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Summary
Background
A profound and critical review, focusing on the consistent application of physics in
the currently accepted theory of auditory functioning, leads the authors to the
conclusion that in crucial sections of the current hearing theory the fundamental
laws of physics have either been misused or misinterpreted.

Principal Findings
Contrary to the nowadays widely accepted hypothesis, the authors have concluded
that ignoring the existence of the scala media as an individual fluid filled compartment in between the scala vestibuli and the scala tympani, is a fundamentally
erroneous assumption. At variance with general laws and principles in physics.
The scala media is separated by the Reissner membrane from the scala vestibuli and
from the scala tympani by the basilar membrane.
As a result a new cochlear theory is proposed based on the hypothesis that, conform
to Bernoulli's law, used in the quasi-static mode, the perilymph velocity evokes a
difference in pressure between scala tympani and scala media proportional to the
square of this velocity.
This results in an in time varying pressure difference that exists everywhere along
the basilar membrane.
Mathematically, this signifies that the mammalian cochlea differentiates and squares
the incoming sound pressure signal.

In terms of physics, it means that a sound energy signal is offered to the organ of
Corti. Functioning as a Fourier analyzer, the organ of Corti subsequently converts
these incoming signals into the sound energy frequency spectrum that is transferred
to the auditory cortex in a frequency selective way.
Which is in agreement with the findings of Wever and Lawrence, that stimulating
both the oval window and round window, by pure tone stimuli with equal frequency
and amplitude but opposite phase, lets the cochlear microphonic potential increase
with 6 dB, related to the stimulation of either the oval window or the round window
with the identical stimulus, over the entire frequency spectrum.
In addition, the combined action of the ossicular chain and the eardrum is hypothesized to provide for both permanent volume control of the input sound and for
overload protection.
Finally, bone conducted signals are considered to be evoked by the perilymph fluid
moving back and forth out of the cerebrospinal cavity, via the cochlear aqueduct,
towards the scala tympani. And not by mechanical deformation of the cochlea.
This new description of cochlear functioning, based on differentiation and squaring,
has led to the development of a number of sound experiments. In these sound experiments frequency compositions that are based on in frequency slightly modified
harmonic series evoke pre-calculable beat phenomena in the organ of Corti.

Salient experimental results so far
• For residual tone complexes – harmonic series where the first harmonic or fundamental is missing – the differentiating and squaring process in the cochlea
reconstructs perfectly the corresponding but missing fundamental.
• Contrary to the conclusion that an early neural mechanism is responsible for the
mystery of the inferential pitch, strong evidence exists that the cause for this
reconstruction of the virtual or fundamental pitch is hydrodynamic in origin.
• The strike note of a bell sounds one octave lower than its fundamental, because
the fundamental is measured with a tuned frequency analyzer, while the strike
note is always compared with a pure frequency that is doubled by the cochlear
squaring process, and therefore sounds one octave higher than we expect.
• The reported pitch shift, observed in cases where residual tone complexes – that
exist of equidistant contributing frequencies – are shifted in frequency as a
whole, is an illusion of the listener. Beat experiments with a search frequency
show that the pitch remains equal to the difference in the successive frequency
contributions.

Conclusions
These phenomena – although inexplicable within the current hearing theory and
therefore attributed to brain functioning – can be pre-calculated, based on theoretical
grounds. These pre-calculable beat patterns, that are actually heard by any listener
even at sound levels slightly above the hearing threshold, serve as experimental
evidence for this new hearing theory.

Details from the book
As shown in the figures of the book.
At a conference on fluid dynamics in biology at Seattle in 1991, Sir James Lighthill
gave a lecture with the title ‘Acoustic streaming in the ear itself ’.
Aided by the suggestions of leading experts in cochlear research, Lighthill illustrated
how, in his opinion, acoustic energy by both a fast and a slow wave might be transported inside the two adjacent tubes that are separated by a flexible partition.
The figure here below – Fig. 1 in the booklet and a reproduction out of Lighthill’s
paper – gives a schematic overview how he hypothesized the fluid behavior inside
the cochlea.

Fig. 1. Acoustic energy flow by two traveling waves explained by Lighthill

His attempt was based on an impressive number of calculations related to various
cochlear models, consistently maintaining the presumption of Von Békésy that a
traveling wave carries the sound energy to a specific place on the basilar membrane
in a two compartment cochlear model.
But, from a physics point of view: ignoring either the influence of the Reissner
membrane or the existence of the scala media as the third cochlear compartment is
not permitted.
The hypothesis, originally initiated by Von Békésy and again assumed by Lighthill,
that the dimensions of the scala media – the endolymph filled duct that lies between,
and actually separates the perilymph filled scala vestibuli and scala tympani from
each other – can be ignored as a contributing factor in the hydrodynamic behavior of
the perilymph movements inside the cochlea, is fundamentally wrong.
And it is precisely this misinterpretation that has led cochlear experts to accept the
attempt by Lighthill to theoretically explain the hydrodynamic energy flow inside
the cochlea.
The tympanic membrane and the ossicular chain can be seen as a spring-mass
system with amplification facilities, like it is shown in the figure here below.

Fig. 2. Schematic drawing of the ear as an externally activated spring-mass system

The cooperative functioning of the eardrum and ossicular chain attenuation in Fig. 2
can be regarded as the amplifier . The perilymph fluid column equals the mass .
The combined elastic behavior of the eardrum, oval window and round window are
represented by the spring constant , while the damping is indicated as .
The perilymph velocity as a function of frequency can be calculated by means of a
standard solution in physics: the second order differential equation. Depending on
practical data for m, ξ and k in the cochlea, the results of this calculation will show a
resonance frequency of 1000 – 2000 Hz and a 3 dB per octave increase in perilymph velocity v for frequencies lower than , and a 3 dB per octave decrease for
frequencies higher than .
The explanation of the different consequences in behavior for the calculation models
that serve as analogue geometries for Von Békésy’s two-channel model, and the
actually existing three-channel configuration, is shown in Fig. 3.

Fig. 3. Cross section of the cochlear channel with two and three compartments functionality

Although the perilymph fluid on either side of the scala media moves in opposite
directions as shown in (A), in simplification (B), we see that the two pressure
impacts
on the basilar membrane, evoked by both fluid movements in scala
vestibuli and scala tympani along the basilar membrane, will be identical in strength,
but opposite in direction. This means they will cancel each other’s stimulus impact
on the basilar membrane and the result is that the basilar membrane does not have a
net stimulus and will remain at rest.

Our model using three contributing compartments, as shown in (C), has a pressure
stimulus
on both the Reissner membrane and the basilar membrane, which forces
both membranes to move in outward directions relative to the scala media because
the endolymph fluid in this scala media is at rest, while the perilymph fluid in both
the scala tympani and scala vestibuli moves with a velocity , directed along the
core of each of these two scalae.
According to Bernoulli’s law, this pressure difference on either side of both the
Reissner membrane and basilar membrane is represented by:
½
here

is the density in kg/m3 and

the velocity of the perilymph in m/s.

For the complicated pitch perception example given in a paper by De Cheveigné the
corresponding and resulting sound energy frequency spectrum can be calculated by
combining all the contributions with an identical frequency in the harmonic
complex. This is shown in Fig. 4.

Fig. 4. Transfer of sound pressure signal to sound energy frequency spectrum

Because our auditory sense appreciates the 1⁄ criterion for tone contributions in
the sound pressure tone complex , this is chosen as a constraint in Fig. 4 a.
After differentiation, this results in a perilymph velocity frequency spectrum
inside the scala tympani and scala vestibuli for all frequency contributions in equal
perilymph velocity amplitudes, as shown in Fig. 4 b. We also apply the harmonic
contributions in such a manner that they all have zero phase differences.
Hence, all contributions in
are purely sinusoidal and zero at time
0. The
calculation of all primary and combination frequencies – sum and difference
frequencies in this example – finally offers the resulting sound energy frequency
spectrum , given in Figure 4 c. We can also see in Fig. 4 c that the smallest distance
between successive harmonics, present eight times in the frequency spectrum, is equal to the fundamental .
If we calculate the phase relations of that same second order resonance system with
the equation for phase, we find that:
• For membrane resonance frequencies higher than the stimulus frequency , the
phase of the membrane movements equals the phase of the stimulus frequency.
• For membrane resonance frequencies that are lower than that of the stimulus
frequency , the movements of the basilar membrane show a retarded phase
shift of 180°.
• The phase for the basilar membrane movement at center frequency
over 90°.

is retarded

This means that the auditory nerve receives the final signal, almost exclusively, from
the contributions in the center frequency region. The contributions of the two flanks
however, cancel each other due to their identical amplitude and opposite phase.
This mathematical calculation shows for the logarithmically distributed local
resonance frequencies
of the basilar membrane, the response characteristic that
Ren observed in his experiments on gerbils: a very restricted symmetrical local
movement phenomenon, which seems to travel along the basilar membrane.
In our opinion this phenomenon is erroneously interpreted as evidence for a
‘traveling wave’ along the basilar membrane. We argue that it is not a traveling
wave, but a ‘phase wave’, that consists of coherent place dependent phase shifted
local reactions to a stimulus that is simultaneously present throughout the basilar
membrane.

In Fig. 5 twelve stadia are shown with successive time differences of ⁄12 of the
basilar membrane deflection during one total convolution of the sinusoidal stimulus
with frequency

Fig. 5. Deflection profiles of the basilar membrane around

in sequential steps of ⁄12

The Appendices I and II in the book.
In the two appendices that belong to the book the perception experiments of Chapter 3. ‘Methods and experiments for verification’ are presented in two different
ways.
Appendix I can be used by readers which have available a PC that is using Windows
XP or more recent versions of the Microsoft operating system. These readers can
verify all the given examples of the perception of harmonic and enharmonic tone
complexes after downloading the sound calculation software and redo the
experiments we have done. They can observe that all the calculated and predicted
pitch and beat phenomena, based on a differentiating and squaring cochlea, are
clearly heard.
Appendix II can be used by all other readers. They can compare the calculated and
predicted pitch and beat phenomena with sound examples that can be downloaded.
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