical areas tend to be specialized
for processing particular categories of inform ation based on biological im portance
(Figure A .3; see also C hapters 2 and 3).

The clearest evidence about the organization of these specialized secondary areas
involves areas devoted to speech and tonal processing in both hum ans and non-hum an
prim ates. Som e key discoveries about these higher-order auditory specialization are:

An area adjacent to A1 in the superior and posterior region of the tem poral lobe
called W ernickeôs area. This region links speech sounds to their m eanings. Thus
patients w ith lesions in this general region of the left hem isphere tend to suffer a
particular language deficiency called com prehension aphasia, in w hich the affected
individuals are able to produce fluent speech, but unable to use w ords in the correct
w ay (i.e., the m eanings are garbled). This disorder contrast w ith the production
aphasia due to dam age of the m otor areas in the left frontal lobe (m eanings are clear
but fluent production is slow  and halting)

Functional m agnetic resonance im aging (fM RI) evidence for the existence of an
area of auditory cortex that is particularly concerned with the m otion of auditory
signals. This specialization for processing inform ation about sound sequences in
space is arguably sim ilar to the specialization of som e regions of secondary
(extrastriate) visual cortex for processing im age sequences that give rise to the visual
m otion.



Anim al studies showing that im portant ñnaturalò sound stim uli are further
processed in especially well-developed cortical areas in m any species. In hum ans, it
has been know n for m ore than a century that the regions used to process speech
sounds are not only overrepresented but also lateralized (see above). Thus, speech
sound processing is predom inantly carried out in the left hem isphere in m ost people,
w hereas the processing of other environm ental sound stim uli occurs in both
hem ispheres.

The processing of tonal harm onics evident in the belt areas of nonhum an prim ates.
A s m entioned in Chapter 9, electrophysiological recordings in m onkeys show  that
m any neurons are driven not only by the fundam ental frequencies of tones, but also by
integer m ultiples of their fundam ental frequencies. M any belt area neurons also
respond to stim uli that are m issing the fundam ental frequency of a harm onic series,
m uch like this psychophysical phenom enon in hum ans (see C hapter 4).

N eurons in the auditory cortex of non-hum an prim ates that are especially
responsive to conspecific vocalizations. These observations show  that the general
im portance of vocal sounds that lack language. In som e studies, anim als are
specifically responsive to different types of calls, suggesting the roots of hum an
language in other extant prim ates.

Auditory nerve axons tuned to broadband stim uli characteristic of the sounds
anim als hear in nature. Such responses are also consistent w ith the idea that natural
sound signals are m ore fully and efficiently processed than sound stim uli created in
the laboratory.
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