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The basis of musical consonance has been debated for centuries without resolution. Three interpretations have been considered: (i) that
consonance derives from the mathematical simplicity of small integer ratios; (ii) that consonance derives from the physical absence of
interference between harmonic spectra; and (iii) that consonance derives from the advantages of recognizing biological vocalization and
human vocalization in particular. Whereas the mathematical and physical explanations are at odds with the evidence that has now accumu-
lated, biology provides a plausible explanation for this central issue in music and audition.
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Why we humans hear some tone combina-
tions as relatively attractive (consonance)
and others as less attractive (dissonance) has
been debated for over 2,000 years (1-4).
These perceptual differences form the basis
of melody when tones are played sequen-
tially and harmony when tones are played
simultaneously.

Musicians and theorists have long consid-
ered consonance and dissonance to depend
on the fundamental frequency ratio between
tones (regularly repeating sound signals that
we perceive as having pitch). A number of
studies have asked listeners to rank the
relative consonance of a standard set of two-
tone chords whose fundamental frequency
ratios range from 1:1 to 2:1 (Fig. 1A) (5-8).
The results show broad agreement about
which chords are more consonant and which
less (Fig. 1B). But why two-tone combina-
tions with different frequency ratios are dif-
ferently appealing to listeners has never
been settled.

In what follows, we discuss the major ways
that mathematicians, physicists, musicians,
psychologists, and philosophers have sought
to rationalize consonance and dissonance,
concluding that the most promising frame-
work for understanding consonance is evo-
lutionary biology.

Consonance Based on Mathematical
Simplicity

Most accounts of consonance begin with the
interpretation of Greek mathematician and
philosopher Pythagoras in the sixth century
BCE. According to legend, Pythagoras showed
that tones generated by plucked strings
whose lengths were related by small integer
ratios were pleasing. In light of this observa-
tion, the Pythagoreans limited permissible
tone combinations to the octave (2:1), the

WWW.pnas.org/cgi/doi/10.1073/pnas.1505768112

perfect fifth (3:2), and the perfect fourth
(4:3), ratios that all had spiritual and cos-
mological significance in Pythagorean phi-
losophy (9, 10).

The mathematical range of Pythagorean
consonance was extended in the Renaissance
by the Italian music theorist and composer
Geoseffo Zarlino. Zarlino expanded the Py-
thagorean “tetrakys” to include the numbers
5 and 6, thus accommodating the major third
(5:4), minor third (6:5), and major sixth (5:3),
which had become increasingly popular in
the polyphonic music of the Late Middle
Ages (2). Echoing the Pythagoreans, Zarlino’s
rationale was based on the numerological
significance of 6, which is the first integer that
equals the sum of all of the numbers of which
itisamultiple (1 +2+3=1X2x3=
6). Additional reasons included the natural
world as it was then understood (six “planets”
in the sky), and Christian theology (the world
was created in 6 days) (11). According to one
music historian, Zarlino sought to create “a
divinely ordained natural sphere within
which the musician could operate freely”
(ref. 10, p. 103).

Although Pythagorean beliefs have long
been derided as numerological mysticism, the
coincidence of numerical simplicity and
pleasing perceptual effect continues to in-
fluence music theory and concepts of con-
sonance even today (12, 13). The idea that
tone combinations are pleasing because they
are simple, however, begs the question of
why simple is pleasing. And theories of
consonance based on mathematical simplic-
ity have no better answer today than did

Pythagoras.

Consonance Based on Physics
Enthusiasm for mathematical explanations
of consonance waned during the scientific

revolution in the 17th century, which in-
troduced a physical understanding of musi-
cal tones. The science of sound attracted
many scholars of that era, including Vincenzo
and Galileo Galilei, Renee Descartes, and
later Daniel Bernoulli and Leonard Euler.
Vincenzo Galilei, who had studied under
Zarlino, undermined theories based on
mathematical simplicity by demonstrating
the presence of more complex ratios in
numerologically “pure” scales (e.g., 32:27
between the second and fourth tones of
Zarlino’s justly tuned major scale). He also
showed that simple ratios do not account for
consonance when their terms express the
relative weights of hammers or volumes
enclosed in bells, as proponents of mathe-
matical theories had assumed. Galileo con-
firmed his father’s work, and went on to
show that, properly conceived, the terms of
consonant ratios express the frequencies at
which objects vibrate (10).

At about the same time, interest grew in
the sounds produced by vibrating objects that
do not correspond to the pitch of the fun-
damental frequency. Among the early con-
tributors to this further issue was the French
theologian and music theorist Marin
Mersenne, who correctly concluded that the
pitches of these “overtones” corresponded to
specific musical intervals above the funda-
mental (10). A physical basis for overtones
was provided shortly thereafter by the
French mathematician and physicist Joseph
Sauveur, who showed that the overtones of a
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Fig. 1. The relative consonance of musical intervals. (A) The equal tempered chromatic scale used in modern
Western and much other music around the world. Each interval is defined by the ratio between a tone’s fundamental
frequency and that of the lowest (tonic) tone in the scale. In equal temperament, small adjustments to these ratios
ensure that every pair of adjacent tones is separated by 100 cents (a logarithmic measure of frequency). (B) The
relative consonance assigned by listeners to each of the 12 chromatic intervals played as two-tone chords. The filled
black circles and dashed line show the median rank for each interval; colored circles represent data from ref. 5; open
circles from ref. 6; crosses from ref. 7; open squares from ref. 8. These data were collected between 1898 and 2012, in

Germany, Austria, the United Kingdom, the United States, Japan, and Singapore.

plucked string arise from different vibrational
modes and that their frequencies are neces-
sarily integer multiples of the fundamental
(Fig. 2). By the early 19th century, further
contributions from Bernoulli, Euler, Jean le
Rond d’Alembert, and Joseph Fourier had
provided a complete description of this
“harmonic series,” which arises not only from
strings, but also from air columns and other
physical systems (14).

The ratios among harmonic overtones also
drew the attention of the 18th century French
music theorist and composer Jean-Philippe
Rameau, who used their correspondence to
musical intervals to conclude that the har-
monic series was the foundation of musical
harmony (14). He asserted that all physical
objects capable of producing tonal sounds
generate harmonic vibrations, the most
prominent being the octave, perfect fifth, and
major third. For Rameau, this conclusion
justified the appeal of the major triad and
made consonance a direct consequence of
musical ratios naturally present in tones.
Dissonance, on the other hand, occurred
when intervals did not easily fit into this
harmonic structure (2, 14).

Despite these earlier insights, the major
contributor to modern physical theories of
consonance and dissonance was the 19th
century polymath Hermann von Helmholtz,
whose ideas are still regarded by many as the
most promising approach to understanding
these phenomena (15). Helmholtz credited
Rameau and d’Alembert with the concept of
the harmonic series as critical to music but
bridled at the idea that a tone combination
is consonant because it is natural, arguing

that “in nature we find not only beauty but
ugliness. .. proof that anything is natural
does not suffice to justify it esthetically” (ref.
16, p. 232). He proposed instead that con-
sonance arises from the absence of “jarring”
amplitude fluctuations that can be heard in
some tone combinations but not others. The
basis for this auditory “roughness” is the
physical interaction of sound waves with
similar frequencies, whose combination gives
rise to alternating periods of constructive and
destructive interference (Fig. 3). Helmholtz
took these fluctuations in amplitude to be
inherently unpleasant, suggesting that “in-
termittent excitation” of auditory nerve fibers
prevents “habituation.” He devised an algo-
rithm for estimating the expected roughness

1 2 3 4 5 6
Vibrational mode number

of two-tone chords and showed that the
combinations perceived as relatively consonant
indeed exhibited little or no roughness,
whereas those perceived as dissonant had
relatively more. Helmholtz concluded that
auditory roughness is the “true and suffi-
cient cause of consonance and dissonance
in music” (ref. 16, p. 227).

Studies based on more definitive physio-
logical and psychophysical data in the 20th
century generally supported Helmholtz’s
interpretation. Georg von Békésy’s map-
ping of physical vibrations along the basilar
membrane in response to sine tones made it
possible to compare responses of the inner
ear with the results of psychoacoustical
studies (17, 18). This comparison gave rise
to the idea of “critical bands,” regions ~1 mm
in length along the basilar membrane within
which the inner ear integrates frequency in-
formation (19-21). Greenwood (18) related
critical bands to auditory roughness by
comparing estimates of their bandwidth to
the psychophysics of roughness perception
(22). The result suggested that tones falling
within the same critical band are per-
ceived as rough whereas tones falling in dif-
ferent critical bands are not (see also ref. 23).
A link was thus forged between Helmholtz’s
conception of dissonance and modern
sensory physiology, and the phrase “sensory
dissonance” was coined to describe this
synthesis (24-26). The fact that perceived
roughness tracked physical interactions on
the basilar membrane was taken as support
for Helmbholtz’s theory.

Despite these further observations, prob-
lems with this physical theory were also ap-
parent. One concern is that perceptions of
consonance and dissonance persist when the
tones of a chord are presented independently
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Fig. 2. The harmonic series generated by a vibrating string. (A) Diagram of the first 10 vibrational modes of a string
stretched between fixed points. (B) A spectrogram of the frequencies produced by a vibrating string with a funda-
mental frequency of 100 Hz. Each of the dark horizontal lines is generated by one of the vibrational modes in A. The
first mode gives rise to the fundamental at 100 Hz, the second mode to the component at 200 Hz, the third mode to
the component at 300 Hz, etc. These component vibrations are called harmonics, overtones, or partials and their
frequencies are integer multiples of the fundamental frequency. Note that many ratios between harmonic frequencies
correspond to ratios used to define musical intervals (cf. Fig. 1A).
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Fig. 3. Auditory roughness as the basis of dissonance and its absence as the basis of consonance. (A) Acoustic
waveforms produced by middle C, C#, and their combination (a minor second) played on an organ. Small differences
in the harmonic frequencies that comprise these tones give rise to an alternating pattern of constructive and de-
structive interference perceived as auditory roughness. (B) Waveforms produced by middle C, G, and their combi-
nation (a perfect fifth). Helmholtz argued that the relative lack of auditory roughness in this interval is responsible for

its consonance.

to the ears, precluding physical interaction
at the input stage and greatly reducing the
perception of roughness (6, 27-29). Another
problem is that the perceived consonance of
a chord does not necessarily increase when
roughness is artificially removed by synthe-
sizing chords that lack interacting harmonics
(30). Moreover, although the addition of
tones to a chord generally increases rough-
ness, chords with more tones are not neces-
sarily perceived as less consonant. Many
three- and four-tone chords are perceived as
more consonant than two-tone chords de-
spite exhibiting more auditory roughness
(Fig. 4) (8, 26, 30).

Perhaps the most damning evidence
against roughness theory has come from
studies that distinguish roughness from
consonance, showing that the perception of
consonance and roughness are independent.
McDermott et al. (29) examined the re-
lationship between consonance and rough-
ness by asking participants to rate the
“pleasantness” of consonant and dissonant
chords, as well as pairs of sine tones with
interacting fundamental frequencies pre-
sented diotically (both tones to both ears) or
dichotically (one tone to each ear). For each
participant, the difference between their rat-
ings of consonant and dissonant chords was
used as a measure of the strength of their
preference for consonance. Participants with
a strong consonance preference rated con-
sonant chords as more pleasing than disso-
nant chords whereas participants with a weak
consonance preference rated consonant and
dissonant chords as being more or less sim-
ilar. Likewise, the differences between ratings
of diotically and dichotically presented sine
tone pairs were used to calculate the strength
of a participant’s aversion to auditory
roughness. The results showed that, across

Bowling and Purves

participants, the strength of consonance
preferences was not significantly related to
the strength of aversion to roughness, sug-
gesting that these two aspects of tone per-
ception are independent.

Building on this result, Cousineau et al.
(31) played the same stimuli to participants
with congenital amusia, a neurogenetic dis-
order characterized by a deficit in melody
processing and reduced connectivity be-
tween the right auditory and inferior frontal
cortices (32-34). In contrast to a control
group, amusics showed smaller differences
between ratings of consonant and dissonant
chords but did not differ with respect to the
perception of auditory roughness. The fact
that amusics exhibit abnormal consonance
perception but normal roughness perception
further weakens the idea that the absence of
roughness is the basis of consonance. Al-
though most people find auditory roughness
irritating and in that sense unpleasant, this
false dichotomy (rough vs. not rough) ne-
glects the possibility that consonance can be
appreciated apart from roughness. By anal-
ogy, arguing that sugar tastes sweet because it
is not sour misses that sweetness can be ap-
preciated apart from sourness.

Consonance Based on Biology

A third framework for understanding con-
sonance and dissonance is biological. Most
natural sounds, such as those generated by
forces like wind, moving water, or the
movements of predators or prey, have little
or no periodicity. When periodic sounds do
occur in nature, they are almost always sound
signals produced by animals for social com-
munication. Although many periodic animal
sounds occur in the human auditory envi-
ronment, the most biologically important for
our species are those produced by other

humans: hearing only a second or less of
human vocalization is often enough to form
an impression of the source’s sex, age, emo-
tional state, and identity. This efficiency re-
flects an auditory system tuned to the
benefits of attending and processing conspe-
cific vocalization.

Like most musical tones, vocalizations are
harmonic. As with strings, vocal fold vibra-
tion generates sounds with a fundamental
frequency and harmonic overtones at integer
multiples of the fundamental. The presence
of a harmonic series is thus characteristic of
the sound signals that define human social
life, attracting attention and processing by
neural circuitry that responds with special
efficiency. With respect to music, these facts
suggest that our attraction to harmonic tones
and tone combinations derives in part from
their relative similarity to human vocaliza-
tion. To the extent that our appreciation of
tonal sounds has been shaped by the benefits
of responding to conspecific vocalization, it
follows that the more voice-like a tone
combination is, the more we should “like” it.

Although the roots of this idea can be
traced back to Rameau (14), it was not much
pursued until the 1970s when Ernst Terhardt
argued that harmonic relations are learned
through developmental exposure to speech

® Dyads
® Triads

® Tetrads

M2-M3-P5

Perceived

1
2.0 4.0 6.0 8.0 10.0

Roughness score

Fig. 4. Auditory roughness versus perceived conso-
nance. Roughness scores plotted against mean conso-
nance ratings for the 12 possible two-tone chords (dyads),
66 three-tone chords (triads), and 220 four-tone chords
(tetrads) that can be formed using the intervals of the
chromatic scale. The labeled chords highlight an example
of a rough chord (the tetrad comprised of a major second,
major third, and perfect fifth) that is perceived as more
consonant than a chord with less roughness (the major-
seventh dyad). The chord stimuli were comprised of syn-
thesized piano tones with fundamental frequencies tuned
according to the ratios in Fig. 1A and adjusted to maintain
a mean frequency of 262 Hz (middle C). Roughness scores
were calculated algorithmically as described in ref. 4.
Consonance ratings were made by 15 music students at
the Yong Siew Toh Conservatory of Music in Singapore
using a seven-point scale that ranged from “quite disso-
nant” to “quite consonant.” (Data from ref. 8.)
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Fig. 5. Musical intervals in voiced speech. The graph

shows the statistical prominence of physical energy at dif-
ferent frequency ratios in voiced speech. Each labeled peak
corresponds to one of the musical intervals in Fig. 1A. The
data were produced by averaging the spectra of thousands
of voiced speech segments, each normalized with respect
to the amplitude and frequency of its most powerful
spectral peak. This method makes no assumptions about
the structure of speech sounds or how the auditory system
processes them; the distribution simply reflects ratios em-
phasized by the interaction of vocal fold vibration with the
resonance properties of the vocal tract. (Data from ref. 36.)

(15). According to his “virtual pitch theory,”
this learning process results in an auditory
system that functions as a harmonic pat-
tern matcher, recognizing harmonic rela-
tions between the components of tones and
associating them with physical or virtual
fundamental frequencies (35). Although
Terhardt proposed that virtual pitches ac-
count for several aspects of tonal music, he
did not consider virtual pitch an explanation
for the relative consonance of tone combi-
nations, which, following Helmholtz, he
explained by the absence of roughness (15).

A direct exploration of musical conso-
nance based on experience with vocalization
was not undertaken until the turn of the
century. To approximate human experience
with vocal tones, Schwartz et al. (36) ex-
tracted thousands of voiced segments from
speech databases and determined their
spectra. When the frequency values were
expressed as ratios and averaged across seg-
ments, popular musical intervals appeared as
peaks in the distribution (Fig. 5). Further-
more, the prominence of these peaks (mea-
sured in terms of residual amplitude or local
slope) tracked the consonance ranking
depicted in Fig. 1B. Although musical ratios
can be extracted from any harmonic series,
these observations show that the intervals
we perceive as consonant are specifically

different arrangements, only a relatively small
number of scales are used to create music. To
address this issue, a related study developed a
method for assessing how closely the spectra
of two-tone chords conform to the uniform
harmonic series that characterizes tonal vo-
calization (Fig. 64) (37). By applying this
measure iteratively to all of the possible two-
tone chords in a given scale and calculating
an average score, the overall conformance of
any scale to a harmonic series could be
measured. The results for millions of possible
pentatonic and heptatonic scales showed that
overall harmonic conformity predicted the
popularity of scales used in different musical
traditions (Fig. 6B). Although the primary
aim of this study was to rationalize scale
preferences, the analysis also predicts the
consonance ranking in Fig. 1B (see table 1 in
ref. 37).

The importance of harmonic confor-
mity in consonance was also examined by
McDermott et al. (29) and Cousineau et al.
(31). In addition to assessing the strength
of consonance preferences and aversion to
roughness, these authors evaluated the
strength of preferences for “harmonicity.”
Participants rated the pleasantness of single
tones comprising multiple frequency com-
ponents arranged harmonically (i.e., related
to the fundamental by integer multiples) or
inharmonically (i.e., not related to the fun-
damental by integer multiples); the difference

between these ratings was used to calculate
the strength of their preference for harmon-
icity. In contrast to roughness aversion, the
strength of the participants’ harmonicity
preferences covaried with the strength of
their consonance preferences (29). Similarly,
Cousineau et al. found that the impairment
in consonance perception observed in par-
ticipants with amusia was accompanied by a
diminished ability to perceive harmonicity
(31). Unlike the control group, the amusics
considered harmonic and inharmonic tones
to be equally pleasant.

Finally, the importance of harmonics in
tone perception is supported by auditory
neurobiology. Electrophysiological experi-
ments in monkeys show that some neurons
in primary auditory cortex are driven not
only by tones with fundamentals at the
frequency to which an auditory neuron is
most sensitive, but also by integer multiples
and ratios of that frequency (38). Further-
more, when tested with two tones, many
auditory neurons show stronger facilitation
or inhibition when the tones are harmoni-
cally related. Finally, in regions bordering
primary auditory cortex, neurons are
found that respond to both isolated funda-
mental frequencies and their associated
harmonic series, even when the latter is
presented without the fundamental (39).
These experiments led Wang to propose
that sensitivity to harmonic stimuli is an
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Fig. 6.

The conformity of widely used pentatonic and heptatonic scales to a uniform harmonic series. (A) Schematic

representations of the spectra of a relatively consonant (perfect fifth) and a relatively dissonant (minor second) two-
tone chord. Blue bars represent the harmonic series of the lower tone, red bars indicate the harmonic series of the
upper tone, and blue/red bars indicate coincident harmonics. Gray bars indicate the harmonic series defined by the
greatest common divisor of the red and blue tones. The metric used by Gill and Purves (37) defined harmonic con-
formity as the percentage of harmonics in the gray series that are actually filled in by chord spectra (for another metric,
see “harmonic entropy” in ref. 4). (B) When ranked according to harmonic conformity, the top ten pentatonic and
heptatonic scales out of >40 million examined corresponded to popular scales used in different musical traditions.
(Data from ref. 37.)

emphasized in vocal spectra.

Appreciation of vocal similarity in musical
tones also seems to have influenced the scales
that humans prefer as vehicles for music.
Although the human auditory system is ca-
pable of dividing an octave into billions of
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organizational principle of the auditory
cortex in primates, with the connections of
at least some auditory neurons determined
by the harmonics of the frequency they re-
spond to best (40).

Although current neuroimaging technolo-
gies lack the combined temporal and spatial
resolution to observe harmonic effects in
humans, functional MRI studies suggest an
integration of harmonic information com-
parable with that observed in nonhuman
primates (41-43), as does the nature of hu-
man pitch perception (44).

Some Caveats

Whereas the sum of present evidence sug-
gests that recognizing harmonic vocalization
is central to consonance, this interpretation
should not be taken to imply that vocal
similarity is the only factor underlying our
attraction to musical tone combinations. In-
deed, other observations suggest that it is not.
For example, experience and familiarity also
play important roles. The evidence for con-
sonance preferences in infants is equivocal
(45-51). It is clear, however, that musical
training sharpens the perception of har-
monicity and consonance (29). Furthermore,
many percussive instruments (e.g., gongs,
bells, and metallophones) produce periodic
sounds that lack harmonically related over-
tones, indicating that tonal preferences are

not rigidly fixed and that interaction with
other factors such as rhythmic patterning
also shapes preferences.

Another obstacle for the biological in-
terpretation advanced here is why conso-
nance depends on tone combinations at all,
given that isolated tones perfectly represent
uniform harmonic series. One suggested ex-
planation for our attraction to tone combi-
nations rather than isolated tones is that
successfully parsing complex auditory signals
generates a greater dopaminergic reward
(26). Another is that tone combinations im-
ply vocal cooperation, social cohesion, and
the positive emotions they entail (52, 53).
Another possibility is that isolated harmonic
tones are indeed attractive compared with
other sound sources, but irrelevant in a mu-
sical context.

Finally, several studies have explored con-
sonance in nonhuman animals, so far with
inclusive and sometimes perplexing results
(54-58). For example, male hermit thrush
songs comprise tones with harmonically re-
lated fundamental frequencies, despite the
fact that their vocalizations do not exhibit
strong harmonics (58). The authors argue
that rather than attraction to conspecific vo-
calization, small-integer ratios may be more
easily remembered or processed by the au-
ditory system, an idea for which there is also

some support in humans (50). Based on the
evidence reviewed here, however, it seems
fair to suggest that any species that generates
harmonics in vocal communication possesses
the biological wherewithal to develop a sense
of consonance. What seems lacking is the
evolution of the social and cultural impetus
to do so.

Conclusion

The basis for the relative consonance and
dissonance of tone combinations has long
been debated. An early focus was on math-
ematical simplicity, an approach first attrib-
uted to Pythagoras. In the Renaissance,
interest shifted to tonal preferences based on
physics, with Helmholtz’s roughness theory
becoming prevalent in the 19th and 20th
centuries. Although physical (and to a lesser
degree mathematical) theories continue to
have their enthusiasts, neither accounts for
the phenomenology of consonance or ex-
plains why we are attracted to tonal stimuli.
In light of present evidence, the most plau-
sible explanation for consonance and related
tonal phenomenology is an evolved attraction
to the harmonic series that characterize
conspecific vocalizations, based on the bi-
ological importance of social sound signals.
If correct, this explanation of consonance
would rationalize at least some aspects of
musical aesthetics.
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