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Introduction to the Human Auditory System

The human auditory system is
responsible for converting pressure
variations caused by the sound
waves that reach the ear into nerve
impulses that are interpreted by the
brain.

The peripheral auditory system is
divided into the Outer Ear, Middle
Ear, and Inner Ear.

The peripheral auditory system and
in particular the cochlea can be
viewed as a real-time spectrum
analyser.

The primary role of the cochlea is to
transform the incoming complex
sound wave at the ear drum into
electrical signals.

The human ear can respond to
minute pressure variations in the air
if they are in the audible frequency
range, roughly 20 Hz - 20 kHz
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Outer and Middle Ear

Incus  Stapes E_lectrical
Pinna (anvil)  (stirrup) signals.

Cochlea /

The sound waves enter a tube-like
structure called ear canal and it \\
serves as a sound amplifier. |

The human outer ear IS most [
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sensitive at about 3kHz and provides ear canal ring)
about 20dB (decibels) of gain to the »
eardrum at around 3000Hz. Outeors”

Middle ear transforms the vibrating
motion of the eardrum into motion of
the stapes via the two tiny bones, the
malleus and incus . 267

The combined frequency response of
the outer and middle ear is a band-
pass response, with its peak 10
dominated near 3 kHz.
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Inner Ear

The inner ear consists of the cochlea responsible for converting the vibrations of

sound waves into electrochemical impulses which are passed on to the brain via

the auditory nerve.

The cochlea is divided along its length (3.5 cm) by the basilar membrane (BM)

which partitions the cochlear into two fluid canals (scala vestibuli and scala

tympani).

The BM terminates just reaching the helicotrema, so there is a passage way

between the scala vistibuli and the scala tymapni equalising the difference in
pressure at the ends of the two scalas.
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Basilar Membrane (Hydro Dynamical process)

v' Each point along the basilar membrane has a T T —
characteristic frequency, f,(x), to which it is most

responsive.
£, (x) = (20000.0) 1070667 % Hz

v" When the vibrations of the eardrum are
transmitted by the middle ear into movement of
the stapes, the resulting pressure differences

between the cochlear fluid chambers, generate x=0  DW=001+00098x am - Apex
a travelling wave that propagates down the
cochlea. A 2,000_Hz

L500H _—e

v' The wave reaches maximum amplitude of
displacement on the basilar membrane at a
particular point before slowing down and cochlesr duct
decaying rapidly
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Basilar Membrane as a Filterbank
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v’ Different frequencies

stimulate different areas of
the basilar membrane.

There will be one place

where the resonant
frequency of the membrane
matches the stimulus

frequency and this place will
show the maximum amount
of vibration

The essential function of the
basilar membrane is to act
as a frequency analyser (a
set of band-pass filters each
responding to a different
frequency region) resolving
an input sound at the
eardrum into its constituent
frequencies



Cochlear Animation
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Models of the Cochlea
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Cochlear Modelling

v' A simple electrical model of a section (Ax) of the Basilar Membrane

ey (300

M (fluid mass)

Membrane

losses

Membrane

Mass

Membrane _J
Compliance ™

Ax

Basilar membrane

v A Transmission Line Model of the Basilar Membrane

Vi n

___(000)

M;

R:

Section 1

L

T

Vi

Base

T_ BM
i Mass, m;
£,
Spring, S Ej Damper, d;




v' A simple electrical model of a section (Ax) of the Basilar Membrane
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Cochlear Modelling

v' A simple electrical model of a section (Ax) of the Basilar Membrane
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Cochlear Modelling

v' A simple electrical model of a section (Ax) of the Basilar Membrane
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Transmission Line Model of the Cochlea — Cascade Model

v' The basic model of the cochlea is a transmission line model in which each section of the
basilar membrane is modelled as a cascade of low pass, notch filters and resonators.
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Membrane displacement and Pressure envelope for a sinusoidal input
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v' Observing the envelope, the pressure is

high at the basal end and decays down =)

to zero at the resonant position.
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Organ of Corti

2,000 Hz
!

1,500 Hz :

3,000 Hz

v' Attached to the basilar membrane
and running its entire length is the 2
organ of corti containing some Q
30,000 sensory hair cells.

basilar
mermbrane

. 7,000 Hz T
v There are two types of hair cells:

Cross section

= One row of inner hair cells, which

carry signals to the brain

Tactorial Membrane A cross section of Organ of Corti

= Three rows of outer hair cells

. . . Inner hair cells
which receive signals from the

Outer hair cells
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Mechanical to Neural Transduction (Electro-Chemical)

Inner haircell response to bending of the hairs
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Cochlear Models

Transmission Line Model

Digital filter model of the basilar membrane
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Sinusoidal components at the input

Digital filter model of the basilar membrane

v' The basilar membrane displacement and the e | e —
corresponding inner hair cell output in response = gl g
to a sum of three sinusoidal components applied R
at the input (3.2kHz, 1kHz and 300 Hz). Y
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v The inner hair cell model output shows the i l
spectral components in the input signal. e e
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Hair Cell Output Amplitude —

Hair Cell Output

(dB) -

(dB) —

Inner hair cell output for the speech utterance “three”
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Loudness in Decibels (dB)

Typical Sound Levels

Frequency in Hertz (Hz)
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Sounds Level

Faint 20dB (A faint Whisper is 30dB)

Soft (Quiet) 40dB

Moderate 60dB (normal conversation)

Loud 80dB (alarm clocks, vacuum cleaners)
Very Loud 90dB(Blenders)

110dB (Concerts, car horns)
Uncomfortable 120dB (jet planes during take off)

Painful and 130dB(Jackhammers)
dangerous 140dB(Gunshots)

v'Over 85 dB for extended periods can cause
permanent hearing loss

v'Zero decibels (0 dB) represent the absolute
threshold of human hearing, below which we
cannot hear a sound.



Adaptive Models of Cochlea
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Cochlear Response with Active Gain

v Human auditory system can process a

vast range of sounds spanning some _ Direction of
. . raveling wave
twelve orders of magnitude of input propagation

pressure intensity

v In order to achieve this, the cochlea
makes use of both passive and active
systems

v' The outer hair cells (OHC) provide this
active mechanism - they amplify the
motion picked up by the IHC at low input
sound levels at that frequency

—

OHCs exert force

With cochlear
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Passive

mechanics alone
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Transmission Line Model with Feedback

The basilar membrane within the cochlea is normally in a passive state.

Upon stimulation by a frequency of low amplitude, the section of the basilar
membrane corresponding to that frequency transitions to an active state
(adaptively higher-Q spectral decomposition).

It is surprising how this large number of locally acting feedback loops can act
together to give a large and uniform amplification of the global response of the

BM.

It would be desirable to have an active model of the cochlea that incorporates
the level-dependent adaptive gain and adaptive frequency selectivity properties.
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Active Cochlear Modelling
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Active Cochlear Modelling

Basilar membrane
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Active Transmission Line Model

ACTIVE TRANSMISSION LINE MODEL
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Cochlear implants
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Cochlear Implant System

@;

Cochleare®

v" Sounds processor is positioned behind the ear and transmits signals via RF to implant
v"Implant consists of receiver coil and electrode array and is surgically inserted inside the

inner ear
v Electrode array excites the auditory nerves

transmitter coil
microphones

implant
sound

sound
processor

receiver coil

electrode array

Phase-contrast Imaging of Cochlea
Apical Turn

Middle Turn

g Basal Turn

Xu et al. 2000



Signal Path Overview — Sound Processor C@h.c

Microphones S i :
. ampling & To
o— Front End » Filterbank > pling > Ampllt_ude » RF Encoder——
Selection Mapping Implant
14 L
= 2 1 [Tl L
3 1 Sl e L
4 . A L
5 | R L
i 6 e Dbl e L
74 TIPS ol ' =
8 - L
- 94 oo . L
@ o 10 [ ' o D v s, L
% E 11 s S v L
'E, ; L S 12 L
= 13 - IR e RN L
144 o b gl G 0w L
15 | W il I Ll A L
r 16 | s il gl O X L
174 [ e L
184 [T A D B s L
L 19 [ O A 0 0 L
20 Akl A L
21 TR RN IRRY VBT, L
-30 - 224 T T T T T SR T T T T T "
100 200 400 800 1000 2000 4000 8000 0 100 200 300 400 500 600 700 800 900 1000
Frequency (Hz) Time (ms)

Magnitude Response of Filter-bank Electrode Signals



Future Trends — Integration Auditory Models with

DNN

v A feed-forward adaptive spectral
decomposition model based on the
cochlea;

v' A back-end dependent feedback
path to improve the adaptive spectral
decomposition;

v' Extending the end-to-end system to
learn a channel-invariant speech
signal representation.
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Conclusions

v" Future models of cochlea will include active feedback mechanisms to improve
detection of smaller signals

v' Filters in the cochlear models and adaptive feedback paths both may be
iImplemented as deep learning models thus enabling integration with state-of-the-
art speech processing systems

v" This could lead to benefits for cochlear implants in terms of being able to adapt to
the environment as well as learning and adapting to the individual
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