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Introduction to the Human Auditory System

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

I(gf,uv?,) Stapes E.Igectl;ical
. x Sﬂ signals.
v" The human ear can respond to minute pressure s Malleus e
. .. . .. . ; Cochlea/
variations in the air if they are in the
audible frequency range, roughly 20 Hz - 20 kHz Auditory
| w G
Sound &
Sounds Level /]

Faint 20dB (A faint Whisper is 30dB) "\ External (mpedanc®

ear canal Marchine)
Soft (Quiet) 40dB
Moderate 60dB (normal conversation) ou\e‘:;:,“
\ReS
Loud 80dB (alarm clocks, vacuum cleaners)
Very Loud 90dB(Blenders);110dB (Concerts, car horns) ) i ) )
The peripheral auditory system and in particular the
Uncomfortable 120dB (jet planes during take off) cochlea can be viewed as a real-time spectrum
Painful and 130dB(Jackhammers); 140dB(Gunshots) analyser.
dangerous *Use hearing protection

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.



Outer Ear (Air Vibration): A resonator

The pinna surround the ear canal and functions incus Stapes i s
Pinna (stirrup) signals.
as sound wave reflectors and attenuators . ! Cochiea /!
The sound waves enter a tube-like structure | Akl
called ear canal and it serves as a sound | \\\‘ mﬁ\
. pe ' | : ‘o’é \A&
amplifier. Sound &

The sound waves travel through the canal and n
reach the eardrum and cause it to vibrate

gar
k\mpedaf‘ce
Matching)

The length (L) of the human ear canal is 2.8 cm
(and 7 mm in diameter)

Speed of sound (c) = 340.3 m/sec;

v" The resonant frequency (f) of the canal is = i
= 3,038Hz.

Acoustic gain (dB)

The human outer ear is most sensitive at about :
3kHz and provides about 20dB (decibels) of -
gain to the eardrum at around 3000Hz. :

200 500 1000

Frequency (Hz)

Outer ear is a low-Q bandpass filter
(Representative figure only)



Middle Ear: An Impedance Matcher & an Amplifier

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

Middle ear transforms the vibrating motion of

. . . \\ \ ) e
the eardrum into motion of the stapes via the \ \\ o D
. . e » ¢
two tiny bones, the malleus and incus . Sou!nd T T NS 3@
| (—
The pressure of the sound waves on the oval A i
- . . . m umpech'\ng\
window is around 25 times higher than on the = e
eardrum.
O\l‘-e‘ \0‘\
(Res®

Since the sound Intensity (I) is proportional ()
to the square pressure (P?), the sound intensity
increases 625 times (or 28dB)

Middle ear converts acoustic energy to
mechanical energy and mechanical energy to
hydraulic energy
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Inner Ear

. . . A 2,000 Hz
v" The inner ear consists of the cochlea responsible for 1,500 Hz
converting the vibrations of sound waves into Y 3,000 Hz
electrochemical impulses which are passed on to the B/
brain via the auditory nerve. Sl o
v' The cochlea is a spiral shaped structure which is about 067‘ 200 Hz
3.5 cm in length if uncoiled. % A
. e . . . 7 /4,000 Hz|
v' The cochlea is divided along its length by the basilar 20,000 Hz - boonTe ‘ i
membrane (BM) which partitions the cochlear into two N
fluid canals (scala vestibuli and scala tympani). G000 He membrans
5.000 Hz
Malleus —» / 7 C ds to loudness
Auditory Nerve Stapes Oval window rresponcs
24 Impieses f_/ Helicotrema
Auditory canal Scala vestibuli : :
Basilar membrane A Iongltudlnal
Soundwaves i .
) )) 201:7) “——| section of an
Mw wave p Seala tympan uncoiled cochlea
B . w .
-—v\ Apex
Inner ear Round window
(Cochlea) Tymp anic membrane An uncoiled cochlea

(ear drum)

Inner ear

<— Quter ear—»<« Nliddle ear»-=

A



Basilar Membrane (Hydro Dynamical process)

v" The Basilar Membrane varies in width and stiffness along
its length.

v' At basal end it is narrow and stiff where as towards the
apex it is wider and more flexible.

v Each point along the basilar membrane has a
characteristic frequency, f,(x), to which it is most
responsive.

v" The maximum membrane displacement occurring at the
basal end for high frequencies (20 kHz) and at the apical
end for low frequencies (70Hz) .

3.5cm

i
1
|
|

b(x)

Basilar membrane

x=0 b(x) =0.019+0.0093 x cm

X =

. 4

!

Apex
3.5cm

Unrolled basilar membrane

If x is the distance of a point on the basilar membrane from
the stapes, then the frequency, f,(x), that produces a peak
at this point is given by:

fo(x) = (20000.0) 107%67* Hz 0<x<35cm

* |t is evident that a 20 kHz tone at the stapes will cause the
BM to vibrate at a point x = 0.

* A 70 Hz tone will excite the BM at a point x = 3.5 cm (i.e. at
the apex)

Travelling wave in the basilar

R

w\k\

membrane
Stapes l Basilar membrane

; _/"\_)
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window

—=»

_’,/’__,__,_/

An uncoiled cochlea

Hehcotrema




Basilar Membrane as a Filterbank

Jt7Base _ e
/l-"“‘ frequency P s \ ﬁ Basilar membrane I@
(100 Hz) — \\ 0 ———
< Medium f“-(lul‘nc'\‘ \«. C ﬂ I\/\ ?
(1000 Hz) W 0 7
High frequency V. '\‘»; S )
_uo.ooou,.)/v&\ Q 0 -J\/\

Oval window

Basilar Membrane

Apex
.

Round % 4 ‘L//’“”/
_ [
Window [T

10,000 Hz 1000 Hz 100 Hz 20 Hz

Membrane Displacement

Distance from oval window

v’ Different frequencies stimulate different

areas of the basilar membrane

v 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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Cochlear Modelling

v" Asimple electrical model of a section (Ax) of the Basilar Membrane

s (0001

M (fluid mass)

Basilar membrane

Mass, m;

L.

Spring, S; é |_J Damper, d;

°
Membrane R
losses
X
X =
Membrane
Vi Mass L Vo Base wfm_
b R |
Membrane
. — vV
Compliance ¢ m
o o
Ax
v" A Transmission Line Model of the Basilar Membrane
M_.‘ M2 M."\.‘
R_.‘ R2 R."\.‘
Section 1 Section 2 Section N
Vin L Vi L, V; Vi L V, My
C =|= Vini C, =|= Vi Cy =|= V.,
Base | 7T Apex Helicotrema
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Transmission Line Model of the Cochlea — Cascade Model

M (fluid mass)

e (G001

®
Membrane R
losses
v Membrane L v
: Mass ©
—
Meml?rane — - v,
Compliance
® ®
Ax
Pressure Transfer Function:
Vo(s) a w3 S%’+B,s+w2
. - 2 2 2
Vi(s) st+a s“+Bpstwy Wy

Low pass filter Resonant pole

Displacement Transfer Function:

Vm(s) _ a wlzo
Vi(s) s+a s?2+Bps+ws

Low pass filter Resonant pole

Resonant zero

m—)

Magnitude

A
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A
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2
@p
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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.

Input

M; M N
R; R> Ry
Section 1 Section 2 Section N
Vin Ly Vi L, Vs Vi Ly gmq
C_F T Vm_-‘ C2 _T sz CN? v,
Base | T Apex Helicotrema
Pressure
Section 1 Output 1 Section i Section N
Resonant Notch . Resonant Notch Resonant
[PF1 Filter 1 Filter 1 LPF/ Filter i Filter [PEN Filter N
Displacement Displacement Displacement
Output 1 Output i OQutput N
v, (2) l.—a; 1.—bi-Fbs 1l =iz sz
vA2) I—ayz~"' 1—bz " F+hz™* 1 —g;+a; - -
Digital Filter
- l .
Vl@) _ g 1—a, (A —b,+b)y)z Implementation
v{(z) 1 —=agz=" 1~biz" ¥z
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Magnitude

Inner Ear
Sine Input . o .
P Middle Ear Filter 1 } Filter i } Filter N
Base Apex
Membrane Membrane Membrane
Displacement Displacement Displacement
0 — Ty T
Magnitude response of the it" filter
20 F ]
A
-40 + [ 1
F
|
| .
60 ', 1 v' Observing the envelope,
" the pressure is high at
the basal end and
100 ] decays down to zero at 4l
, the resonant position. )
120 ~ |
107 10! 10° 10°
Frequency

Membrane displacement and Pressure envelope for a sinusoidal input
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Basilar membrane
displacement due to |
3 kHz sine wave at
the input
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Pressure envelope
due to a 3 kHz sine
wave at the input
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Filter Number
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Auditory Nerve Impulses

Inner ear
(Cochlea)

L

cala vestibuli

" '/

Reissner's =»# Tectorial

membrane ¢ membrane
74
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- <
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a

!
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0.02
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Tectorial Membrane A cross section of Organ of Corti
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\ Supporting cells
\ s

Inner hair cells

Efferentfibres  Basilar membrane

Auditory nerves
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Organ of Corti

A 2,000 Hz

1,500 Hz
> 3,000 Hz
\600\“2

basilar
membrane

v’ Attached to the basilar membrane and running its
entire length is the organ of corti containing some
30,000 sensory hair cells. 074

400 Hz_

cochlear duct

v There are two types of sensory hair cells:

20,000 Hz

Organ of Corti
= One row of inner hair cells, whose cilia float freely

in the fluid-filled region called subtectorial space

7,000 Hz
5.000 Hz

» Three rows of outer hair cells whose cilia are
attached to the tectorial membrane

v" When the basilar membrane deflects, due to
pressure wave in the cochlear fluid it triggers the
inner hair cells to transmit nerve impulses to brain.

Subtectorial

P 4

space Efferentfibres  Basilarmembrane
(Cochlea) Auditory nerves
Inner Ear (Cochlea .
m-————————=————- - Nerve Fibres
I INNER HAIR || AFFERENT
SOUND[ OUTER& ] | pasiAR CELLS | L_FIBRES AUDITORY
—> MIPOLE P MEmBRANE | PROCESSING
EARs | — OUTER EFFERENT (Brain)
| HAIR CELLS ; : FIBRES

A simplified Diagram of a Human Auditory System
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Mechanical to Neural Transduction (Electro Chemical)

excitaton

resting
N\ |\ . . .
\\§\\\\\ L v' The mechanical displacement to electrical energy
\ ‘”."" . . . .
NN\ i transduction process takes place in the inner hair
cells
cell body cellbody | | . . N .
' v" Bending of the inner hair cell cilia due to basilar
\ membrane displacement produces a change in the
Afferent fibres Afferentfibres overall resistance (reduces it) of the inner hair cell,
to brain stem to brain stem

thus modulating current flow through the hair cell.

Joltage TVoItage

Excitation Time Resting firing Time
firing pattern pattern

Inner hair cell model
Membrane Inner hair cell Here bending the inner hair cell cilia is simulated by
displacement o > —o output v(i) charging of the capacitor and returning to the initial
. Half-wave R _L > position of the cilia is equivalent to discharging the
‘ ek . itor.
d(i) rectifier C T (electrical e
O 0 energy)

: 17
Inner Hair Cell model



Mechanical to Neural Transduction (Electro Chemical)

v' There is coupling between the cilia of the inner hair cells,
through the fluid in the subtectorial space.

v’ Spatial differentiation of the membrane displacement

represents this coupling

Fluid cilia coupling
dBA

Membrane

Spatially
displacement

Inner hair cell model

Half-wave R I

Inner hair cell

Without Spatial
Differentiation

_—/_ differentiated output v(i)
EEEE—
d(i) —» W membrane rectifier C T (electrical
High-pass filter d'sp'sz)’“e“' ° o energy)
|

'y b o3 s

_: — . e Fh o -,-,.-_,.,.;A.

£ i

Transmission Line Model

Digital filter model of the basilar membrane

Input i .
p . Middle - . Filter 1 . Filter i Filter N
ear Pressure Pressure
Base output output Apex
Membrane
Membrane displacement
displacement +
\ 4
Inner Inner Inner
hair cell hair cell hair cell
l Electrical v i
: Electrical
signal ;
signal
-4‘-,'
)
N
D S tt——————eeeg - . . P4 e AT
With Spatial
Differentiation
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Cochlear Modelling: Cascade and Parallel Models

Transmission Line Model

Digital filter model of the basilar membrane

Input i ’
P! » Middle ! Filter 1 | Filteri ——§p| Filter N
ear Pressure Pressure
Base output output Apex
Membrane
Membrane displacement
displacement
v v
Inner Inner Inner
hair pell hair cell hair cell
Electrical v :
signal Electrical
signal
Magnitude response of selected Filters
20 - Slope:
150dB/octave
| | II| || I \ |I
- [ | |
-20 Slope: | || /| |
24dB/octave , |I ' ||
/ | [
-40 + \ I ' |
/ III '_JI,./ I|I
/ I . _
-60 // IrI
Slope: / \
-80 - 6dB/octave II".
\ /// IIIII
4100 | -~
10" 10' 10° 10°

Parallel Filter Bank Model

Input
Filter 1 p-——=—-1 Filteri [=——=—-y Filter N
y v v
Inner Inner Inner
hair cell hair cell hair cell
l Electrical l Electrical
signal ‘ ectrica
signal
20 Magnitude response of selected Filters _
0r
II."I |‘|I { |III
S\
20 - I AR T\ VR L - .
——— - Hilk W — ——" \\
— \ N
40 - \\\
60 - \\\‘\m\. )
-80 | i
-100 : L
10° 10! 102
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Sinusoidal components at the input

Transmission Line Model

Digital filter model of the basilar membrane

et gl Middle || ol mers | g Fitteri = Filter N
ear Pressure ressure
Base output output Apex
Membrane 0.14 £ 4 3
'::::::::;Zm displacement ‘ ’ g iy |3 . 2kHz After Secon;ioé}b{r::s f rame J:
v 0.08 + ‘ . z T
var cel Lnar:re el ::;rercen E i | 1. 0kHz A ?
I £ 0.024+ || A I\ +
l S 0.004 _ N ——\ [V l “ ~—
& -0.02 4 | | ‘ -
Electrical v Y v '5" -0.04 - “ ‘ \ '\ -
sl Eilgn;I | E _ggg; V ‘ Filter No. -+ J t
. . 0 30 40 S0 60 70 80 90 20
v’ The basilar membrane displacement and ~
. . . . © f
the corresponding inner hair cell output in > o3t - After second léms frame
. . 5 o030+ n-- ’
response to a sum of three sinusoidal a O'ZS!I n\ ]
. . = [ 1.0kHz 1
components applied at the input (3.2kHz, ot 0.0 A i K AB/O\OHZ
~ 0.15 [ | '
1kHz and 300 Hz). S o_[% /| /1 / \\
4 , \ /| I
- 0.0S \ \ \
. . - i ;——///__/ i S
v The inner hair cell model output shows the 8 ooo—= \ TliterFo :
10 20 30 40 S0 60 70 80 90 100 110 120

spectral components in the input signal.

20



Adaptive Models of the Cochlea
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Cochlear Response with Active Gain

v Human auditory system can process a
vast range of sounds spanning some
twelve orders of magnitude of input
pressure intensity Base

Direction of
traveling wave
propagation

e

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

COCHLEA
VT
I INNER HAIR AFFERENT
o O
< | 1|2 CcELS J’, FIBRES > 2
SOUND i N EE o
WAVES AT—p U |- 7 5 | = 1
EARDRUM g < S | g 8
S |1 |al OUTER EFFERENT 29
= | € HAIR CELLS <l_| FIBRES a
|

With cochlear
/ amplifier (Active)

Passive
mechanics alone
ra
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AN

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.

f\ 80r Constant
Slope: e Slope:
Q 150 dB/octave 80dB 150 dB/octave
E — i / 560- /
58 Active p
E = (High-Q) ™~ E b
40
=35 g
E 2 E 40dB ~ Slope:
— g 24 dB/octave
W 20F
4y} /
m / | \ -
4 PﬂSSW’E a4 6 dB/octave
(LOW'Q) 0 A A A A A
) 3 6 10 1418

Frequency Frequency (kHz)



Active Cochlear Modelling
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membrane ¢
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22 |2
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2 e
Wa r
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L P
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/L
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Tectorial Membrane

o

g
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Auditory nerves
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Active Cochlear Modelling

Basilar membrane

x |= X x=3.5
Base Apex
Acoustic impedance of
the fluid
Ll LZ LN
R R R
Ly Ly Ly "
Che Che e Che e
RTM RTI\/I RTM
m—— Criy Crm = G
Ly
+ - - -
Vs @ 6’ Vonce Vi 6.’ Vore f\? Vorce
- + 1 + 1 + | Helicotrema
RBM RBM RBM
== CBM Vm CBI\/I Vm == CBM Vm

BASE APEX
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Active Transmission Line Model

ACTIVE TRANSMISSION LINE MODEL

A

BASE APEX
PRESSURE PRESSURE
ho) MIDDLE TUNEABLE | ,OUTPUT TUNEABLE |  OUTPUT TUNEABLE
i VT EARFILTER [ 2] FLTERL [ °°°°°* ™ FwTeri [ > °°°°°° ™ FLTERN
SPEECH '
SIGNAL MEMBRANE | MEMBRANE |
DISPLACEMENT DISPLACEMENT
\ 4 Y
INNER HAIR ADAPTIVE INNER HAIR ADAPTIVE INNER HAIR ADAPTIVE
CELL MODEL | | CONTROLLER CELL MODEL | | CONTROLLER CELL MODEL | | CONTROLLER
A T A T \ 4 T
HAIR CELL OUTER HAIR HAIR CELL OUTER HAIR HAIR CELL OUTER HAIR
OUTPUT CELL FEEDBACK  OUTPUT CELL FEEDBACK  OUTPUT CELL FEEDBACK
\ J

Y
MODEL ELEMENT WITH ADAPTIVE
FEEDBACK CONTROL

Passive cochlear
Active cochlear

1 Ideally, models of the cochlea should
] exhibit

* |evel-dependence

\ e sharp auditory tuning curves
i » fast adaptation

| | to changes in the input stimuli

10 20 30 40 50 60 70 80



Active Transmission Line Model

ACTIVE TRANSMISSION LINE MODEL

A

r Al
BASE APEX
PRESSURE PRESSURE
MIDDLE TUNEABLE | LOUTPUT TUNEABLE | LOUTPUT TUNEABLE
TV, EAR FILTER FLTERL [ ™ FLteri [ °°°°°° ™ FLTERN
SPEECH
SIGNAL MEMBRANE MEMBRANE
DISPLACEMENT DISPLACEMENT
A\ 4 \ 4 A 4
INNER HAIR ADAPTIVE INNER HAIR ADAPTIVE INNER HAIR ADAPTIVE
CELL MODEL | | CONTROLLER CELL MODEL | | CONTROLLER CELL MODEL | | CONTROLLER
HAIR CELL OUTER HAIR HAIR CELL OUTER HAIR HAIR CELL OUTER HAIR
OUTPUT CELL FEEDBACK ~ OUTPUT CELL FEEDBACK  OUTPUT CELL FEEDBACK
\ J

Y
MODEL ELEMENT WITH ADAPTIVE
FEEDBACK CONTROL

Frequency (kHz)

Passive Cochlea

T T T

1y,
50 100 150
Time —»

200

Frequency (kHz)

Active Cochlea

T T T

" |
fo
50 100 150 200
Time —»
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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.

\ Australian Government

95 Australian Research Council

SPEECH SYSTEM OUTPUT

1

DNN BACK-END
(SPEAKER ID,

LANGUAGE ID, ETC.)

' I

E;'”E';E?Qfgg DNN FEATURE |
B TRANSFORMATION

] :

TUNEABLE
FILTER

TUNEABLE
FILTER

COCHLEA MODEL A
BASED FRONT-END

r 3

DNN ADAPTIVE
CONTROLLER

SPEECH

|

SIGNAL
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Integration Auditory Models (Parallel Filterbank) with DNN

i Level-dependent adaptation DNN-based adaptive controller

1N oo [T ] [ R0 | — ] -
E ! QF{E{x]] Qu {G{x1} ann B B _ﬁ'E{x} Calculate |;
| af — () 4 Fc2  [*] rFc1 [C BN M |
P Qg == ______:_____:_____:_____:.____:_____:_J..
: Emin E; Emm 4 [ ;
E{x} R |
Calculate | [
: N - [ :
i Energy Q{x} | i
| : Backprop2 !
i ; iy Bty p - 1
l FlItE'r M ". W i...................“.................................u......... I
TP . Filter N - - l
Filter 2 et o Filteri - ; extraction Backend :
: pati . i
Il.ﬂji Filter 1 differentiation Filter 1 : *m————————— '
: Backprop1l
i Layer 1 Layer 2 5
T T T L L L L L L L L L Ll o
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Future Trends —Binaural Auditory Models for Al

SPEECH SYSTEM OUTPUT

I

DNN BACK-END
(SPEAKER ID, LANGUAGE

ID, ETC.)
\ 4 A A \ 4
DNN BASED DNN BASED
FEEDBACK FEEDBACK
CONTROLLER CONTROLLER
\ 4 \ 4
TUNEABLE TUNEABLE TUNEABLE TUNEABLE
® 6 0 & 0 & 0 0 0 0 o o 9 ® 6 0 & 0 & 0 0 0 0 o o 9
FILTER FILTER FILTER FILTER
COCHLEA MODEL A T COCHLEA MODEL A T
BASED FRONT-END BASED FRONT-END
DNN ADAPTIVE DNN ADAPTIVE
CONTROLLER CONTROLLER
Channel 1 Channel 2
A A
SPEECH
SIGNAL

v Fxnloit hinaural variations to develop a robust cochlear front-end for future Al systems

Australian Government

Australian Research Council




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 implemented 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

Skinfscalp

¥ .  Receiver/stimulator
Y L~ Incus
' (anvil)  (sfirrup)

Transmitter

Microphone - ¥ Malleus
+ Y (hammer)

Speech § Ay L
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