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Abstract

The origins of music remain obscure. Here it is pointed out that the outer hair cells in the cochlea lie approximately in a regular, hexagonal ar-
ray, so it appears significant that important musical ratios - in particular the semitone, octave, perfect fifth, and major third - appear in the rel-
ative distances between adjacent cells. The speculation made here is that if the intercell distances are inherently tuned in this way, then incom-
ing sound could initiate reverberating activity between the cells, and a musical ratio could be signaled by simultaneous standing waves in one
cell-cell distance and in another which adjoins it. Essentially, the spacings between the cells might correspond to the lengths of miniature,
musically tuned cavities.

This speculative model of cell-cell interaction can explain recent observations that the human cochlea spontaneously emits low-level sound at in-
tervals close to a semitone, and that the hearing thresholds of some subjects exhibit a whole “keyboard” of semitone-like intervals. These re-
cent findings are striking, and appear more than coincidence. They prompt the key question, why? A possible answer may lie, it is suggested,
with the distinct 2-dimensional geometry of the outer hair cells in the plane of the basilar membrane, which commonly exhibits a 19° align-
ment. This angle corresponds to a relative distance of 1.06, which is close to a semitone. It is pointed out that the same geometry which gen-
erates a natural semitone also produces other musically significant ratios. Perhaps, then, music might be an innate property of the human au-
ditory system - and hence that there might be a natural basis for preferred musical intervals.

Natural theories have often been criticised, with some saying that music is a learned faculty and depends only on culture. However, evidence
has accumulated that there do seem to be musical universals, and therefore that music might indeed have a natural basis, most commonly
thought to be via some neural processing in the brain. The explanatory model put forward here as the basis for further exploration suggests
that musical analysis might actually begin in the periphery - in the cochlea itself.
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UNA TEORIA NATURAL DE MUSICA BASADA EN LAS RESONANCIAS
MICROMECANICAS ENTRE LAS CELULAS SENSORIALES DE LA COCLEA

Resumen

El origen de la musica sigue sin estar claro. En este articulo inicialmente se quiere remarcar que las células auditivas externas de la c6clea es-
tan en una disposicion hexagonal casi regular, por lo que parece importante que los intervalos musicales bésicos - en particular el semito-
no, la octava, la quinta justa y la tercera mayor - aparezcan en las distancias correspondientes entre las células adyacentes. Esto, nos lleva a
lanzar la hipdtesis que, si las distancias entre las células se ajustan inherentemente de esta manera, entonces el sonido entrante puede iniciar
una reverberacion entre las células y, un intervalo de musica dado puede sefializarse mediante ondas estacionarias simultaneas entre una cé-
lula y la otra y en células adyacentes. Basicamente, el espacio entre las células puede corresponder a las longitudes de los resonadores en mi-
niatura musicalmente sincronizados.

Este modelo especulativo de la interaccién célula-célula puede explicar las observaciones recientes de que la coclea humana emite espontanea-
mente un sonido de bajo nivel cerca de los semitonos y que los umbrales de audicion en algunas personas muestran todo el "teclado” de los
intervalos similares a semitonos. Estos descubrimientos recientes son sorprendentes y parecen mas que accidentales. Surge la pregunta: ;por
qué? Quizas la respuesta a esta pregunta esté relacionada con la clara geometria bidimensional de las células ciliadas externas en el plano de la
membrana basal, que generalmente muestra una disposicion de 19 grados. Este angulo corresponde a una distancia relativa de 1.06, que esta
cerca de un semitono. Cabe sefialar que la misma geometria que crea un semitono natural también crea otros intervalos importantes en la
musica. Quizas, por lo tanto, la musica es una caracteristica innata del sistema auditivo humano y, por lo tanto, puede haber una base natu-
ral para los intervalos musicales preferidos.

Las teorias naturales a menudo han sido criticadas y algunos dicen que la musica es una habilidad aprendida y que depende solo de la cul-
tura. Sin embargo, se ha acumulado bastante evidencia de que probablemente haya universales musicales y, por lo tanto, que la musica pue-
de tener un fondo innato que a menudo se asocia con el procesamiento natural en el cerebro. El modelo presentado en este articulo, que es la
base para futuras investigaciones, sugiere que el analisis de la musica en realidad puede comenzar en la parte periférica, en la coclea misma.

Palabras clave: semitono « coclea « emision otoactstica espontdnea « umbral auditivo « células ciliadas externas « neurofisiologia
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ECTECTBEHHAA TEOPUA MY3bIKI, OCHOBAHHA HA
MUKPOMEXAHMYECKNX PESOHAHCAX MEXIY CEHCOPHbIMMU
KIIETKAMMU B YJIMTKE

AHHOTaIMA

IIponcxoXKeHne My3bIKM OCTAeTCsl He 10 KOHIIA IIOHSITHBIM. B 3TOM McCieoBaHMm 0OTMe4aeTcsi, YTO BHEIIHNUE CIIyXOBbIe K/IETKMI
B Y/IINTKE HAXOAATCSA B IOYTH IPABUIBHOM, IIECTUYTONBHOM PACIONIOXEHNN, IOITOMY IPeICTAB/IAETCA BaXXHBIM, YTO OCHOBHBIE
My3bIKaJIbHbIe MHTEPBAJIBI - IOJIyTOHA, OKTABa, YMCTasl KBUHTA U OO/IbLIAsi TEPLVIS - ITOSB/ISIOTCSA Ha COOTBETCTBYIOLIMX UM pac-
CTOSHUAX MEX/Y COCETHUMM KaeTKamu. I1o MHEHIIO aBTOPOB CTaTbM, €C/IN PACCTOSHME MEXAY KIeTKaMy 110 CBOEl MPUPOJe «Ha-
CTPOEHO» MEHHO TaKUM 00pa3oM, TO IOCTYHAIOLINIT 3BYK MOXKET BBI3BIBATH PE30HAHC MEXAY KJIeTKaMM, U JAHHbBII My3bIKa/Ib-
HBII1 MHTEPBAJI MOXKET CUTHATN3MPOBATHCA IMOCPEACTBOM OfHOBPEMEHHBIX BOJIH, CTOALINX MEX/y OFHOI U APYroil KIeTKaMu U B
coceHUX KJIeTKaX. B uTore, paccrosiHne Me>XXay KIeTKaMy MOXKET COOTBETCTBOBATD [JIMHE MMHMATIOPHBIX, MY3bIKa/IbHO HACTPO-
€HHBIX PE30HATOPOB.

OTa CHeKy/IATHBHASA MOJe/b B3aMMOJIE/ICTBIUSA KJIETKa — K/IeTKa MOYKeT 0ObACHUTD HeflaBHMe HAOMIONEHN)s O TOM, UTO YIUTKA YeloBe-
Ka CaMOIIpOM3BOJ/IPHO U3JaeT HU3KOYACTOTHBIN 3ByK, 6HV[3KI/I]}‘I K l'IOTIyTOHaM, 7 9TO IOPOTM CIABIIIVMOCTI y HEKOTOPBIX JIIOJICI‘/l IIOKa-
3bIBAIOT BCIO «KTABMATYPY» MHTEPBAJIOB ITOXOXKMX Ha MOTYTOHA. JJaHHOE OTKPBITHE YAMBUTENIBHO U KaXKeTCsA 6o/iee 4eM CITyqaiiHbIM.
Bosuukaet Bompoc: nmoyemy? Bo3MoXHO, OTBeT Ha 3TOT BOIPOC CBA3aH C YETKOJ JIByMEpPHOIl reOMeTpyeil Hapy>KHBIX BOTOCKOBBIX
K/IETOK B IVTOCKOCTM 6asy/IsApHOI MeMOpaHbI, KOTOPas OOBIYHO PACIIONOXeHa II0f YIIIoM 19 rpafycoB. DTOT yrol COOTBETCTBYET OT-
HOCHUTENIbHOMY paccTosaHmio 1,06, kotopoe 61mm3ko k nomyrony. CregyeT OTMETUTD, YTO Ta e caMas TeOMeTpUs, KOTopas CO3JaeT
€CTeCTBEHHBIN ITOTYTOH, TAK)Ke CO3J)aeT APyTue BaKHbIe MHTEPBa/Ibl B My3bIKe. BO3SMOXKHO, IT03TOMy MY3bIKa AB/IAETCA BPOXK/IEH-
HOJI 0COOEHHOCTBIO CTyXOBOJ CHCTEMBI Ye/IOBeKa M, CIeflOBaTe/IbHO, MOXET CYIeCTBOBATh €CTECTBEHHAsl OCHOBA LA IIPEINOYTH-
TEeNTbHbBIX MY3bIKa/TbHBIX MHTEPBAJIOB.

EcrecTBeHHBIE TeOpUNU 4aCTO MOABEPraloTCsA KPUTHUKE, U CYLIECTBYIOT YTBEPXKIEHM, YTO MY3bIKa - 9TO IOTYYeHHBII HaBbIK U 3aBU-
CUT TOTBKO OT KynbTypbl. OfHAaKO, €CTh J0Ka3aTeNbCTBA TOTO, YTO, BEPOATHO, CYyLeCTBYIOT MYy3bIKa/JIbHble YHUBEPCAIUN, U, TAKUM
06pa3oM, My3bIKa IeICTBUTENBHO MOXET MIMETh BPOXX/JEHHYI0O OCHOBY, KOTOpPasi Yallje BCETo CBsI3aHa C eCTeCTBEHHOI paboToil MO3-
ra. Mopienb, IpefcTaBlIeHHasA B 9TOM CTaTbe, KOTOPas AB/AETCA OCHOBOM /1A HaMbHENIINX MICC/IefOBAHNIA, IIPEATIONaraeT, YTO My3bl-
KaJIBHBIII aHA/IN3 MOXKeT (PaKTUIECKU HAYMHATHCS B IepuepudecKoi 4acTy, TO eCTb B CaMOJl Y/IUTKe.

KiroueBsble CIOBa: IIOTYTOH o YINTKA, CIIOHTAHHAS OTOAKYCTUYECKAsE 9MUCCHS » CIIyXOBOII IIOPOT o HAPY>KHBIE BOIOCKOBbIE KII€TKI
« Heitpoduanonorus.

NATURALNA TEORIA MUZYKI OPARTA NA REZONANSACH
MIKROMECHANICZNYCH MIEDZY KOMORKAMI CZUCIOWYMI W SLIMAKU

Streszczenie

Pochodzenie muzyki pozostaje niejasne. W niniejszym opracowaniu zwraca si¢ uwage, ze zewnetrzne komorki stuchowe w slimaku leza
w prawie regularnym, sze$ciokatnym ukladzie, wiec wydaje sie istotne, ze podstawowe muzyczne interwaly — w szczeg6lnosci pétton, okta-
wa, kwinta czysta i tercja wielka — pojawiaja si¢ w odpowiadajacych im odleglos$ciach miedzy sasiadujacymi komérkami. W artykule przyje-
to zalozenie, ze jesli odleglos$ci miedzy komérkami sg z natury dostrojone w ten sposob, wéwczas przychodzacy dzwiek moze wzbudzi¢ rezo-
nans miedzy komoérkami, a dany interwal muzyczny moze by¢ sygnalizowany przez jednoczesne fale stojace miedzy jedna a druga komorka
i w komorkach do nich przyleglych. Zasadniczo odstepy miedzy komérkami moga odpowiada¢ dlugosciom miniaturowych, muzycznie ze-
strojonych rezonatoréw.

Ten spekulatywny model interakcji komoérka-komoérka moze wyjasnic¢ ostatnie obserwacje, $wiadczace o tym, ze ludzki $limak spon-
tanicznie emituje dZwiek o niskim poziomie bliski poitonowi i ze progi styszenia u niektérych oséb pokazuja calg ,klawiaturg” inter-
waléw podobnych do pottondéw. Te ostatnie odkrycia sa zadziwiajace i wydaja sie czyms$ wigcej niz przypadkiem. Pojawia sie pytanie:
Dlaczego? By¢ moze odpowiedz na to pytanie wigze si¢ z wyrazng dwuwymiarowa geometrig zewnetrznych komoérek wlosowatych
w plaszczyinie blony podstawnej, ktéra zwykle wykazuje utozenie 19-stopniowe. Kat ten odpowiada wzglednej odlegloséci 1,06, ktd-
ra jest bliska péttonowi. Nalezy zwrdci¢ uwage, ze ta sama geometria, ktéra tworzy naturalny pétton, tworzy takze inne wazne w mu-
zyce interwaly. By¢ moze zatem muzyka jest wrodzong cechg ukladu stuchowego cztowieka - a zatem moze istnie¢ naturalna podsta-
wa do preferowanych interwaléw muzycznych.

Teorie naturalne byly czesto krytykowane, a niektorzy twierdza, ze muzyka jest wyuczong umieje¢tnoscia i jest zalezna wyltacznie od kul-
tury. Zgromadzono jednak dowody, ze prawdopodobnie istniejg muzyczne uniwersalia, a zatem muzyka moze rzeczywiécie mie¢ wro-
dzone podloze, ktore najczesciej wigzane jest z naturalnym przetwarzaniem zachodzagcym w moézgu. Przedstawiony w niniejszym arty-
kule model, bedacy podstawa do dalszych badan, sugeruje, ze analiza muzyczna moze faktycznie rozpoczynac sie w czesci obwodowej
- w samym §limaku.

Stowa kluczowe: pétton « §limak « spontaniczna emisja otoakustyczna e prog stuchu « zewnetrzne komorki wlosowate « neurofizjologia
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Introduction

Despite the vastness of the literature on the theoretical un-
derpinnings of music, its origins and evolutionary func-
tion remain a profound puzzle [1-4]. Why do humans
spend so much time listening to or performing music?
There is no solid scientific explanation, but an accessi-
ble overview of the core issues can be found in Ball [5]
(see also [6-8]).

In this paper, the unconventional proposal is made that
music could originate within the ear itself. Existing me-
chanical models of the cochlea — predominantly involving
traveling waves — provide only indirect hints of how musi-
cal ratios might arise (e.g., the spiral staircase idea of Shera
[9] and the feedforward model of Motallebzah and col-
leagues [10]). However, a novel resonance model devel-
oped by Bell [11] emphasises the micromechanical inter-
actions between rows of outer hair cells, and this surface
acoustic wave (SAW) model has the potential to generate
multiple resonant frequencies at a single spot on the basi-
lar membrane. The SAW model suggests that minute me-
chanical resonances may be sustained by the active out-
er hair cells within the cochlea, and that the sympathetic
resonances generated from sound entering the organ al-
low the hair cell system to immediately detect frequency
ratios. The model is reminiscent of the miniature piano
strings in the ear imagined by Helmholtz [12], but here the
strings are actually the spaces between individual sensing
cells, in which case the resonant elements might be more
aptly described as hollow cavities.

The implication is that if the distances between the cells are
set at musically significant ratios, then so too will be the
resonant frequencies. From published micrographs of the
outer hair cell pattern and the limited amount of work
done on analysing the intercell distances [11], there is rea-
son to think such micromechanical resonances may oc-
cur [13], and the present paper integrates this idea with
recent audiological findings [14,15].

Outer hair cells in the mammalian cochlea are ar-
ranged in a hexagonal lattice (Fig. 1), a configuration
which means that each cell has a small number of fixed
distances (and therefore ratios) to its nearest neighbours.
Another important factor is that the stereocilia of each
sensing cell are arranged in two V-shaped arms, a shape
which, it is hypothesised, permits the cell to make on-the-
spot comparisons of activity - in particular, reverbera-
tion of waves — associated with each arm. In this way, it is
suggested that musical ratios in a sound can be simply
and immediately picked out without the need for com-
plex neural processing.

The trigger for this paper comes from two recent find-
ings. The first is the finding by Bell and Jedrzejczak [14]
that the most common frequency ratio between sounds
emitted by normal human ears - faint but precise, nar-
row-band tones called spontaneous otoacoustic emis-
sions (SOAEs) — occurs at a ratio of 1.063 (+0.005),
very close to an equal-tempered semitone of 1.059. (See
[17] for a recent review of otoacoustic emissions and
their relationship to cochlear mechanics). The semi-
tone-like finding is complemented by another by Dewey
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Figure 1. The array of outer hair cells of a mouse, show-
ing the regular arrangement of V-shaped stereocilia (re-
produced from [16], open access)

and colleagues [18] who found regular ripples in hear-
ing thresholds, so that, in one subject at least, one can
discern a virtual “keyboard” of semitone-like ratios ex-
tending over nearly two octaves. In general, the periodic
minima in the subject’s hearing thresholds match the fre-
quencies of their SOAEs, suggesting that both phenome-
na have the same underlying origin. These core findings
are revisited in more detail below, noting that the musi-
cal significance of the periodicity appears to have so far
escaped notice. The message derived from both these re-
cent papers is that the findings are too regular to be coin-
cidental; instead it is concluded that the human cochlea
appears to be intrinsically tuned to a basic musical interval
that might reasonably be regarded as “a natural semitone”.

This paper elaborates on the musical connections just out-
lined, describes key findings of the active nature of outer
hair cells (OHCs) and their associated otoacoustic emis-
sions, and investigates the strongly musical ratios that arise
from the geometry seen in Figure 1.

The core concept set out here is that the natural semi-
tone is a fundamental “atom” of music, at least melodical-
ly if not harmonically (see [14] for further discussion of this
point). In equating the observed ratio of 1.063 (+0.005) with
a natural semitone, it is suggested that the cochlea con-
tains an intrinsic interval that provides the ear with a ready
musical template of 1/12th of an octave. In other words, the
octave is divided into 12 equal steps because our ears are
built that way. As will be described in more detail later, the
human ear contains a continuous array of tuned elements,
each derived from local feedback between one active cell
and its neighbouring cell. Because the feedback resonance
can occur over multiple pathways, it includes multiple fre-
quencies — the shortest of which is a principal frequency
(the characteristic frequency) and the other, lower frequen-
cy ones are derived from slightly longer paths. As will be-
come clear, the closest frequency is 1.06 times lower because,
due to geometry, the path length is effectively 1.06 times
longer. This is the origin of the semitone, and it there-
fore becomes a matter of fact, not just theory, why the oc-
tave is built up of 12 semitones. Under certain circumstanc-
es, the underlying semitone structure becomes apparent (as
with the observations of Dewey and colleagues), and we see
something that closely resembles a piano keyboard.

Alternative n-tet tunings (9, 10, or 11 equal intervals in an
octave) have sometimes been entertained by theoreticians
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(e.g. [19]), even though some people find the results au-
dibly distressing (c.f. [20]). Adopting a naturalistic
stance, it is no longer a puzzle why the smallest musically
significant interval for humans is 212 (1.059).

This paper extends the micromechanical resonance mod-
el to show that the same hexagonal arrangement of sensing
cells which produces the semitone can also manifest other
important musical ratios such as the octave, fifth, and ma-
jor third. In this way, the foundations for a wider natural
theory of music might be set in which all the ratios of the
diatonic scale arise from reverberation of sound waves be-
tween adjacent cochlear hair cells. Indeed, it can be sup-
posed that the entire cochlear tuning curve is built up of
all these cell-cell interactions, so that the high-frequen-
cy tip (the characteristic frequency) originates from the
strongest and shortest pathway, while all the other path-
ways are longer and weaker and contribute to the low-fre-
quency tail. We conclude that music depends on geom-
etry, a proposition going back to Pythagoras [5,6,8,21].
Once the existence of a natural semitone (and other ra-
tios) in the ear is acknowledged, then the longstanding,
but generally out of favour, idea of a natural basis for mu-
sic takes on new life.

Data and model

The starting point is the work of Bell & Jedrzejczak
[14] who recorded faint, narrow-band sounds - syn-
chronised spontaneous otoacoustic emissions — from
140 ears of 81 normal subjects and found that this objec-
tive measure of cochlear function had a peak at a frequency
ratio of 1.063 +0.005, a value remarkably close to an equal
tempered semitone of 1.059. In that same publication, at-
tention was drawn to the otoacoustic emissions of one

particular subject described by Braun [22] in which there
was a run of 10 emissions extending over 10.4 semi-
tones, an average interval of 104 cents, and another
run of 11 emissions spanning 11.4 semitones, again an av-
erage of 104 cents per interval. These findings were tak-
en as evidence of a “keyboard” in the human cochlea, and
the present paper brings forward further evidence for such
a remarkable entity.

The work on the fine-structure of hearing thresholds inves-
tigated by Dewey and colleagues [18] contributes another
important piece of empirical data. These researchers found,
from repeated sets of painstaking measurements, that the
sensitivity of the human ear to small steps in frequency
— its threshold microstructure - has regular peaks and
dips. Although the authors did not draw attention to the
inherent size and regularity of the frequency steps, it is ev-
ident from the data shown in Figure 2 that there is a pat-
tern of repeating ripples stretching across 1.79 octaves.
Each ripple is about 89 cents wide, and the subjective
threshold minima correspond with objective peaks in the
SOAE spectrum, in line with the Braun [22] findings.

Somewhat curiously, the pattern in Fig. 2 is not strictly
regular: there are 19 strong threshold minima which are
more or less evenly placed (dashed lines in Fig. 2) butin 6 cas-
es the expected minima are missing and interpolations
(dotted lines) have been added instead. Four of those 6 in-
stances fall close to a local threshold maximum instead of a
minimum. Nevertheless, the regularity is striking, with
the 24 marked intervals stretching across 1.79 octaves
and generating an average keyboard spacing of 89 cents
(or 1.053). Individual spacings vary from 73 to 106 cents.
Note that the 89 cent average seen here is smaller than the
104 cent figure evident in the Braun work.

Decibels

1

= inquiet
— With CAS

12 13 14 15 16 1718 19 20 2122 23 24

2
Frequency (kHz)

Figure 2. A keyboard in the human cochlea. Fine-grain measurements of hearing thresholds in the left ear of a female
subject reveal it contains an almost unbroken sequence of semitone-like intervals extending over nearly 2 octaves. At top,
the blue curve is the threshold measured in quiet, and red with contralateral noise. Below are spectra of the sound emitted
by the ear - its spontaneous otoacoustic emissions. The 19 dashed vertical lines have been added to align with threshold
minima, while the 6 dotted lines are interpolations added when the sequence is broken and expected minima are miss-
ing. The result in this subject is 24 ‘notes’ ranging over 1.79 octaves, an average separation of 0.89 semitone (89 cents)
and equating to a slightly narrow ‘natural semitone’ of 1.053. Adapted from Fig. 8C of Dewey et al. [15], with permission of

Springer Nature, © 2014
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In two other subjects tested by Dewey and colleagues, the
ripples are much less apparent, suggesting that having a
‘musical ear’ depends on the particular individual tested.
But taken together with the findings of preferred spac-
ings of SOAEs in normal subjects [14], there appears to be
intriguing evidence that, at least in a proportion of sub-
jects, the human cochlea is intrinsically tuned to an inter-
val close to a semitone.

Shifting the focus to other musical intervals, there is the
peculiar circumstance of the enlarged octave. When meas-
ured accurately by careful subjective matching, the oc-
tave is found not to be precisely 2:1, as music theory would
have it, but is slightly stretched, so that it takes on a val-
ue of about 2.03, depending on the subject and frequen-
cy [23-26]. Numerically, it may be more than coincidence
that an enlarged octave of about 2.03 corresponds to an
enlarged semitone of 1.061 (i.e., 2.03"1?), close to the value
found experimentally by Bell & Jedrzejczak [14].

Finally, there is important work on the perception of mu-
sical intervals done by Levelt and colleagues [27], work
which does not seem to have been repeated or received the
attention it deserves. Making no mention of music to their
subjects, Levelt and colleagues asked subjects to judge the
similarity of different, simultaneously sounded, frequen-
cy ratios, and then used multidimensional scaling to dis-
cover several prominent auditory landmarks or “reference
points” in auditory space (as illustrated in Figure 5 of [14]).
Along the dimension of frequency ratio (x-axis), Levelt and
colleagues found four landmarks, of which the two most
prominent were the semitone and the fifth. It would be in-
teresting to repeat the original work and fill in some of the
details - for example, whether the first peak falls most
closely to the equal-tempered semitone, the just semi-
tone, or the natural semitone. In this context, Hall & Hess
[28] report that the category boundary between the uni-
son and semitone (their Fig. 11) is about 5 cents higher
than expected from equal temperament, supporting an en-
larged subjective semitone.

Bell & Jedrzejczak conjectured that the natural semitone
might be a property of the automatic frequency-shift de-
tectors reported by Demany and colleagues [29] and was
part of a dual-template mechanism for analysing musical
stimuli according to their harmonic and melodic com-
ponents [30], and this point is considered further in the
Discussion below.

What is the origin of the identified natural semitone?
One idea put forward by Bell & Jedrzejczak [14] was that
the ratio may derive from physical coupling of tuned ele-
ments in the ear, and that the behaviour of such coupled
oscillators might be similar to the automatic frequency-
shift detectors of Demany and colleagues. In this way, a
keyboard of 1.06 steps might arise, generating something
akin to the ‘spiral staircase’ in the cochlea that has been
described by Shera on the basis of his detailed otoacous-
tic measurements [9]. There is also recent further evi-
dence that multiple, discrete resonating elements might ex-
ist in the mammalian cochlea, each with a step size of about
1.1 [31]. However, rather than being fixed in place, it is
possible that the steps might, in line with Demany’s sugges-
tion, be dynamic, synchronising automatically to incoming
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tones and able to register shifts of frequency — melodies
- in terms of relative semitone steps.

An alternative speculation for the source of the natural
semitone, an idea touched on by Bell and Jedrzejczak
and which is explored in more detail here, is the sur-
face acoustic wave (SAW) model of cochlear function.
The SAW model is a dynamic model of cochlear tun-
ing which involves reverberating wave activity between
rows of outer hair cells, and this activity - likened to the
vibrating strings of an ‘underwater piano’ [11] - has the
potential to generate many interesting musical proper-
ties. The current paper elaborates on this model, indicat-
ing how it can give rise not only to a semitone but to oth-
er musical intervals as well.

The cochlea, cell-cell distances, and musical ratios

The precise geometric arrangement of outer hair cells
(OHCs) in the mammalian cochlea (Fig. 1) has no accept-
ed explanation. However, one possibility is that the arrange-
ment is a way of splitting sound into its constituent fre-
quencies, in particular its musical components [13]. The
SAW model was originally developed as a micromechanical
model of how SOAEs might be generated [11], but anoth-
er notable aspect is that it also provides a possible mecha-
nism for detecting the musical components of a sound. The
idea here is that musical properties might be sensed as ra-
tios between multiple acoustic resonances set up between
adjacent outer hair cells. The model builds on the regular-
ity with which the cells lie and suggests that wave interac-
tions between neighbouring OHCs - which, uniquely, are
both detectors and generators of sound energy [32] - could
lead to the formation of multiple standing waves.

The SAW model supposes that in response to a musical-
ly rich sound, concerted activity of a local group of cells
could, given the right spacings between them, lead to mul-
tiple standing waves and, together with a coincidence de-
tector, allow the sound’s musical components to be ex-
tracted. Figure 3 shows how this could work, given a
particular set of observed intercellular distances. The out-
er hair cells in the cochlea are arranged in a repeating hex-
agonal lattice (Fig. 1 and Fig. 3a), so that by adjusting the
hexagon’s aspect ratio — which varies from base to apex
- many musically significant frequency ratios can be gen-
erated. The geometry illustrated in Fig. 3a is from obser-
vations in a monkey, but it is not unlike the few observa-
tions that have been made on humans [33].

A distinctive feature of Fig. 1 and Fig. 3a is the offset of the
central row (OHC2) from the flanking rows (OHC1 and
OHC3), a characteristic which gives rise to diagonal lines
that are about 20° from the vertical (observe the direc-
tions of red lines in the figure). In other words, the oblique
cell-cell distances are 1/cos 20° (= 1.06) times longer than
the shortest row-to-row distances, and this ratio, as with
some others evident in Fig. 3, is taken to be musically im-
portant, as the rest of the text endeavours to make clear. The
actual arrangement shown in Fig. 3a is idealised in Fig. 3b to
illustrate how multiple musical ratios might arise.

Because the aspect ratio of the hexagon varies from
base to apex (see [11]), a range of angles and preferred
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(b)

Figure 3. Musical possibilities from actual (a) and idealised (b) outer hair cell geometry. Outer hair cells lie in three precise
rows (OHC1, OHC2, OHC3), producing a hexagonal array (red lines) whose relative dimensions can give rise to musical
ratios.

(@) Contour map of spatial autocorrelations of the positions of outer hair cell stereocilia in a monkey (from Bell [11] based
on observations of Lonsbury-Martin [34]). Each peak of the contour map is the preferred position of an outer hair cell
(compare with Fig. 1). The repeating pattern of intercellular distances is outlined in red, producing a hexagonal geometry.
Note that the prominent oblique red lines are tilted by about 20° to the vertical, meaning that they are longer by a factor of
1/cos 20° (= 1.06) compared to the vertical red lines.

(b) An idealised version of (a) in which angle WRX is specified to be 19.4°. Trigonometry then shows that the hexagon
contains important musical ratios. In this case, the semitone (ratio 1.06, black lines) and perfect fifth (ratio 1.50, grey lines)
feature strongly, and other musically significant ratios are also present (Table 1)

Table 1. Musical ratios arising from the specific hexagonal geometry and cell-cell distances shown in Fig. 3 (i.e., the aspect
ratio of the hexagon’s height to its width is 0.707, leading to a relative cell spacing of 0.3533 along the rows and 0.5 be-
tween the rows). Musical ratios emerge if wave fronts are exchanged between the cells and their two stereociliar arms act
as coincidence detectors. Note that, like a hollow pipe, the length of a cavity is inversely proportional to the standing wave
frequency it supports

Dimensions Ratio Name By inversion Notes

In the SAW model, this distance is the resonant
cavity between OHC1 and OHC3 in which whole-
wavelength standing waves are set up. Such a strong
resonance is the ‘characteristic frequency’ of the
basilar membrane

PV:VP, QW:WQ, etc. 1.000 unison unison

PV:VY 1.060 semitone major seventh Initial setting of aspect ratio (i.e., 1.06/3 = 0.3533)

A second semitone ratio, this time marked as black

WR:RX, QW:WR, etc. 1.061 semitone major seventh Jines in Fig. 3. Angle WRX is 19.4°
QR:RO, etc. 1.501 perfect fifth fourth Marked as grey lines in Fig. 3
VO+OW:QW 1.259 major third minor sixth For clarity, not marked on figure
VW+WX:XR 1.415 tritone tritone For clarity not marked
OV+VW:OW 2.040 stretched octave?  stretched octave? For clarity, not marked
PQ:QS, etc 2.000 octave octave Not marked

ratios is possible (not just the 19° alignment), and
this variation provides scope for further investiga-
tion. The pattern shown in Fig. 3 is fairly representa-
tive of what micrographs commonly show near the mid
portion of the basilar membrane (i.e., the 19° alignment,
which is considered important in producing a natural
semitone). At other places on the basilar membrane,
perhaps fifths and octaves might dominate in the in-
teractions between cells.
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In summary, the basis of the semitone, and possibly oth-
er musical intervals, is a reverberation process creat-
ed by positive feedback between neighbouring outer hair
cells. Effectively, resonance occurs between the cells in re-
sponse to incoming sound stimulation. In sustaining this
process, the stereocilia of each hair cell are both detec-
tors and effectors [32], a facility which allows them to ex-
change wave energy, and, with the appropriate combina-
tion of wave speed and distance between cells, permits
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a standing wave resonance of fixed frequency to be set
up. The process is similar to what happens with a vi-
brating string, except in the cochlear case the cells sus-
tain the vibration by pumping in energy cycle by cycle.
Build-up of wave energy occurs because there is a virtu-
ally instantaneous ‘kick-back’ of the stereocilia that oc-
curs whenever a wavefront is detected, and, like a child
building up waves in a bathtub, the process repeats and
repeats [35]. The outcome of having multiple possible
intercell distances is different sets of standing wave fre-
quencies, and because each cell has two independent
stereociliar arms (see Fig. 1) it is able to test for coinci-
dence of standing waves in each arm. If the angle between
the cavities is 19°, as illustrated in Figure 3, then the cor-
responding lengths (and hence frequencies) are in the ra-
tio 1/cos19° = 1.058.

Other important musical ratios can be sensed in a sim-
ilar way. In each case, an outer cell tests for coexisting
standing waves in cavities formed in adjacent stereocili-
ar arms. In effect, the two arms function as coincidence
detectors: if the standing wave formed in one arm of a
cavity coincides with a standing wave formed in the oth-
er, the coincidence is registered as the simultaneous ab-
sence of motion in both arms (because each arm will nat-
urally lie at a node). In the SAW model, a cavity describes
the space between one cell and its neighbours; howev-
er, since the space is filled with cochlear fluid, the waves
must be fluid-borne and of short wavelength. Waves with
such properties — so-called “squirting waves” — have been
described in the subtectorial space [35].

Returning to Fig. 3 and Table 1, it can be seen that for the
same intercellular distances in the hexagon which pro-
duce a semitone, other musically significant ratios also
arise — notably the octave, perfect fifth, and major third
— illustrating the virtue of the 19° alignment. The simul-
taneous emergence of all these ratios reinforces the idea
that the cochlea itself may be the instrument for detecting
musical ratios. To elaborate, Fig. 3b illustrates how a sem-
itone could arise from a geometry in which the cell spac-
ing WR is 1.06 times longer than XR, an alignment corre-
sponding with the favoured 19° angle. Other musical ratios
then arise similarly: a perfect fifth, for example, derives
from the coincidence of standing waves in QR and RO.
Due to symmetries of the hexagon, both these ratios ap-
pear multiple times in different combinations, and so they
are expected to generate strong responses in the audito-
ry system. Other comparisons yield further musical ra-
tios, as listed in Table 1. The ratios include the major third
(1.259), an enlarged minor third (1.213), minor seventh
(1.782), the tritone (1.415), and of course their inver-
sions. As foreshadowed, it is possible to consider the coch-
lear tuning curve, with its sharp tip and broad tail, as be-
ing a superposition of all these feedback responses.

The simultaneous appearance of both the semitone and
the fifth is thought to be significant. It is compatible with
the findings of Levelt and colleagues [27], who found that
these two ratios form outstanding musical landmarks
(Fig. 5 of [14]).

The proposed mechanism ties together a number of major
strands in auditory science. The SAW model draws upon
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the distinctive features of OHCs - their regular geomet-
rical arrangement, their simultaneous sensing and motor
properties, and their two stereociliar arms — and match-
es them to some universal features of music, particularly
the pivotal roles that the semitone, the fifth, and the oc-
tave play in defining auditory space. There are still many
unanswered questions, but the following discussion is in-
tended to point a way forward. The aim is to indicate how
the SAW model might be used as a foothold to establish a
natural theory of music, one which can explain recent au-
diological findings and which appears to generally align
with a range of standard musical features.

Discussion

Natural theories of music

There have been recurring efforts to establish a natural
theory of music (for context see [3,6,8,36]). It is fair to say
that most these attempts have not been greeted with suc-
cess, with Ball [5] saying that claims of a natural foun-
dation for diatonic scales in mathematical and acousti-
cal principles “have occasionally been comically absurd”
(ibid., p. 70). Helmholtz himself thought that “the con-
struction of scales and harmonic tissue is a product of ar-
tistic invention, and by no means furnished by the natural
formation or natural function of our ears” [12, pp. 365-6].
More recently, Patel [7] made the simple claim that “there
are no sonic universals in music” (ibid., p. 12).

The review by Burns & Ward [8] comes to the conclusion
that, based on the evidence available at the time, musical
intervals are learned rather than a direct result of charac-
teristics of the auditory system. In fact, they regarded the
evidence as arguing against the existence of frequency-
ratio detectors at any level (ibid., p. 260), although they
add the important caveat that their own experiments with
isolated musical intervals may have little to do with the
perception of melodies (c.f. [20]).

Work by Brown & Jordania [36] is notable for its ef-
fort to “breakthrough the scepticism” that has surround-
ed discussion about universals in music, and although the
authors are wary of ascribing a biological basis to music,
they expressly identify 12 pitches per octave as the low-
est common denominator across cultures. Likewise, Kil-
lin [4] is drawn to the strong common thread underlying
all cultures’ musics, but prefers a “social brain hypothe-
sis” A remarkable fact illustrated in Killin’s Fig. 6 is that
around 500 BCE in China a set of 64 bronze gongs were
cast which played 12 semitones to the octave, concrete ev-
idence (still existing today) of the importance of the semi-
tone even in ancient times.

The wide-ranging musicological survey by McDermott
and Hauser [1] also points to certain recurring fea-
tures of music which suggest the presence of some innate
“machinery”, an in-built mechanism that somehow en-
codes sound in terms of its relative pitch, most common-
ly in steps of 1 or 2 semitones. They highlight the difficul-
ty of otherwise explaining relative pitch using the common
beating model of consonance and dissonance, which
clearly can’t work for melodies. However, the real prob-
lem as they see it is that the mechanism is confounded by the
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environmental and cultural overlays to which every-
one is exposed. Nevertheless, the McDermott and Hauser
survey generally supports the idea that the innate elements
might reside within “pre-existing structures in the audito-
ry nervous system” (ibid., p.44), and one possibility they
suggest is that there are frequency ratio detectors in the
brain. The present work conjectures that such ratio detec-
tors might in fact be located peripherally, in the cochlea.

Bidelman [37] approaches the subject of the origins of mu-
sic by noting that “musical intervals and chords deemed
more pleasant sounding by listeners are also more preva-
lent in tonal compositions”, apparently connecting music
with a desire for harmony and the avoidance of dissonance.
But this seems to overlook that the most beautiful of mel-
odies often involve the tone and the semitone, which are
not regarded as harmonious. In fact, in the context of mel-
odies, it doesn’t seem appropriate to speak of intervals like
the semitone as being dissonant when in fact there is no
“dissonance” — a somewhat pejorative term - in sequen-
tial tones (Huron [38] defines dissonance as “a low-level
auditory irritation”). Bidelman may be closer to the mark
when he remarks (p. 7) that “dissonance may challenge
the auditory system in ways that simple consonance does
not”, and goes on to make the case that there is a sub-
cortical pitch processor that may be mirrored in up-
stream sites, including cortex. That subcortical processor
could, of course, be as peripheral as the cochlea. Signif-
icantly, Bidelman concludes his 2013 paper by support-
ing an innate basis for music residing somewhere in the
auditory system.

The arguments are far from resolved, but it is hoped that
experimental approaches focusing on the cochlea may
open up a fresh way of exploring the issue.

Melody and the natural semitone

Melody is the musical property elicited by the sequential
- that is, non-simultaneous — presentation of two tones,
and the outstanding feature here is that, rather than the
semitone being an inferior ratio remaining after other har-
monious rankings have been considered (as commonly
viewed), the semitone is itself primary, the “atom” of mel-
ody, at least in Western cultures.

The earlier paper by Bell & Jedrzecjzak [14] suggests that
harmony and melody are two separate elements of our
musical perception, supporting an idea first put for-
ward by Demany & Semal [30]. Harmony is the percep-
tion of the consonance or dissonance created when two
tones are sounded together (simultaneously, so that both
tones enter the cochlea and interact). It is a subjective
measure, and what intervals are considered harmonious
have varied over the millennia. Pythagoras confined har-
mony to either the joint sounding of the octave or the
fifth, whereas nowadays it has been expanded to include
many more intervals including the fourth, major third,
minor third, and others [5,39] - but not the semitone,
which invariably ends up at the very bottom of con-
sonance ratings [37]. Interestingly, Brown & Jordania
[36] point out that harmonising on narrow intervals
such as seconds is a practice widely distributed across
the globe (see also [40]).
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The geometric SAW model under examination here is dis-
tinguished by a prominent semitone, and the audiomet-
ric evidence points towards this feature. For simplicity,
the text here has therefore focused on the semitone and
emphasised the melodic aspects of music. We take the
semitone to be the essential building block of melody,
discounting notions that it should be regarded of less-
er importance just because it is antithetical to harmo-
ny. Nevertheless, it is true that the music literature
focuses heavily on harmony, with much of it deal-
ing with consonance and dissonance. However, rather
than dwell on why the semitone appears dissonant in a
harmonic setting, the point is simply made that there
must be more to music than just the rate of beating of par-
tials [23,30,41,42].

It is also worth noting that even in theoretical calcula-
tions of consonance and dissonance - e.g. the curves of Helm-
holtz and of Plomp & Levelt - the semitone appears very
deep and, moreover, very precisely defined. Rakowski [43]
measured the accuracy with which music students could
tune musical intervals, and the findings were that, after
the unison and octave, the semitone was the next most
accurately tunable interval. Additionally, Larrouy-Maestri
[20] found that, in a melody, very small errors in its tun-
ing were readily perceived, and in this regard the special
nature of the semitone in generating melody has not been
sufficiently explored. Some beginnings have been made
[44], but we are far from understanding what makes the
semitone so distinctive.

The explanation offered here for why the semitone stands
apart is that it is actually a primary building block of music
picked out by the OHC geometry in response to incoming
sounds. It is remarkable that 70% of the intervals in all mel-
odies are, in Western music at least, comprised of 0, 1, or
2 semitones (p. 109 of [5]; [45]). That is, without the
semitone and the tone, there would be no memora-
ble tunes in the Western canon. It is clearly a principal
task of the ear to discriminate two sequential tones dif-
fering by either one or two steps. Scientifically, this is a
major puzzle, and the usual explanation is that the semi-
tone is picked out by some complicated brain process fur-
ther on in the auditory system [37].

For non-Western music the scheme is somewhat differ-
ent (p. 109 of [5]; [2]). In Chinese music, for example,
70% of the intervals are 0, 2, or 3 semitones — in this pen-
tatonic music, a distinct semitone is absent, although it is
implicit within the prevailing two- and three-step spac-
ing. In Japanese music, the semitone seems less signifi-
cant, with two-thirds of the steps being of 0, 1, 2, 3, or
4 semitones, while in African music 80% fall within this
range. Of course, in modern times both Japanese and Afri-
can people are easily able to appreciate the elements of West-
ern-style music, including the semitone, so clearly they
possess some mechanism that allows them to readily ex-
tract and identify this interval. The mechanism is here sup-
posed to reside in their ears; however, otoacoustic meas-
urements of these non-Western populations would be of
great value in backing up this claim.

The music literature is heavily weighted towards West-
ern experience [36], and more studies on Eastern
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styles of music, as well as the corresponding otoacoustic
emission data, are very much needed.

The outstanding role of the semitone - either alone or in
combination with the tone — suggests it is a fundamental as-
pect of many musics, and the reason offered here is that it is
a built-in feature of the human cochlea. Krumhansl [46]
points out that the semitone is relatively easy to produce,
label, and remember, and has considerable power as a
cue to key-finding. This view is supported by Jackendoff
& Lerdahl [47], who note that half and whole steps, al-
though harmonically rough, are the most common, stable,
and effortless components in a melody. Relevant here, per-
haps, is that when music is played to monkeys, they only
respond when the music contains notes taken from the di-
atonic scale — that is, it contains tones and semitones [48].
However, more generally, the literature on whether animals
perceive music is equivocal [1], although a study of how
their cochlear hair cells are arranged might be illuminating.

Against the view that melodic machinery is built in to the
auditory system, it can be argued that some musical cul-
tures are totally bereft of the semitone - for example the
gamelan orchestras of Bali — but this is hard to establish
(Ch. 10 of [19]; [49]) and such instances are left as test cas-
es. A broad comparison of the scales of five of the world’s
major cultures shows that the semitone appears to play a
strong organising role (Fig. 4 of [2]). Although certain cul-
tures use intervals smaller than a semitone in some con-
texts, these “microtonal” intervals are mostly used orna-
mentally rather than for melodic purposes [36].

Synthesis of harmony and melody

Among all the discussion of the roles that harmony and mel-
ody play in music, it is significant that the SAW model can
give at least a basic account of how both aspects might arise.
Indeed, one of the claims of the present model is that it can,
given an appropriate geometric arrangement, potentially ac-
count for all 12 tones of the diatonic scale, whether sequen-
tially or simultaneously perceived. So then, in terms of the
SAW model, what is the effective difference between conso-
nance and dissonance? An attempt to supply an answer is not
made here, but a framework from which it might be use-
fully addressed is the synthesis of harmony and melody
attempted by Bell & Jedrzejczak [14]. In this work, they
support the ideas of Van Noorden [41] and Demany & Se-
mal [30] and conclude that musical perception is in fact
built on these two separate, but complementary templates,
one harmonic and the other melodic.

Ball neatly sums up the matter by saying that if melody is the
path, harmony is the terrain (p. 165 of [5]). In terms of the
SAW model, the suggestion is that there is the same phys-
ical mechanism - coincidence of standing waves — be-
hind each of the two distinct templates. The harmon-
ic template could, following Helmholtz, depend on the
OHC:s detecting the simultaneous coincidence of partials.
Melody, on the other hand, might derive from a process,
again involving the OHCs, which is able to register (and
remember) previous semitone steps. The findings of pre-
ferred semitone intervals in SOAEs and in auditory mi-
crostructure support the possibility that such processes
may exist. When the ear is excited by a certain frequency,
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a series of small frequency steps is formed (Fig. 4 of [14]),
perhaps generated by the 19° tilt in the geometry of the un-
derlying hair cells, and this template — associated with the
automatic frequency-shift detector of Demany and Ramos
[50] — might be used to measure the number of semitones.
Memory is therefore essential for extracting melody, re-
quiring the position of the steps to be marked, either in the
cochlea or the brain (or both), and Demany and Ramos
found experimental evidence that the memory of frequen-
cy shifts had a time-frame of several seconds.

The above text suggests that a large part of musical experi-
ence might be based on just two or three musical landmarks
— the octave, the semitone, and perhaps the fifth — and
from them the entire chromatic scale and sense of har-
mony might follow. In vision, three components - red,
green, and blue - define all of colour space, whereas in au-
ditory space, the speculation made here is that the ra-
tios of 2:1 and 3:2 establish harmony, while the cochle-
ar semitone establishes melody (and dissonance). The
two processes work together but somewhat independent-
ly, and operate according to Demany and Semal’s melod-
ic and harmonic templates.

In all this the integrating roles of central brain process-
es cannot be neglected [8,37,51-53], and it is acknowl-
edged that culture can indeed shape musical percep-
tions [54], but the otoacoustic and hearing threshold
measurements suggest that there is also some peripher-
al process at work in our perception of music. Accord-
ing to the proposal put forward here, reverberation be-
tween neighbouring hair cells in the cochlea is at the
core of that process. Depending on the details of their
outer hair cell geometry, some ears are highly musical,
while others are less so.

Conclusions

This paper has pointed to evidence that frequency ratios
exist in the cochlea which are very close to a semitone. The
empirical data supports the notion that, at least in Western
subjects, there is a natural semitone in the ear, suggesting
a naturalistic basis for music more generally. It appears
that the natural semitone, with a frequency ratio of about
1.06, is a result of some subtle cochlear processing of sound,
and might be associated with the regularity with which
the outer hair cells in the cochlea are arranged. Togeth-
er with an automatic frequency-shift detector, both these
features would allow the ear to readily perceive musical
intervals and melodies. Further work is needed to con-
firm or discount these speculations.

Establishing the ear itself as the initial site of musical
perception would represent a radical change in direc-
tion for music theory [55], since recent work has tend-
ed to focus on the neurophysiology of the brain as the
locus of our musical sense [56,57]. For a long time, ex-
perimentalists have focused largely on harmony, measur-
ing it in terms of consonance and dissonance. On this ba-
sis, simple integer ratios have become preeminent, and the
complex, even irrational semitone has been relegated to an
inferior status [21,39]. Yet such a perspective has difficul-
ty explaining how the semitone can be at the core of mel-
ody, a quintessential musical dimension.
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Of course, it is accepted that the brain is also necessary for
accurate music perception. In some cases of amusia, the
ear is perfectly intact but certain brain regions are compro-
mised [42,58]. However, in such cases it could still be that
the ear is primary, with brain processing occurring in a
subsequent step.

This work has looked for a possible mechanism for how a
natural semitone might arise, and puts forward a microme-
chanical model - the surface acoustic wave (SAW) model
— for scientific evaluation. The model involves reverber-
ation of sound between adjacent outer hair cells, and re-
lies on the regular geometric arrangement of the cochlear
outer hair cells. Its outstanding feature is that it sets out a
common physical mechanism through which the semitone,
and other important musical ratios, are detected. Although
speculative, the proposal has the potential to expand and
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