® Ear as Transducer * Otoacoustic Emissions
* Hair Cells e Cochlear Implant

Australian Acoustical Society Vol. 21 No. 3 December 1993



] A. Acoustic and Real-time
1/3 Octave Analysis

and Simulation

O C. Rotating Machinery and
Order Tracking Analysis

1 B. Vibration Analysis

D. Any of the above

For high-performance testing, HP’s new
FFT analyser gives you multiple choice.

When you need a combination of
high-performance measurements,
but don't want the expense of multi-
ple instruments, there’s only one
choice: The HP 35665A Dynamic
Signal Analyser.

Because with the HP 35665A, the
choice is yours: High-quality com-
puted order tracking without ex-
ternal hardware. Real-time octave
measurements that meet ANSI
specifications. Swept-sine measure-
ments that are as fast as frequency
response analysers and have the

added functions of an FFT analyser.
As well as curve-fit and synthesis,
arbitrary source, and HP In-
strument BASIC control for test au-
tomation. You only pay for the op-
tions you select. And you can add

new options at any time right at

your site.

So, leave your options open. For
details on all the choices the HP
35665A gives you, call Toula in our
Customer Information Centre on
13 1347 and ask for your free copy
of our Mechanical Test Handbook.

HEWLETT
PACKARD



EDITORIAL COMMITTEE:
Neville Flotcher

Lai

ASSISTING EDITOR:
Leigh Kenna

BUSINESS MANAGER:
Mrs Leigh Walbank

For All General Business
(subscriptions, extra copies, back
issues, advertsing, etc)

Mrs Leigh Walbank

ox
CRONULLA NSW 2230
Tel (02) 528 4362
Fax (02) 523 9637

For Al Editorlal Matters
(artices, reports, news, book reviews,
new products, etc)

The Editor, Acoustics Australia
Acoustics & Vibration Centre
Australan Defence Force Academy
CANBERRA ACT 2600

Tel (06) 268 8241

Fax (06) 268 8276

emai: m-burgess@adia oz.au

Acoustics Austala is pubished by the
Aushalian Acoustical Soci
(ACN.000712658)

Rsposkity o the coners o s
fests upon the authors and not
Austalian Acoustical Society. pri
may be repaduced i fl premded
adequate _ reference

Reotste A abwacad
indexed in Engineering Index, Physics
Abstracts & Acoustics Abstracts

Printed by
Gonula Pritng GoPy L

Tel (02) 5235954,
Fax (02) 523 9637

ISSN 0814-6039

pantich
thalic

CONTENTS

Vol21 No3 December 1993

ARTICLES

+ The Ear as an Acoustical Transducer
G K Yates 7

Hair Cells - Mechanosensors and Motors.
J O Pickles 82

+ The Earas an o and
their diagnostic potential

E L Le Page, N M Murray, K Tran, M J Harrap. 86
« The University of Melbourne/Nucleus Multiple-Channel Cochlear

Implant

G M Clark 91

News and Notes ...

Book Reviews

by Australians 105

New Products ...

Advertiser Index ..

Acoustics Australia Informatio

Australian Acoustical Society Information

Diary .

Annual Index

COVER : The image on the cover illustrates the basic elements of the human auditory
system - see paper by Yates.

Acoustics Australia

Vol 21 No. 3-73



(PRESENTING — THE DYNAMIC DUOD

(The Dynamic Sensors. The P.C.B. Piezotronics family of quartz )
and ceramic sensors provide quality
measurement in dynamic applications for:-

* Pressure * Force
* Vibration * Modal

— When you need to measure a dynamic
3\7' response, we can provide a solution from
> the P.C.B. range. Our engineers are

. available to discuss your needs.

\ J\ » ﬂl Call us today for your FREE catalogue.

A Click and a Drag opens the window to a
world of analysis technology. The Zonic
“WCA”’ combines POWER and MULTI-
CHANNEL capability for:-

* Vibration * Acoustic
* Modal * Rotating Machinery

We are offering YOU an opportunity to see
~ the Zonic “WCA” in action, register

" TODAY for one of our FREE seminars to
be held in:-

* Perth, 31st January, 1994.

* Adelaide, 2nd February, 1994. |

* Melbourne, 3rd February, 1994.

* Brisbane, 8th February, 1994.

* Sydney, 10th February, 1994.

( DAVIDSON VIC/TAS/NT PH: (03) 555 7277 FAX: (03) 555 7956\

Measuring up to your needs NSW/ACT  PH: (02) 748 0544 FAX: (02) 748 0544

QLD PH: (07) 841 4555 FAX: (07) 841 4600

WA FREE PH: 008 816 687  FAX: (03) 555 7956
M.B. & K.J. DAVIDSON PTY. LTD. AGENT:

ACN 005 031 961 . FAX:
17 Roberna Street, Moorabbin, Vic 3189. S PH: (08) 365 1000 FAX: (08) 365 “’0‘)

Vol 21 No. 3 - 74 Acoustics Australia



Edetoneal

Abaut nce sach year we publish o Spacil lesue i which nvied coirbulorssurvey a fleld of patoar neres n acoustic,
The subject of Hearing is central to our whole discipline - indeed, without this particular biological sense, acoustics as a
subject would hardly exist! Because of this central fmporiance and the wide scop of the fela of hearing, we could have
‘approached it in many different ways, and perhaps some of these will be the subject of other special issues in the future. This
time we have concentrated on physiological aspects of human hearing, and our invited papers come from four Australian
groups that have made very significant contributions to knowledge in this area. The first two papers deal with the physiology
of normal hearing, and follow the path from the eardrum through the cochlea to the hair cells and the neural output signals.
The next contribution examines the clues that are provided by the spontaneous oscillation of the inner ear itself, while the final
paper reports on the exciting progress that has been made in development of a cochlear implant to aid the profoundly deat. It
is clearly impossible for a single issue of our journal to give a comprehensive treatment of these complex matters, but the aim

has been both to sketch in the general background and to indicate the frontiers of current research.

Letters to the Editors are invited on any relevant matters.

AUSTRALIAN ACOUSTICAL SOCIETY
SUSTAINING MEMBERS

ASSOCIATION OF AUSTRALIAN BRUEL & KJAER AUSTRALIA PTY LTD PEACE ENGINEERING PTYLTD
ACOUSTICAL CONSULTA! POBOX 177, TERREY HILLS 2084
SCIENCE CENTRE FOUNDATION REVESBV 22‘2
PRIVATE BAG 1,
; CHADWICK TECHNOLOGY
DARLINGHURST 2010 292 BURNS BAY D, PYROTEK PTY LTD
LANE COVE 2066 147 MAGOWAR RD,
ASSOCIATION OF GIRRAWEEN 2145 .
& LATION
P.0.BOX 484 PTYLTD
MT. ELIZA 3330 ‘C.EH‘E'I;?NEU’STREET POBOX 742,
GOSFORD 2250
AWADISTRIBUTION
e Abrbeed ENVIRONMENTAL NOISE CONTROL PIL 'ROGLA CONPOSITE PRODUCTS
NORTHRYDE 2113 50RIVERSIDE ROAD SANDOWN RD,
CHIPPING NORTON 2170 o iy W
LAY ENGINEERING G P EMBELTON & COPTY LTD SAFETY EQUPMENT
(CANNING VALE 6155 147-149 BAKERS ROAD AAUSTRALIA PTY LTD
(COBURG 3058 35/1-3 JUBLIEE AVE,
'WARRIEWOOD 2102
BHP STEEL,
T colpronuoTs oSN INC CORPORATIONPTY LTD STRAMIT INDUSTRIES LTD
77, 6 THOMAS STREET, CHATSWOOD 2067
PORT KEMBLA 2505 OAKLEIGH SOUTH 3167
WARBURTON FRANKI
BILSOM AUSTRALIA PTY LTD JOYCE AUSTRALIA Division of BellRH Industries Pty Ltd
59 BAIDGE ROAD,
19 TEPKO ROAD, MOOREBANK 2170 1.5 CARTER STREET
TERRY HILLS 2084 LIDCOMBE 2141
BORAL AUSTRALIAN GYPSUM NAP SLENTFLO PTY LTD WORKCOVER ACOUSTICS
676 LORIMER ST, S8BUCKLAND ST, 132 LONDONDERRY
N (CLAYTON 31t
RT MELBOURNE 3207 LLONDONDERRY 2753
See page 108 for Society Enquiries
Acoustics Australia Vol 21 No. 8- 75



:® NATIONAL ACOUSTIC
S Spray - On LABORATORIES
< ACOUSTIC & NOISE
ACOUSTEX SPECIALISTS
For Sound Control AP Somengr

@ Transmission, Sound Power and Absorption testing
® General Acoustic Testing

* Applicable to any surface @ Comprehensive Analysis of Sound and Vibration
* Safe, natural, recycled @ Measurement and Control of Occupational Noise

® Elcctro-Acoustic Calibration @ Vibration Analysis
* Monolithic, architectural finish Experts in Noise Management and other Services - Including:

@ Measurement and Control of Occupational Noise
@ Reference and Monitoring Audiometry

ACOUSTEX PTY. LTD. ® Residential and Environmental Noise
9 Dissik Streel @ Education and Training @ Acoustic Research
Cheltenham 3192 126 Greville Street, Chatswood, N.S.W. 2067
Ph: (02) 412-6800
Mel
olhourne Sydney National Acoustic Laboratories is a Division of

3 596 5896 Phone: 02 891 3899 Australian Hearing Services a
Fi

Phon
v
Fax: 03 596 5621 0238911315 Commonwealth Government Authority

ViPAC presents a State-of-the-Art
Advance from Larson Davis Labs...
* The Model 2900

Handheld Dual
hannel Analyser:

 Frequency Respondg

+ CoherenéSimmy )

 Impulse Response

The Model 2800
Realtime SLM:
A precision Sound Level Meter and a 1/1, 1/3 Octave/FFT Realtime. Analyser with statistical
analysis capability and on-board room acoustics software in a lightweight, notebook-size
package including

« Battery Operation « External 3.5 floppy disk drive, MS-DOS compatible A -
L +256Kb CMOS memory  * RS-232 Interface . VirAC
'Enumm & Scionits

Manome Syonay. Branare: o o Tasmari
(@9 675700 621475 5800 on a0 247 1790 091321 3080 o) 432077

Vol 21 No.3-76 Acoustics Australia



The Ear as an Acoustical Transducer

Graeme K. Yates

The Auditory Laboratory
Department of Physiology

The University of Western Australia
Nedlands, 6009

Abstract: Biology has imposed several severe limitations on the ear in walvmg a2 the biokogical equialnt of &

microphone. Speed of rsponse.

In adapting to overcome these limitations, the ear has developed some unique. solution that enable o perform as el

o better than many commercally available microphones.

1. INTRODUCTION

The ear has the task of translating incoming acoustic signals
into a neural code suitable for transmission to the brain. To
accomplish this it converts fluctuations in i pressure, which
are the signals of interest, into electrical pulses and faithfully
transmits to the central nervous system all aspects of the
sound that are of concern to an animal for its survival. In this
respect the cochlea, or inner ear, has many parallels with a
microphone, but it has limitations imposed upon it that
demand a very innovative design. This paper will consider
those factors that pose problems for the cochlea and will
illustrate the techniques that have enabled evolution to
‘overcome those restrictions.

1.1 The Anatomy of the Ear

The most obvious anatomical characteristic of the ear, the
pinna (Fig.1.A), is simply an external structure to define and
protect the external ear canal, although it may also have a
ole in direction detection for high-frequency signals. The ear
canal conducts sound to the eardrum which, together with
the small articulated bones of the middle ear, acts as an

scala tympani

scala vestibull

impedance transformer to couple the low-mpedance  air
medium to a higher-impedance hydro-mechanical system in
the cochlea. It is within the cochlea, or inner ear, that the
true transduction takes place and it is with the cochlea alone
that we are concerned here

The cochlea is a very small colled structure with a
three-chambered  cross-section  (Fig.1.B). The three
chambers, scala vestibuli, scala media and scala tympani
are each separated by thin partitions and are filled with
diute water solutions of sodium or potassium sats.
Separating scala vestibuli from scala media is a thin, cellular
membrane known as Reisner's membrane, which separates
the high-sodium, low-potassium aqueous solution of scala
vestibuii from the low-sodium, high-potassium solution of
scala media. Scala tympani is filled with the same solution
as scala vestibuli.

Separating scala media from scala tympani is the basilar
membrane, a narrow ribbon-like structure carrying the cells
of the sensory structure, the Organ of Corti. The basilar

membrane is elastc and when displaced retumns
fectorial
membrane outer
hair cells

hair cell

Figure?1. The relationship of the cochlea to the external components of the ear. The cochlea is embedded in the hard temporal bone (A). Itis

a long, spiralled chamber, subdi

separated by the basilar membrane. Acoustic_displacement of the middle-ear bones causes a travelling wave to propagate along

vided along its length into three chambers (B) Two of these chambers, scalas media and tympani, are

the basilar

e, shown diagrammatically in (C). Displacement of the basilar membrane stimulates the receptor cells of the organ of Corti which

membra
rides on the basilar membrane (D).
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immediately to its equilibrium position, but it is stiffer near
the input (basal) and floppier near the far (apical) end of the
cochlea. Displacement of the middle ear bones results in
displacement of the basilar membrane near its basal end.
This disturbance is propagated through the fluid to the
adjacent regions of the membrane which are in turn
displaced. Hence, the original disturbance of the middle ear
is carried along the membrane by an interaction between the
elasticity of the membrane and the inertia of the fluid.

The mechanical disturbance is propagated down the
cochlea in the form of a travelling wave, very much like a
wave on the surface of an ocean (Fig.1C). The differences
are two-fold, however. () instead of occurring at an air-water
interface as the ocean wave does, the cochlea travelling
wave occurs at the interface between two water-filled
regions separated by a membrane, and (i) uniike the
surface of the ocean, the basilar membrane has its own
mass, and consequently, inertia. The first difference is not
significant for the physics of the travelling wave, the second
has a profound effect. At any place along the membrane
there is a high-frequency limit above which the inertial
reactance of the basilar membrane dominates its elastic
reactance so that the reaction of the membrane on the
adjacent fluid changes sign. For all higher frequencies the
travelling wave cannot propagate at this place: it decays as
an evanescent wave. Because the elastic properties of the
membrane are tapered along the cochlea, this characteristic
cut-off frequency varies according to the position along the
cochlea, basal regions having higher cutoff frequencies.

Thus, when the middle ear is disturbed by a complex signal,
atravelling wave is produced on the basilar membrane, with
High-requency companants of the signal raveling only &
short distance before stopping and with low-frequency
Components uavelhng almost the full ength of the cochlea.

electrical current

10ms

Ly
action potentials
in auditory nerve

electrical
capacitance

Figure 2. Basic mechano-sensitve transducer in biology. The hair
cell is a specialised cell containing small cilia which from
one end of the cell. The cil ss a standing, or bias,
current. Displacement of the cilla to one side reduces the current
while displacement to the other side increases it Increased current
flow reduces the (negative) trans-membrane potential, in tum
releasing a_chemical transitter from the synapse. The transmitter
produces action potentials i the nerve fibre. Electrical capacitance
nd ystem.

The cells of the Organ of Corti ride on the basilar membrane
and are displaced along with it (Fig.1D). As they are
disturbed by the motion, the sensory cells are stimulated to
produce changes in their intemal electrical environment and,
in tumn, these excite the nerve endings attached to them,
generating action potentials for transmission to the brain.

1.2.1 Mechanically sensitive cells

Mechanically sensitive cells are basically the same across
species (Fig.2). They consist of a cell body with small hairs
protruding from the top. Like cells of all types, their insides
are at an electrical potential difference from outside, so that
the inside is around 40-80 millivolts more negative. A small
bias current flows continuously through the tops of the hairs,
down into the cell body, and out through the cell wall.
Displacement of the tips of the hairs modulates the bias
current, resulting in a variation of current flow through the
cell in sympathy with the displacement of the hairs. In turn,
the voltage across the cell wall also varies in analogy with
displacement, much like a microphone; in fact the current,
when measured as a small voltage drop outside the
mammalian cochlea, is known as the cochlear microphonic
and may be replayed through a loudspeaker with surprising
fidelity to the original sounds.

1.22 Slow responses

The problem for transduction lies in the relatively large
electrical capacitance of the cell and the small curents
which flow (2). Fast modulations of the current caused by
rapid displacements of the hairs are smoothed out by the
capacitance, with the result that the membrane voltage
preserves only the slow component of the signal. Typical
time constants are about 200 seconds or greater,
restricting the frequency response to below 800 Hz. This is
100 slow to be of much use to an animal in gleaning
information from a noise produced by a predator or prey.

1.2.3 Limited dynamic range
A second problem lies in the next stage of transduction: t
conversion to neural impulses, or action potentials. At the
base of hair cells are small structures known as synapses
which release packets of chemical transmitter in response to
membrane voltage changes. The transmitter in turn causes
action potentials, short electrical pulses of about 100 mv
amplitude, to propagate away from the cell towards the
brain. It is the rate and timing of these action potentials
which carries_information to the consciousness of the
animal, basically in the form of a pulse-rate code. Louder
sound means more action potentials per second. The upper
limit to the rate at which action potentials may be generated,
however, is around 300/sec and the minimum useful lower
rate is of the order of 1/second. (The pulses in the auditory
nerve are not regular but occur randomly with only the
average rate being meaningful. Thus, interval timing may not
be used.) This limits the range of intensities which may be
coded to only 300:1, or about 50 dB and even less in
practice, about 90 dB short of the full auditory range.

1.2 The Raw Materials of Hearing

In effect, all the mechanical structures within the cochlea
exist solely to stimulate the senmsory cells which are
distributed along the length of the basilar membrane.

124 sensitivity
A third problem vt in tho sensitivity of the hair cells.
Threshold acoustical pressures produce displacements of
the eardrum of around 102 m while hair cells require
displacements of the order of 10° m. To reach maximum
sensitivity requires a mechanical amplification of around
10,000 times.
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Figure 3. Diagrammatic representation of how the cochlea transforms an incoming, wide-band signal into a number of parallel, narrow-band
signals.

2. THE SPEED PROBLEM

The cochlea has evolved an extremely elegant way of
overcoming the limitation on speed imposed by the electrical
capacitance of the hair cells and the slow pulse rate of the
neurones. Essentially, it encodes the incoming single,
wideband signal into a large set of parallel, narowband
channels, each coding a different region of the incoming
bandwidth (Fig.3).

Recordings of nerve fibre responses to bursts of pure
sinusoidal sounds showed that individual fibres ~are
stimulated best, i.e., increase their firing rates in response to
the softest sounds, when the stimulus frequency matches
some frequency characteristic of the fibre. That is, for a

3. THE DYNAMIC RANGE PROBLEM

The second problem, concerning the dynamic range of the
cochlea, is solved by dynamic compression of the range of
vnblalton ampmudes on the basilar membrane. At low
inten y below 30-40 dB SPL, the vibration amplitude
of the basir mombrans 5 linearly related to the amplitude
of the acoustic pressure changes, but at higher intensities
the basilar membrane amplitude grows much more slowly,
somewhere between 0.5 dB/dB and 0.05 dB/dB (Fig.5). In
effect, an automatic gain control loop becomes operative,
restricting the growth in the basilar membrane vibrations to
less than the growth in sound level. Thus, hair cells and
nerve fibres riding on the basilar membrane are not driven
s hard at high intensities as at low (6,7,8)

given fibre there is a equency (CF) at which it
is most easily stimulated; frequencies either side of the CF
require greater intensities before they respond. In effect,
each nerve fibre is preceded by a narrowband filter which
limits it to responding only to a narrow range of frequencies,
at least at low intensities. Fibres coming from different
regions along the cochlea have different, tonotopically
organised CFs and respond to the envelope of the vibrations
of their associated fiters (Fig.).

Since each filter is narrow enough that its characteristic
ringing time is of the order of a few miliseconds, any
response at all by the fitter is sufficiently slowed as to give
the hair cell and neurone time to respond. Thus, a short,
rapid fluctuation in pressure, too fast to affect a simple nerve
fibre, will set a range of filters ringing and their attached
nerve fibres will increase their firing rates according to the
amplitude of the ringing in each filter.

Recent measurements have shown that the cochlear fitters
exist in the form of tuned mechanical responses by the
basilar membrane (3,4,5). For any given stimulus frequency
there is a place along the cochlea at which the basilar
membrane vibrates with greater ampltude than elsewhere.
Hair cells riding on the basilar membrane at that location are
then stimulated at lower intensity levels than are other hair

The compression operates over a restricted frequency
range, however, around the CF for any given place. Thus,
the apparent frequency selectivity of any nerve fibre is also
reduced as the intensity grows.

Stimulus Intensity
(dB SPL)

o 1 10 100
Frequency (kHz)

Figure 4. Tuning curves recorded from four nerve fires

emmanating from different places along the length of the cochlea.

The curves represent the sound intensity required o increase the

firing rate of the nerve fibre by a just perceptible amount, .., they

prcoent 1 iput lovel nocessary

CF. Each fbre forms an element of a Fourier analyser.
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Figure 5. Basiar membrane
characteristic frequency.

inea the amplitud
1B increase in SPL. At mghel
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4, HOW IS IT DONE?

Rec n us something of how the
Cochion ocomplishes tis preprocessing of the stimulus,
and the answer is implicilly associated with the third
problem, that of sensitivity.

4.1'The Mechanical Amplifier

In 1978, David Kemp of the Institute of Laryngology and
Otology in London demonstrated (9) the surprising fact that
ears could talk back! When he delivered short clicks into the
external ear canals of human subjects he was able to record
a very soft echo which, further experiment showed, was

= e

Frosure ocros
, cochiecr particn

Modusaton of curen,
Theough OHCs

clearly coming !vom within the cochlea. Research since then
has shown tha ho apparently results from a
‘mechanical amphﬁer within_the cochlea, amplifying the
mechanical vibrations of the basilar membrane by as much
as a thousand times, and other research has implied that the
agents responsible for the amplification are the outer hair
cells (Fig.1D), an amay of cells similar to the sensory
receptor cels, the inner hair cells but without strong neural
connections to the brain. When stimulated by mechanical
movement of the basilar membrane, they apparently 'kick
back'in some way and in just the right phase to overcome
most of the friction damping the vibrations, thereby
increasing the basilar membrane vibration enormously. It
was minor mis-coordinations of the outer hair cells that
Kemp was recording as an echo. Acoustic energy of various
frequencies from the click would enter the cochlea, travel to

magnitude and timing of the amplified responses  then
travelled back along the basilar membrane to re-emerge
from the cochlea.

4.2 Frequency Analysis

This trick of positive feedback enhances the amplitude of the
basilar membrane travelling wave as it rolls down the
cochlea to approach the place with a matching CF (3,4,5).
For reasons which are unclear as yet, the feedback works
best close to the place of CF; the enhancement occurs only
close to the CF region and results in a peak in the amplitude
of the wave just before it reaches the cutoff place and falls
rapidly again. The resultant amplitude distribution resembles
a band-pass filter with a bandwidth of around one kilohertz
and with very steep sides and deep skirts.

Thus, in one action, the outer hair cells mechanically amplify
the travelling wave and help analyse it into its respective
frequency components.

Flute &, Poskio machanicltoockack ampHis the diplacamen ampliudo of the basler memerine, Acousfs snery arters he coctiea
via the midde nt pressure change fisplacement of the basilar membrane which travels down the cochiea.
Displacomen of o bestar membvtne cavees Shoaning etwoen 1 e cols and the toctotal membrane, s titing the cia of the rm
cells and modulating the current through the hair cells. At some place characteristic of the input frequency the hair cells produ
mochanical moment of heit own, which feods preseurs back no 1ho cochioa ids This pressure 1 of he cortect phase, (o assst o
displacement of the membrane, thus completing the loop. The inner hair cells are also carried along on the basilar membrane and stimulate
action potentials in the auditory nerve.
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4.3 Amplitude Range Compression
The properties of negative-feedback systems are well known
but positive-feedback results in some quite contrary
behaviour. Negative feedback acts to reduce the effect of
small changes in the characteristics of system components,
while with positive feedback even small changes in
component behaviour are amplified to become dominant in
system behaviour.

This is well demonstrated in the action of the basilar
membrane, as we and others have shown (4,8). The outer
hair cells, which provide the mechanical energy to amplity
the motion, are themselves nonlinear (Fig.7). For small
ampiitudes of displacement they appear to respond by
producing a mechanical force proportional to basilar
membrane displacement, but for larger movements, of the
order of 100 nanometres, the force produced falls off,
saturating at around 200-300 nanometres displacement
(10,11). What this implies for the positive feedback is that
the amount of feedback, and hence (disproportionately) the
amplification of the basilar membrane motion, falls off at
higher stimulus intensities. In effect, the growth of the basilar
membrane with intensity is nonlinear above a few tens of
-nanometres (7), rising only at a rate of around 0.5 dB/dB to
0.05 dB/dB. Furthermore, since the positive feedback works
only close to the CF place, the nonlinearity appears only
near that place and so the shape of the filter changes with
intensity.

Hence, the outer hair cells amplify only if the basilar
membrane motion is at or below the middle of their range of
best sensitivity. It is no coincidence that this is also precisely
the middle of the ampiitude range of the inner hair cells,
since the two types of cell are derived from one another.
Thus, the motion of the basilar membrane is sirangly
amplified if the amplitude is below the optimum

sensory cells, and then progressively less ampification
oceurs as the stimulus becomes louder. It is, in effect, a type
of automatic gain control operating to keep the sensory cells
in their optimum operating range.

5. SUMMARY

Although called upon to perform somewhat the same
functions as a microphone, the ear has been disadvantaged
by the raw materials of biology: the receptor cells and the
nerve itself. Response to fast acoustic signals is limited
primarily by the electrical capacitances associated with the
membranes defining the limits of the cell, which restrict
responses to slower than a few hundred microseconds at
best. The range of intensities which such cells can handle
before saturation is also limited in biological transducers,
usually to around 20-30 dB. Finally, the displacement
amplitudes of air particles at lower SPLs are much smaller
than the amplitudes required to elicit discernible responses
in mechanically sensitive cells, so some amplification is
required. Furthermore, the imprecision of biological
dimensions means that no design can be relied uon i it
requires close control of tolerances: designs
inherently self-regulating so that they will work in wpte of
significant variation in size and shape. Nalure has overcome
these problems by ry mechanical
preprocessing, including some radical sotons not typically
seen in engineering design.

The speed limitation has been overcome by partial Fourier
analysis of the acoustic signal and detection of the envelope
of each frequency band. Thus, a single wideband input is
converted to many, parallel, narrow-bandwidth channels.

displacement

‘transter function
- >

ig hair cell
1= stimulation
I

input

Figure 7. Saturation of current through the hair cells occurs at
either displacement direction. To one side the current shuts off
completely, to the other it reaches a maximum. Since these cells
control the positive feedback, the feedback gain is reduced at
Piher simus ntensioos

The filtering and the required amplification is provided by
specialised receptor cells that provide positive mechanical
feedback at precisely the right position in the cochlea. This
amplifies, in a frequency-selective way, the travelling wave
on the basilar membrane. Finally, because this amplification
is provided by cells which are very similar to the sensory
cells themselves, it too is subject to saturation at higher
inlensinss Thus, variable amplification is provided which

ressing the stimulus to the sensory cells into the
lelanvely narrow range of their best sensitivity.
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Hair Cells — Mechanosensors And Motors

James O. Pickles,
Vision Touch and Hearing Research Centre,

of Physiology an
University of Queensland,
Brisbane, 4072

Abstract: Hair cells are the mechanosensors in the cochlea. They detect acoustic vibrations as a result of
deflection of the hairs, or stereocilia, on their surface. In adition, hair cells are bidirectional transducers, and
return energy to the mechanical system. The bidirectional transduction is responsible for the high sensitiviy,
high degree of frequency selectivity, and extended frequency range typical of mammalian hearing.

1. INTRODUCTION

The mechanosensory hair cells of the ear are conceptually
simple: each has a cell body with a bundle of hairs, or
stereocilia, projecting from its top surface (Fig. 1).
Sound-induced vibrations produce a bending movement of
the stereocilia (see article by Graeme Yates, this issue [1)).
When the bundle is deflected, a shearing movement
develops between the rows of stereocilia in the bundle. This
opens mechanosensitive channels in the stereociliar
membrane, o that the electrochemical gradient across the
membrane drives ions into the cell. The resulting potential
change in the cell can have two effects. It can release
chemical neurotransmitter to activate the nerves connac!sd

bundle of inner hair cells of the mammalian cochlea, and the
V-shaped rows of outer hair cells of the mammalian cochlea.
However, all bundles are buit on the same basic plan,
shown in Figure 2. The stereociliar rootlets are hexagonally
packed, with the whole bundle being bilaterally symmetric.
Specialised links, called tip links, emerge from the tip of
each shorter stereocilium on the bundle, to join the side-wall
of the adjacent taller stereociium. Tip links run only in a
plane parallel to the axis of symmetry of the bundle. The
stereocilia are also joined by other links, just below the tips,
which serve to ensure that the stereocilia on the bunde are
held together during deflections of the bundle.

2.2 The

to Ihe hair cell. It can also change the of

)ed proteins within the cell membrane in the lower
(non-stersociia boaring) wall of the hair cal producing &
movement of the cell as a whole. This movement is thought
to feed back into the mechanical vibrations, to increase the
sensitivity of the cochlea to acoustic stimulation.

2. HAIR CELL MECHANOTRANSDUCTION

2.1 The organization of hair cells

Figure 1 shows some of the variations on hair-bundle shape
seen in different mechanotransducing organs — from the
square bundle found in the chick cochlea, to the straight ine

analysis of
mechanotransduction

The clearest analyses of mechanotransduction have come
from experiments in which individual hair bundles have been
deflected by a fine piezoelectric-driven probe attached to the
bundle. These_experiments were originally performed by
Hudspeth and Corey [2] in hair cels of the builfrog vestibular
system, although they have since been repeated in many
other types of hair cell. When a mechanical stimulus is
applied to the bundle, individual ~stereociia under
video-enhanced microscopy are seen to be rigid, pivoting at
their rootlets, while the whole bundle stays together, moving
as a unit. Measurements of transmembrane currents with an
intracellular microelectrode show that membrane channels

Figure 1. Hair cells of different conformation as seen in (A) the chicken cochlea, (B) an inner hair cell of the guinea pig cochlea, and (C) an

uer oo of the guinea pi cochien. n sach mirogra

ph, the body of the hair cell fills the width of the micrograph, and each cell has

ind 100 stereocilla. The stereocilia are graded in height across the bundle. The arrow points to a tip link. Scale bars: 1 um. From

s0a
m/ i 1Aand [16) Figs 5.4 8 ana G,
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Figure 2. Basic plan of the hair bundle. The stereocilia are graded
in'height in the direction of the cell's axis of bilateral symmetry. The
tip links lie in the vertical plane parallel to this axis. Modified from
117], Fig. 1.

open when the stereociliar bundle is deflected in the
direction of the tallest stereocilia, with the direction of
greatest sensitivity being along the axis of bilateral
symmetry of the cell. The channels are open 5-15% when
the bundle is at rest, and they shut completely when the
bundle is deflected in the direction of the shortest stereocilia.
There is no response to deflection at right angles to the axis.
of bilateral symmetry.

What is known about the nature of the channels? As in other
biological systems, we expect the membrane conductance
to be associated with the opening and closing of discrete
membrane channels. Measurements of individual channels
show that mechanotransduction is indeed subserved by the
opening and closing of discrete channels on the stereocilia,
with a unit conductance of about 100 pS (3] (Fig. 3A). From
the total conductance change during maximal stimulation, it
is possible to calculate the number of channels on a hair
cell. While there is considerable variation in the numbers
over different hair cell types, the rambers ara i the range ol

to employ. Comparison of animals' absolute thresholds with
measurements of cochlear vibration su that at*the
psychoacoustic detection threshold, the stereocilia are
deflected by 0.4 nm, while the movement transmitted to the
channel is only 0.04 nm [4]. This is less than the 4 nm
calculated for the swing of each channel as it opens and
closes 5. The extraordinary sensitivity of hearing is a
reflection of both the molecular scale of channel opening,
and the averaging possible in the nervous system.

The currently accepted model of channel activation was put
forward by Pickles and colleagues [6). It was suggested that
deflection of the stereocilia would stretch the tip links,
directly pulling open the mechanotransducer channels.
There are several lines of evidence in favour of this. For
instance, the tip links run only along the axis of bilateral
symmetry of the cell, which is in tumn the direction of
mechanosensitivity of the hair bundle. The formulation aiso
explains why deflection of the bundle in the direction of the
tallest stereocilia opens the channels, while deflection in the
opposite direction closes them. A direct test has recently
been conducted by Assad et al. [7]. Removing Ca® from
around the hair bundle selectively cut the tip links, as shown

electron  microscopy,

The bundle also moved in the
direction of the taller stereocilia, consistent with a resting
tension being taken off the tip links.

A

o

L i Y 4T A i W s Vit 14

’

o £ 0 50 E
Time (ms)

Figuo 3. A The curent though & singe mechanotan
channel recorded in a

amrane moves bawoon o
and closes (C) under the influence of thermal en:
deflection was applied during the upwards excursion of the 10p

40-160 per cell, or about one channel per
is a dramatic result, bocause 1 means that all our audnory
perception depends on only 6 x 10° transducer molecules.

Individual channels open and close in a stochastic manner,
presumably under the influence of thermal energy, with the
relative probability of the open and closed states depending
on the deflection of the stereocilia (Fig. 38). The probability
is graded with the defiection, such that the probabilty of an
open state increases as a function of the deflection applied
to the stereocia The large number of channels and the
stochastic nature of the opening means that the
mechanotransducer currents sum 1. produce a. curent
through the cell that, though noisy in a way that reflects
individual channel opening, is monotonically graded with
stereociliar deflection (Fig. 3C). The advantage of stochastic
channel opening is that there need be no ultimate lower
threshold of hearing: the mean movement at the absolute
threshold can be lower than the thresholds of the individual
channels, with the absolute threshold depending on the
amount of averaging that the central nervous system is able

3 in the
‘open state. From [3], Fig. 12.
B
P 0
H
3
£ o
‘ Rosting oo Stimuined
100
v
T T —
w0 0 w2 B 0 0w ow
Currem pA)

Figure 3. B. Histogram of current distributions for the cell in part A,
in the esting and stimulted stats. Ths histogram indcates the

of curents for ere partculr ampituds of
Gimutation. From 3 Fig.
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Figure 3. C. Mechanotransducer current as a function_of
stereocilar displacement for a hair cell of the bullfrog sacculus. The
solid lines show the values as a bundle was taken in the
inhibitory-excitatory direction and back again. The dotted line
shows the theoretical curve derived from the Boltzmann
distribution. From [18], Fig. 12.

D Bundie stiffness (uN.m")
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Figure 3. D. Bundle stifiness shows a dip at the centre of the
inputoutput functon. Tis was th point at whih the inpu-ouput
function (Fig. 3C) was at its steepest. From [5], Fig. 4.

Our understanding of the biophysics of channel activation is
derived from a kinetic model put forward by Corey and
Hudspeth [8], in which it was suggested that each channel
was opened by a conceptual entity called the *gating spring”,
now identified with the tip link. As each channel opened and
closed under the influence of thermal energy, there would be
a compensatory shortening and lengthening of the link to
which the channel was attached. If the link acted s a linear
spring and the channel had two possible energy states
(open and closed), the Boltzmann distribution predicts that
the relation between transmembrane current and streich
applied to the system would be a symmetric sigmoid, as in
Fig. 3C. In some other hair cell systems asymmetric
sigmoids have also been measured; these could be
accommodated by a model in which the channel had two
closed states and one open one.

The model requires that the tip link pul directly on the
channel; the existence of such a mechanism is supported by
a latency in channel opening of only 13 s (at 37°C). This
value was measured in hair cells of the builfrog vestibular
system, a system not likely to be adapted to high-frequency
operation (9] Even shorter latencies are required to

subserve the high upper limits of hearing (up to 200 kHz in
some marine mammals). Al such latencies are however far
t00 short for channel opening to be driven indirectly. by
biochemical changes in the cell, as are channels in many
other biological systems. A second line of evidence that the
link pulls directly on the channel has come from studies of
changes in stiffness during channel opening. As each
channel swings between its open and closed state, the
associated movement is coupled back to the stereociliar
bundle via the tip link. The movement produces a decrease
in the stiffness of the hair bundle as a whole (Fig. 3D); this
reduction is greatest half-way up the sigmoidal input-output
function (Fig. 3C), the point at which channels have their
highest probability of moving between their open and closed
states (5],

Do e have any information on the actual sites and nature
of th channels?

measuremonts of hai call n it n the sensory organ show
that the channel opening must be in the part of the cell that
contains the stereocilia. A number of different experiments,
involving the localised detection of current flows or the local
application of channel-blocking drugs, have suggested that
mechanotransducer current flows into the cell near the tips
of the stereocilia, i.e. in the region of the tip links [10-12}.
Further localisation depends on theoretical assumptions:
because channel opening produces a drop in membrane
resistance, we presume that the channels are near the site
where the mechanical movements are coupled to the
membrane of the stereccilia. The attachment points at
sither end of the tip link are the most likely sites, although at
the moment, we do not know which end. However the fine
anatomy suggests that the lower end of the tip link is the
more appropriate, because under electron microscopy
tension on the tip link appears to distort the cell membrane
at this end of the link but not the other one [13]. The race is
now on to obtain the molecular structure of the channel. The
standard way would be to analyse the genetic material of the
hair cells, probing for gene sequences similar to those of

* other known channels. However, a difficulty is that hair-cell

mechanotransducer channels do not appear to have
sequence similarity to any other known membrane channel.

3. REVERSE TRANSDUCTION:
HAIR CELLS AS MOTORS

As descried in the accompanying article by Yates, the
mechanically active feedback from outer hair cells is
essential for the high sensitivity and high frequency
selectivity of mammalian hearing [1]. The mechanism of this
mechanical activation is controversial; opinion is now settiing
10 the view that it arises from length changes in the outer
hair cells, driven by conformational changes in the cell
membrane. As shown by Holley and Ashmore, it is possible
to disrupt everything in outer hair cells except the
membrane, and still get the length change [14]. The outer
hair cell membrane has a unique structure, with a large
number of protein particles in the membrane overlying a set
of filaments that are wound spirally round the cyiindrical cell
body [15]. The protein particles are thought to be electrically
polarised and geometrically anisotropic (Fig. 4). Stimulus-
driven voltage changes across the membrane will tend to
realign the molecules, while their close packing and
anisotropy mean that the cell membrane wil tend to change
area. The areal change will be constrained by the spiral
filaments to produce a change in length of the cell. The
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Spiral filaments /

Figure 4. The structures thought to mediate the motilty of
mammalian outer hair cells consist of particles in the cell
‘membrane, connected by pillars o a seriss of filaments which spiral
around the outer hair cell body. For this diagram, a portion of an
actual micrograph of the membrane particies is superimposed on a
drawing of an outer hair cell. Adapted from [15], Fig. 5 and [19], Fig.
264,

advantage of this motiiy is that it would be fast, because it
depends on simple biophysical mechanisms rather than
slower biochemical ones, essential if the mechanical
amplification is to work in the upper reaches of many
mammals' audio ranges. However, there are a number of
points still unclear: (i) the RC cutoff frequency of the outer
hair cell membranes is around 1 kHz; it is not therefore clear
how voltage changes across the cell membrane can be
sufficient to drive the molecular realignment at the  high
frequencies (e.g. 10 kHz and above) at which amplification
can ocour. One possible solution to this is that the currents
across the cell membrane, that have hitherto been
interpreted as flowing through the capacitance of the cell
membrane, are in fact carried by charge movement during
the molecular realignment. However, this would require
revision of hair cell measurements in this frequency region,
the has
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The Ear as an Acoustical Generator

Otoacoustic emissions and their diagnostic potential
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Abstract:

hearing loss.

When sound enters the cochlea it evokes an electromotile response of the outer hair cells
which is present in normal ears but absent in mild sensorineural hearing loss. This activity modifies the
mechanical motion of the basilar membrane nonlinearly if the stimulus frequency is close to the
characteristic frequency of each place. A bi-product of this motor activity is a reverse travelling wave
which may be detected as a sound in the ear canal with a sensitive microphone. Such sounds may be
spontaneous or may be evoked by specific test stimull such as clicks or pure tones. Analysis of these
emissions provides a map of damage to the ear which apparently may be extensive before any sign of
hearing loss occurs. The difference between estimated age and chronological age for any ear may
provide early waming of increased susceptibilty to hearing loss which may be useful in the prevention of
Time-frequency distributions may offer an approach to the dynamic characterisation of
specific outer hair cell pathologies to assist in the determination of susceptibilty.

1. INTRODUCTION

Otoacoustic emissions (OAES) were first described in detail
by David Kemp (1) as sounds which could be measured by
a microphone sealed in the ear canal. Aftention was drawn
to the phenomenon that certain individuals were known to
emit sounds from their ears which could be heard by
others; published cases include a dog with a tonal emission
at 53 dB SPL. Spontaneous ofoacoustic emissions
(SPOAES) have since been described extensively (2) and
are thought to be associated with punctate lesions along
the cochlear partition in cochleas having relatively little
damage. Fig.1 shows an example human SPOAE
spectrum. Remarkably SPOAEs are quite common yet
people exhibiting them do not hear them except in a tiny
fraction of cases. Emissions may also be evoked by sound
and their dependence upon stimulus parameters
characterised so as to provide a great deal of clinically
useful information.

SPL (dB re 20uPa)

Freauency (kHz)

Figure 1. An example of spontaneous emissions from a human
ear with components between 2 and 5 kHz.
1.1 Origin of otoacoustic emissions

OAEs are generated by the electromotile response of the
outer hair cells (OHC) in the cochlea. This activity
produces a reverse propagating travelling wave which
reaches the middle ear after a delay related to the site of

evoked activity. This activity has been classified according
to the three purported generation mechanisms. The first is
an electro-kinetic response of the specialised cell
membrane, akin to piezoelectric action (3); the second form
uses the triggered chemical reaction between actin and
myosin molecules such as occurs in muscle (4) and the
third form involves cell length changes due to changes in
cell volume (5). A high frequency form of moltilty such as
the first is necessary to explain features of mechanical
behaviour such as emissions due to nonlinear
intermodulation distortion between high frequency primary
tones. The latter two "slow’ forms are necessary to
account for adaptive-type behaviour seen as movements in
the baseline position of the basilar and tectorial membranes
due to sound (6) and electric stimulation (7). OHC motor
responses in vivo may be modulated by the medial efferent
nerve fibres emanating from the contralateral ear (2,8).

12 Evoked OAE measurement
performance
The object of each of the methods of evoking OAES is to
scan along the 32 mm length of basiar membrane for
tuned OHC motor response so as to produce a tonotopic
*map" of the activity. The microphone probe assembly,
sealed in the earcanal (Fig. 2A), measures both the evoking
stimuli and the evoked OAE (EOAE) response. It is
necessary to be able to separate sounds specifically due to
the evoked OHC activity from other sources: (i) the stimulus.
produced by the sound source, (i) passive echoes from the
external and middle ear cavities (Fig. 2A) as well as (ii)
background noise of both external and intemal origin.
Elimination of the first two is achieved by capialising on the
fact that the active response depends nonlinearly upon
stimulus strength due to the biological characteristics of the
hair cells. Passive components of the response can be

of ear
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Figure 2. Panel A shows the general arrangement for evoked otoacoustic emission measurements with the microphone recording both

the stimulus and the response.

Two miniature electret microphones may be connected differentially so that common mode (mostly

external) noise will be reduced. Panels B and C respectively show microphone responses for the TEOAE and DPOAE methods, and

how the stimulus is separated from the response in time or frequency.

the response can be eliminated by separation in time or
frequency and/or subtraction of any linear component.
Most internal noise will be due to asynchronous OHC
activity such as the unstable activity which give rise to
spontaneous emissions, so recording the noise signal in the
absence of the stimulus is important.

121 Transient evoked otoacoustic emissions
(TEOAES) are generated by clicks or tone bursts and may
be separated from the stimulus in time (Fig 28) like an
echo from its source. Scanning occurs because the signal
generates a travelling wave-front which propagates from the
base to the apex evoking OHC activity as it progresses.
Activity from the base of the cochlea is evoked by high
frequency components and appears in the emission after
short delays. Activity from the apex of the cochlea appears
with longer latency (ca. 10 ms). The spectrum of click-
evoked emissions is obtained by Fast Fourier
transformation (FFT) after removing the relatively large
stimulus transient (Fig 2B). External noise can be handied
with artifact detection and removal techniques as well as
signal averaging time-locked o the stimulus click presented
typically some 1000 times.

122  Distortion product otoacoustic emissions
(DPOAES) For continuous stimuli such as pure tones or
pairs of pure tones the response tone must be separated
either in frequency o in phase. The nonlinear response is
plotted as the magnitude of the cubic distortion product

mfnf, (2) for integers m and n as the frequency range is
scanned (Fig. 2c) with a lock-in amplifier or spectrum
analyser. This mostly occurs in discrete steps of primary
tones f, and f,. The 2f,-f, response gives best sensitivity
with primaries at a fixed separation of about 0.3 octave.
Response values are often plotted versus the geometric
mean of the primary frequencies refiecting the expected site
of origin in between the places for the primary tones.

For either of these two most popular methods, any
frequency with a high level response is taken to indicate
viable motor activity at the appropriate tonotopic location.
Conversely, notches in the response spectrum are believed
to indicate sites of inferred damage, so that the spectrum
gives an approximate map of damage to the ear. The click-
evoked method is slightly faster than the distortion product
method, but the latter may scan any limited frequency
range with arbitrary resolution. Adult OAE screening takes
about 4 minutes per person compared to typically 15
minutes for pure tone audiometry (PTA) (9). Recently
Thornton (10) has reported that using maximum length
sequences, the data collection time may be reduced to a
few seconds.

13 testing of ear

An audiogram is a subjective response measure of ear
sensitivity (dB HL) to pure tones at standard frequencies
0.125, 0.25, 0.5, 1, 2, 4, 6, 8 kHz. It has long been known
that PTA, while providing a measure of the best sensitivity
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Figure 3. Subjective and objective measures of left and right ears of one subject: Panels A, pure tone audiogram (d8
‘hearing level); Panels B, frequency dependence of the cubic distortion tone 2f, - f, (dB SPL) and background noise

(grey area); Panels C, cross power spectrum (black area) of the pair of time traces for each ear in panels D, and noise
spectrum (grey); Panels D, waveform pairs after total of 1 minute averaging 1040 click responses (stimulus artifact
removed); Panels E, Equi-SPL time-frequency contours, 68 steps. Each 512 point waveform in D is broken into 64~

overlapping frames using a sliding Hanning window. Each frame 64 points in length and overlaps its predecessor by
56 points. Each frame is padded with 64 zeros then each resulting frame is FFTed (order 7) and contours derived.
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of the ear to @ pure tone, is not a particularly sensitive
measure to overall ear performance; speech discrimination
may deteriorate and tinnitus (phantom sounds generated
internally) can arise without any change in threshold from
normal. Also in cases of hearing loss pure tone hearing
levels are a poor measure of actual hearing disability. For
example, people with the same audiometric pattern of
hearing loss may have quite different levels of difficulty in
comprehending speech.

2 COMPARISON OF SUBJECTIVE AND
OBJECTIVE METHODS
Pure tone audiometry is slow because of the need to
search for a fixed response, viz.: threshold and because the
subject must make decisions in a task which may be
difficult. It may be unreliable because each subject may
adopt different criteria for certainty. OAEs on the other
hand, being objective, may obtain a family of frequency
response characteristics for steps in stimulus level. Also
the emission level may be quantified as a function of
stimulus level for fixed frequency. Hence reasons to
compare subjective and objective methods include: ()
speed advantage, (i) frequency resolution of microstructural
damage, (ii) differential sensitivity to ear damage, (v)
applications such as screening for ear damage in infants or
people who cannot (or will not) provide an accurate
b

y means, (v)
between cochlear- and retrocochlear- abnormaliies, (vi)
potential early warning of hearing loss.

Figure 3 shows a comparison of various behavioural and
objective results from the left and right ears of one subject.
The pure tone audiograms in panels A reveal normal
hearing in the left ear while the right ear exhibits a hearing
notch from 0.5 to 2.5 kHz due to acute noise trauma many
years previously. The shape of the 2f,-f, "DP-gram’ in
panels B above the noise level (grey area), obtained using
the Otodynamics ILO88/92 system, reflects the general
shape of the audiogram quite well yet has not required any
patient response other than general co-operation. Panels D
show the windowed click-evoked emissions obtained with
the same system. Each panel contains a pair of traces
because it has been found that the cross-power spectral
estimates between the two traces give the best spectral
estimates of the OHC activity (panels C). Panels E show
time-frequency contours computed from the records in
panels D using the shortime Fourier transform (11)
indicating the availability of a wealth of information about
dynamic ear performance. ~ Since "slow* motilty (see Sect.
1.1) is normally evoked from the entire length of the
cochlea, it also appears with short delays as well so that
the site of low frequency activity is less specific (Panel E,
left). The high-frequency response of the TEOAE is more
limited than the DPOAE, probably because short latency
high frequency responses are removed with the artifact.

Neonatal screening for hearing impairment carried out
shorlly after birth (2), is currently the primary application of
the technique. It constitutes a breakthough for identification
of potential learning problems in young children because ()
the test is objective and noninvasive, (i) the emission levels
are normally high, (i) very high values for sensitivity and
specificity are possible and (iv) aternative forms may be

too slow, expensive or impractical for mass screening.
DPOAES are particularly valuable for comparing with
contours of audiograms. In general, if emissions exist at
any frequency at which more than a mild hearing loss is
registered, the threshold might usefully be re-checked. In
the same category of emissions but no hearing, it is
likewise possible to differentiate between cochlear damage
and hearing loss of more central origin, such as tumours of
the auditory (VIlith) nerve.

TEOAEs more rapidly provide higher spectral resolution
than either the pure tone audiogram or the DP-gram which
for speed are limited to about 2 and 12 points per octave
respectively. While the ears of neonates show spectra
which are continuous, perhaps with some ripple; the
spectral “drop-outs® deepen and widen with increasing age
(9,13). Our otoacoustic emission database of over 3000
TEOAE records has many cases of apparently prematurely
aged ears where the low emission strength is due to
fragmentation of emission spectra -- we have dubbed this
the “picket fence effect". It is characteristic of individuals
who have been working in noisy occupations for many
years. Moreover, very fine fragmentation approaching line
spectra has very frequently been observed in longtime
members of the music industry and young persons who
have had significant loud music exposure, a feature which
would not so readily have been detected with DPOAES.
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Figure 4. Comparison of coherent emission strength (CES dB
SPL, 1-4 kHz) with pure tone thresholds (1,2 and 4 kHz) for 503
ears for numbers n in each CES range shown. Neonatal values
range to 38 dB SPL. Hearing levels remain normal while CES is
positive.

To arrive at a single figure descriptor of damage to any ear
we have computed coherent emission strength (CES dB
SPL), or that fraction of the total emission which is due
specifically to stimulus-locked activity (9). Infant CES
values can range up to 38 dB SPL in response to 80 dB
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peak clicks. The CES values were plotted against the PTA
thresholds (both from 1 to 4 kHz). Hearing levels remain
within normal limits while the CES values are positive (Fig,
4). This means that CES maydecrease by about 80 percent
of its range before a mild hearing is expected. On this
scale, individuals with high values of CES are less
susceptibile to acquiring a mild hearing loss than those with
low values. Indeed, for any age the predicted percentages
of the Australian population affected with hearing loss
agree with actual percentages shown in the 1989 British
epidemiological survey (14).

3 COCHLEAR MECHANICAL LOSS

It is an axiom of audiology that normal hearing levels
indicate no impairment. Yet one of the major unexplained
features of hearing impairment is its subtlety of onset - the
person affected can remain unaware of the problem for
years, common with the insidious nature of many other
aspects of human aging. Because of the differential
sensitivity of OAES and PTA to quantify cochlear damage
shown in Fig. 4, the pure tone audiogram may not be a
direct measure of cochlear damage so much as a measure
of how much the cochlea can maintain normal performance
despite ongoing damage. Recent studies comparing
structure and function in the cochlea have shown that there
is considerable redundancy in the numbers of OHC (see 9).
At birth each ear has about 12000, many more than we
apparently need to maintain normal hearing sensitivity. In
mammals lost cells are not replaced so it seems a
reasonable hypothesis that the emission strength (CES
vallies) give a reasonable net measure of total numbers of
remaining OHCs. Certainly Fig. 4 describes a popul-ation
large enough for individual variable factors such as sound
transmission through the middle ear to have washed out of
the overall wend. So why should loss of OHC not
immediately lead to hearing loss? According to a recent
model (13), the ear possesses an inherent property of
re-mapping frequency-fo-place so as to avoid gaps in
frequency detection at low levels because of scattered OHC
loss.  So, hearing loss only occurs once the limits of
re-mapping are exceeded.

The concept of cochlear mechanical loss highlights the
potential for OAEs in future clinical practice. It i likely that
many incidences of sudden awareness of hearing loss in
future will be recognised to be due to just a small but critical
degree of damage which is additional to the damage
accumulated over the lifetime of the person. Noise is not the
only cause of accumulated damage. There is whole range
of conditions adverse to cochlear function: acute anoxia at
birth, high blood pressure, head trauma, the effects of
ototoxic drugs including some aminoglycoside antibiotics
such as streptomycin, and gentamycin which is commonly
given prophylactically to guard against infection in premature
babies, or certain diuretics particularly combined with
antibiotics. I the future OAES may provide a more accurate
assessment of accumulated damage or that sustained in the
workplace.  Once individual aging characteristics and
dynamic EOAE characteristics are defined, testing baseline
audiometry may usefully be supplemented with relatively
inexpensive baseline measures of cochlear mechanical
damage.

4 DEFINING SUSCEPTIBILITY IN TERMS
OF EFFECTIVE EAR AGE

The reason why some people are highly susceptible to
hearing loss, while others can grow old without developing
any hearing loss may now be explained. In a pilot study of
the Australian population estimated minimum and maximum
rates of aging are CES<4dB/decade and >8dB/decade (12).
Research is currently aimed at comparing the estimated
effective age of any ear with its chronological age (e.g. 60 vs
28 in the case of a percussionist). Given the ear age plus
current rate of decline in CES, the number of decades of
normal hearing remaining can be estimated. EOAEs
therefore offer great potential for the prevention of hearing
loss through mass screening for ear damage.
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REVIEW

In the 1960s the fundamental question was: could direct
electrical stimulation of auditory nerve fibres help
profoundly-totally deaf people understand connected or
running speech? Profoundly-totally deaf people have very
little residual hearing due to loss of the organ of Corti, and
could therefore not be assisted by amplifying speech sounds.
with a powerful hearing aid.

As frequency information was known to be important in
recognizing phonemes and words it was considered
necessary to see how well electrical stimulation could
reproduce the coding of frequency. Frequency was thought
to be coded by spatial and/or temporal mechanisms.
Spatially this was through the place or site of stimulation of
the auditory centres. Temporally it was through the rate of
nerve firing or more correctly the time intervals between
nerve action potentials.

Studies specifically designed to investigate these questions
on anaesthetized experimental animals showed that
electrical stimulation could not reproduce the sustained firing
seen with acoustic responses at rates above 200-500
pulses/s. The probability of the neurons firing at each pulse
interval was greater for electrical stimulation than for sound
(Clark, 1969). Furthermore, it was demonstrated that
periodic electrical stimuli were encoded in the discharge of
neurons up to a rate of 400-600 pulses/s (Merzenich et al.,
1973). As the data from the above initial study (Clark, 1969)
had been obtained from the auditory pathways in the
anaesthetized animal, it could not be concluded the findings
were necessarily applicable to the coding of frequency in the
intact alert animal. To help resolve this matter a series of
behavioural studies was undertaken on the experimental
animal (Clark et al, 1972; Clark et al, 1973). These
showed the animals had severe limitations discriminating
different rates of stimulation above 200-600 pulses/s.

As our initial research on acute preparations and
behavioural animals showed the limitations of using
electrical stimulation to code frequencies above 500
puises/s on a temporal or rate coding basis, it was
considered that a single-channel implant would not be
satisfactory for conveying important speech frequencies
above 500Hz. It was necessary to convey frequencies up to

approximately 4000Hz for adequate speech comprehension.
For this reason, in 1971-72, we embarked on the develop-
ment of a fully-implantable, multiple-channel (multiple-
electrode) cochlear implant that would thus enable us to
code frequencies above S500Hz (essential for speech
intelligibility) on a place coding basis.

was considered that the device needed to be
fully-implantable, as a plug and socket could result in
infection extending from the site where the socket emerged
through the skin to the tissues within the body. This meant
we had to design the electronic circuitry of the implantable
receiver-stimulator unit so that a number of possible speech
processing strategies could be evaluated on our patients. A
fully-implantable system would not be as “transparent" as a
plug and socket.

Having embarked on the development of a multiple-channel
implant it was also necessary 1o study how best to site the
electrodes within the cochlea and provide appropriate
electrical stimuli, to both minimize trauma to the neurons we
hoped to stimulate as well as localize the electrical current to
discrete groups of nerve fiores for place coding. This
involved computer modelling and animal - experimental
studies (Black and Clark, 1977; Black and Clark, 1978;
Clark, 1973; Clark et al., 1975). The possibility of localizing
the current to_discrete groups of nerve fibres by using
bipolar stimulation was demonstrated by Merzenich (1974).

Our first cochlear implant operation on a postlinuistically
deat adult with a profound-total hearing loss was carried out
on 1 August 1978 (see Figure 1). Postoperatively we
undertook psychophysical studies to explore his percepts for
variations in place, rate and intensity of stimulation. They
confirmed the limitations of discriminating rate of stimulation
above 200-300 pulses/s seen previously with our studies on
experimental animals. They showed that place pitch was
different from rate pitch. It had timbre which varied from
sharp to dull depending on whether a basal (high frequency)
or apical (ow frequency) electrode was stimulated
respectively. The patient could also scale place pitch well
for site of stimulation indicating that the current spread for
common ground stimulation with our banded electrodes
provided satisfactory current localization. Common ground
stimulation, available with the prototype implant, resulted in
current flowing from an active electrode to all the other
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Flgure 1. A dgram of the Nucious Implaréatle receheratndstor
ind wearab processor ud for ckal bl by the

musvanng e components. Speech is picked up by the -mmmr
ono and obcrcal s signals sent to the speech proce:

Coding. The coded signal and powsr [0 operats e implant are

transmitted_through the intact skin by radio waves (inductive

coupling). The implant decodes the signals and directs them to the

electrodes in the array lying around the basal turn of the inner ear.

electrodes on the array connected together electronically.
Finally, studies on loudness showed this varied primarily
with stimulus current level and the loudness growth due to
increase in current was much steeper than for acoustical
stimulation in normal hearing subjects.

Our first speech research involved presenting speech
through a processor which modelied basilar membrane
motion and the fine timing of auditory nerve firing. We did
this in the belief that in spite of the limitations on the
discrimination of rate of stimulation the closer we could get
to simulating the spatio-temporal patterns of auditory nerve
fiing with speech sounds the more chance we would have
of the patient understanding running speech.. However, this
strategy did not provide significant help, and this was
thought to be due in part to unpredictable variations in
loudness from summation of electrical fields with
simultaneous stimulation on neighbouring electrodes.

The most important clue in developing a speech processing
strategy to help our patient understand running speech
came when he was asked to mimic the sounds he
experienced when different single electrode sites were
stimulated. He imitated the percepts as vowels and the
Vowel varied according to the place of stimulation. In
explaining this relationship and in developing an appropriate
speech coding strategy for multiple-electrode stimulation we
considered it important to determine what equivalent
acoustical signals could produce the spectral colours Uo/.
12l /el 111, 1if) or (fhet/, fcord/, /head/, it/ /seat) perceived
by the patient (Tong et al., 1979). We were helped in this
regard by a study by Delattre et al., (1952) who had shown
that single-formant ~ synthetic vowels  with formant
frequencies at 720Hz, 2160Hz and 3000Hz were identified
respectively as having vowel colours corresponding 10 /57,
se1./1. This suggested that the spectral colours produced
by electrical stimulation on single electrodes could be
approximately equivalent to those produced by acoustical
signals with their spectral emphases centred at frequencies
ranging from 720Hz to above 3000Hz. Research on our
patient also showed that we could shift the vowel perceived

from /o/ to an /a/ or /cart/ by increasing the current level and
we attributed this to a shift in the population of neurons
stimulated and an averaging process referred to by Plomp
(1976) for spectral components of acoustic stimuli

We also carried out psychophysical studies using two
electrodes stimulated simultaneously and at the same rate.
The vowel perceived was different from that for each one
stimulated separately. When we stimulated one electrode
resulting in /o/ and combined this with another resulting in /+/
the percept was/x/or /hut . This suggested that an averaging
process was taking place in the brain when the two
populations of neurons were excited for spectral
components in the two vowels. Another important finding
was that when two nearby electrodes were stimulated
simultaneously with rates which differed by approximately
5%-7% the patient perceived a consonant and following
vowel. With the electrodes used this was /a/ or /dirt. Data
from the study suggested that beating was occurring, and
that amplitude changes from the stimuli moving in and out of
phase were responsible for the perception of the consonant
in conjunction with the vowel. The stimuli were representing
some of the acoustic cues for the coarticulation of
consonants and vowels (Tong et al., 1979).

In deciding how to implement a speech processing strategy
we considered we should extract one formant frequency
initially, and code this as place of stimulation. We had seen
that single electrode stimulation could produce vowel
colours that were equivalent to those for the single formant
representation of vowels. The relationship between a single
formant representation of the first and second formants in
vowels was, however, complex and not well understood.
For that reason it was more appropriate to extract the
second formant frequency as it had been shown from
research by Potter et al, (1947), Cooper et al., (1952),
Liberman et al., (1954), Fant (1956) and others to be the
formant providing most speech information. It was coded as
place of stimulation because it was in a high frequency
range and our initial psychophysical studies on the patient
had shown that high frequencies could be coded as place
h.

The decision to extract the second formant frequency was a
change in the direction of our research. It meant
preprocessing of speech information, selecting important
cues and determining how best to present the information to
the nervous system. If electrical stimulation of the nervous
system produced an information "bottleneck” s indicated by
our animal experimental and human psychophysical data, it
was important to be selective with the information presented
through the *bottleneck". As a result of this decision we aiso
extracted the fundamental or voicing frequency as it is not
visible on the lips and its presentation would therefore be a
great help as a lipreading aid. Voicing which is low in
frequency was appropriately coded on a rate or temporal
basis because our previous experimental animal and human
psychophysical findings had shown that frequencies up to
300-500Hz could be coded this way.

In addition, it was considered important to present the coded
fundamental frequency only to the individual electrodes
presenting second formants on a place coding basis. This
would ensure that the unpredictable variations in loudness
that occurred with summation of electrical fields from
simultaneous_stimulation on two or more neighbouring
electrodes with the physiologically-based processor would
not occur. Finally, the intensity of the second formant was
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coded as current level on each electrode used to code
second formant frequencies,

This inaugural formant or cue extraction speech processing

strategy was first implemented on a laboratory-based

computer in 1975‘ and shown to pmvms the patient with
400%

inning speech when using electrical Simulation combined
with lipreading compared to lipreading alone. He was also
able to understand some running speech when using
electrical stimulation alone. A second postiinguistically deaf
adult who had been profoundly deaf for 13 years rather than
two years in the case of the first patient received a
multiple-electrode cochlear implant on 13 July 1979. He
obtained results that were similar to the first patient
suggesting that the coding strategy might be generally
applicable. It was also an important finding that even after
13 years of no auditory input he was still able to remember
the sounds of speech and this showed his auditory
pathways could process the coded speech information. In
April 1980 the speech processing strategy was realized as a
portable unit with dimensions 15x15x6.5cm and weight of
1.25K

The Iaboratory-based speech processor consisted of three
basic sections: speech signal parameter extraction;
encoding of speech parameters to electrical stimulus
parameters; and digital configuration of electrical stimulus
data. Four speech signal parameters were estimated every
20 ms in the parameter extraction section. The fundamental
(voicing) frequency (FO) and a low frequency energy
measure (AO) were estimated by measuring the period and
the average amplitude of the output waveform of a lowpass
filter. The second formant frequency (F2) and its amplitude
(A2) were estimated by measuring the zero crossings and
average ampiitude of the output waveform of a bandpass
fiter. The speech parameter estimates (FO, AO, F2, A2)
were transformed to electrical stimulus parameters every 20
ms in the encoding section. Only one electrode was
activated in any 20 ms time frame. For a given F2 estimate

perception tests in standardized conditions. This involved
making sure that the test material was prerecorded, not
previously presented, and administered in controlled
conditions. ~ To show the benefits of the implant in
understanding running speech not only did we use the
phonetically-balanced AB word test (Clark et al., 1981a) but
also the CID everyday sentence test (Clark et al., 1981b)
and then later the Tracking test (Martin et al., 1981). The
testing was also carried out for electrical stimulation alone,
alone and electrical stimulation combined with

lipreaging.

The results of the initial testing are reported in more detail
elsewhere (Clark et al., 1981 a, b; Martin et al., 1981). In
summary, however, with AB words the first patient obtained
a score of 10% for words and 20% for phonemes using
electrical stimulation alone, and an  improvement for
electrical stimulation combined with lipreading compared to
lipreading alone of 300% (words) and 38% (phonemes).
With CID sentences he obtained a score of 14% for
electrical stimulation alone and a 386% improvement for
electrical stimulation combined with lipreading versus
lipreading alone.  Similar results were obtained on the
second patient.

Although the inaugural speech processor was very effective
in providing help in understanding speech when used as a
lipreading aid it was of more limited help when used alone
without lipreading. ~Furthermore, its performance was
significantly degraded when the signal-to-noise ratio was
reduced. ~ For these reasons we undertook further
psychophysical research to help determine how well stimuli
of relevance to speech comprehension were perceived.

also analyzed the speech perception results to determine
which features were most effectively transmitted.

One important question was whether rate  (temporal) or
place coding was effective in conveying time varying
frequency information which is a feature of speech signals.
With specch theteis  siowy vrying fundamenta o vicing
frequency nsonants, in particular, have frequencies

an electrode was selected according to a
F2-to-electrode transformation map: the F2 frequency range
was divided into nine subbands; each subband w
assigned to a particular electrode. The subband of lowest
frequency was assigned to the electrode with the dullest
sensation, while the subband of highest frequency was
assigned to the electrode with the sharpest sensation. The
current level for the single-electrode pulse train was
determined from A2. A 20 ms speech segment was
classified as voiced if AO exceeded a pre-selected
threshold, and unvoiced otherwise. For unvoiced speech
segments, a constant low pue ra for clecrca simulaton
was used. This low rate was used as it produced a
sensation descr\beu as 'rough’ which is the closest response
to that of noise perceived by normal hearing subjects. For
voiced speech segments, the pulse rate was proportional to
FO, and was higher than the pulse rate used for the
unvoiced segments. Given the electrode selection, current
level and pulse rate for a 20 ms time frame, the digital
configuration section of the speech processor formatted the
electrical stimulus data, and transferred these data to the
external transmitter unit (Tong et al., 1980a). The portable
speech processor used the same overall coding strategies
as the laboratory-based speech processor but analyzed
speech every 10 ms rather than 20 ms.

Establishing the benefits of the inaugural FO/F2 speech
processing strategy required setting up a series of speech

that change rswdly over a duration of about 20 ms (Clark et
al., 1987).

Research to answer this question (Tong et al., 1982)
showed that when the place of stimulation was varied across
adjacent electrodes the two patients could discriminate the
transition well for durations of 25, 50 and 100 ms. On the
other hand, when varying pulse rates on a single electrode ,
there was a marked degradation in performance from 100 to
25 ms. This finding helped establish the validity of our
speech processing strategy where variations in place of
stimulation for F2 could be discriminated for the short
durations of consonants. Nevertheless there was still a
need that future research should aim at maximizing the
amount of information transmitted on a place coding basis
over short durations in time. ~Furthermore, an interesting
sequel was that the research helped show that acoustic
frequency discrimination probably takes place on a place
coding basis, i.e. when we perceive a change in frequency
this occurs through a shift in site of stimulation. With
acoustic stimuli it is difficut to separate temporal from place
coding, and the relative importance of each was not well
established. With electrical stimulation place and temporal
coding can be artficially separated, and it provided
fundamental information on the coding mechanisms involved
in frequency discrimination. Although the research on time
varying rate of stimulation showed perceptual limitations for
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durations of 25 and 50 ms, satisfactory discrimination at 100
ms was sufficient to code the slow variations of the
fundamental frequency and confirmed the suitability of the
FO/F2 strategy.

A further question of importance was the coding
mechanisms for loudness, and in particular the extent to
which loudness was a function of repetition rate. Basic
physiological studies had shown that to acoustic stimuli the
mean firing rate of units increase over a 20-50dB intensity
range, and that the population of neurons stimulated also
increases. The interrelation between the stimulus rate and
excited population is not well understood. For our speech
processing strategy it was necessary to know that if we
coded the fundamental frequency as rate of stimulation to
what extent would variations in rate produce changes in
loudness, and could this be controlled if_necessary to
improve the speech processing strategy. The study was
undertaken by comparing loudness changes for stimuli with
single pulses per period (SPP), and stimuli with multiple
puises per period (MPP). With the MPP stimuii the mean
pulse rate could be kept constant over time while the period
of each group of pulses was shortened and the repetition
rate increased. The study showed that the MPP stimulus
produced approximately equal loudness with variations in
repetition rate. The data from the study also indicated that
loudness is a function of the physical variables, charge per
pulse and overall pulse rate. Loudness did not necessarily
increase with charge per unit time (Tong et al., - 19832).

Another question in the of our

frequency across electrodes was compared with that on
separate electrodes, and no significant difference seen.
There was also no difference whether rate was varied
across electrodes in an apical to basal or basal to apical
direction. Furthermore, the categorization performance for
electrical stimulation was similar to that reported by Fourcin
et al., (1979) for acoustical stimulation with fundamental
frequency trajectories superimposed on the syllables “oh.
This correspondence between acoustical and electrical
results suggested that the perception of pitch contours for
electrical repetition rate in the presence of a variation in
electrode position was similar to the perception of pitch
contours for fundamental frequency superimposed on a
variation in the spectral envelope of an acoustical signal.

Finally, a study was undertaken to confirm that the percepts
for rate and place pitch were separate. The study showed
that dissimilarites between the two pitch percepts could be
best explained in two dimensions of perceptual space. This
confirmed both our initial findings that rate and place pitch
were different, and the lack of interaction between the
fundamental frequency and stimulation on middle and basal
electrodes. The finding also helped establish the validity of
the FOJF2 speech processing strategy.

Understanding how the FO/F2 processor was effective in
helping profoundly deaf people understand running speech
and how to improve i, particularly for electrical stimulation
alone, required not only the psychophysical studies referred
to above but a detailed analysis of speech perception

speech processing strategy was the extent to which
interaction occurred between repetition rate and place of
stimulation.  This was relevant as the strategy involved
presenting the fundamental frequency as rate and second
formant as place of stimulation. Any significant interaction
between repetition rate and place of stimulation would
lessen the effectiveness of the strategy. The study was
undertaken by asking the subject to categorize the stimulus
as a "question” or *statement' on the basis of whether there
was a rising or falling pitch produced by a slow change in
rate of stimulation. The rate trajectories were varied on
three separate electrodes from apical, middle and basal
sites to see if there was an interaction between rate and
place pitch in coding the fundamental frequency of speech.
The SPP and MPP modes of stimulaion were also
compared to help determine whether variations in loudness
or pitch changes alone were responsible for making
*question* and "statement" judgements. The resuits frstly
showed there was a significant interaction between rate and
place pitch for the apical electrode but not so for the
electrodes in the middle and basal regions. The interaction
for the apical electrode probably occurred because a low
stimulus rate ocourred at an electrode site in a lower
frequency region of the cochlea. The interaction was
thought to be of secondary importance for Speech
perception in cochlear implant patients. Secondly, the
results showed the lack of any significant difference between
SPP and MPP modes of stimulation. This suggested that
rate pitch alone and not variations in intensity were being
used in coding changes in fundamental frequency.

As the FOJF2 speech processing strategy presented the

fundamental frequency across electrodes when coding F2, it

was important to not only study the interaction between rate

and place pitch for individual electrodes, but for varying rate

of stimulation across electrodes. The categorization
for the ion of the

An initial analysis of speech perception
showed that vowel recognition for electrical stimulation alone
(77% mean score) was better than for consonants (35%
mean score) (Tong et al., 1980b). As consonants are more
important than vowels for speech intelligibiliy, improvements
in the perception of the former were obviously necessary.
For this reason we analyzed the particular features of
consonants perceived in a number of studies (Tong et al.,
1980a; Clark et al., 1981c; Dowell et al,, 1982). The results
showed that for voicing, 30% information was transmitted
with electrical stimulation alone, 0% with lipreading alone,
and 47% with electrical stimulation combined with lipreading.
These results confirmed that voicing, which is not visible on
the lips, was being effectively transmitted by the FO/F2
speech processing strategy. A similar trend was seen for
the nasals (m/, /n)). On the other hand the reverse applied
for africation (/f/, /v, /s/, /z/) and place (b/, /d/, /g, Ipl, M,
/). In the case of affrication the percentage information
transmission was 9% with electrical stimulation alone, 58%
with lipreading alone and 75% with combined electrical
stimulation and lipreading. ~ For place the information
transmission was 14% with electrical stimulation alone, 70%
with lipreading alone and 74% with electrical stimulation
combined with lipreading. These results suggested there
was a need for the transmission of more high frequency
information for improving the perception of affrication and
the transfer of more information over short durations for the
phonemes conveying place information.

While the above studies were being undertaken to study
how the FO/F2 strategy might be improved, work was
carried out with Nucleus Limited to help in the industrial
development of the implantable receiver-stimulator and
wearable speech processor for clinical trial for the US Food
and Drug Administration (FDA).  The implantable
receiver-stimulator (Clark et al., 1983) was made more
robust than the prototype developed by The University of
Melbourne, and had the electronic circuit streamlined in the
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light of findings with the prototype ‘device (Figure 1). The
speech processor (Clark et al., 1983) was made smaller
(Figure 1), and it implemented the inaugural FO/F2 strategy.
We also undertook a series of additional biological studies at
this time that were subsequently of value in helping to
establish for the FDA that the device was safe as well as
effective (Clark et al

The FDA dlinical trial was carried out initially by centres at
The University of Melbourne; University of lowa; Baylor
College of Medicine, Houston; Mason Clinic, Seattle; New
York  University; Samaritan Hospital, Portland;
University of Toronto; Louisiana State University, New
Orleans; Medizinische Hochschule, Hannover; and the
University of Sydney. This wider clinical trial confirmed the
initial resuits obtained by The University of Melbourne. On
40 patients it showed a mean improvement in CID open-set
sentence tests from 52% for lipreading alone to 87% for
lipreading combined with electrical stimulation three months.
postoperatively (Dowell et al., . For electrical
stimulation alone the mean open-set CID sentence scores
on 23 patients were 16% (range 0-58%) three months
postoperatively, and 40% (range 0-86%) 12 months

peratively. This trial also showed that there was
considerable variation in patient performance (a finding in all
subsequent trials and for all evices to this day), and that
significant leaming was required to effectively use the
speech sounds induced by electrical stimulation.

At the time there was considerable debate as to whether
multiple-channel (multiple-electrode) stimulation was really

more effective than methods of single-channel stimulation. .

Reports occurred from different centres which did not take
into account patient variation and which used a variety of
assessment procedures. For this reason a controlled
comparative study was undertaken by the University of lowa
on the 3M House and 3M Vienna single-channel systems,
and The University of Melboumne/Nucleus and Utah
multiple-channel systems (Tyler et al., 1987, Gantz et al.,
1987). The 3M House system had the speech waveform
modulating a 16 kHz carrier on a monopolar electrode, the
3M Vienna system a spectrally weighted waveform on one
of four common-ground electrodes, and the Utah system
bandpass filtered waveforms on six monopolar electrodes.
The results showed significantly better speech perception
performance for the multiple-channel systems, and although
the performances of The University of Melbourne/Nucleus
and Utah devices were comparable in quiet the Utah device
performed better in  noise from multi-speech babble. It was
thought this performance difference in noise was due to the
difficulties a preprocessing system such as The University of
Melbourne/Nucleus device would have in selecting speech
from noise, whereas the Utah system which presented the
unprocessed output from six fired bandpass filters would
have the patients brain differentiate the speech signals.
While the FDA clinical trial and comparative evaluation of
The University of Melbourne/Nucleus FO/F2 speech
processor were being undertaken we were actively involved
i psychophysical and speech research to improve our
cue-extraction speech processing system.

As our previous research had shown the need to provide
additional information to improve consonant perception, in
particular, the next question to be answered was whether
the presentation of the first and/or third formants as well as
the second formant would improve intelligibility. It was also
necessary to establish by research in our laboratory that
improvements were possible before industry could direct its

resources to producing an alternative wearable speech
processor for patient evaluation.

Ccﬂsequem\y, e ﬂm jask wea o dsfarming vhatber the
5 ms.
separation hslwean pulses to avoid unpredictable current
‘summation) on a place coding basis viould result in a single
or two component.sensation- It was argued that if we were
to convey speech information containing two or more
formants the brain should have the capability of perceiving
additional information from a second stimulus channel,

The perceptual dissimilarities among ten two-electrode
stimuli were estimated by triadic comparisons and the
resulting matrices analyzed by non-metric multidimensional
scaling (Tong et al., 1983b). This showed a two dimensional
solution to be the best, indicating that the dissimilarities
between two electrode pairs differing in both apical and
basal electrodes was even greater than the sum of two
component dissimilarities. These results suggested that two
electrode stimulation was perceived as a sensation with two
components, and could therefore be used to present speech
information with two components, such as the first and
second or the second and third formants.

To assess the value of using a speech processing strategy
presenting two formants we developed an acoustic model of
electrical stimulation on normal hearing subjects (Blamey et
al, 1984a). The acoustic model was especially necessary
as all our implanted patients were involved in the clinical trial
for the FDA. Multiple-channel electrical stimulation was
modelled with a set of bandpass fitered noise stimuli and
gave similar psychophysical results on normal hearing
subjects as pulsed electrical stimulation had given on the
first two implant patients (Blamey et al., 1984a). The speech
perception of the two mutiple-channel implant patients when
using the FO/F2 strategy was then compared with that of the
normally hearing listeners when using an acoustic model of
the FO/F2 strategy (Blamey et al., 1984b). 22 different
speech perception tests were used and very good
agreement found for the two groups of subjects indicating
that the acoustic model could be a useful tool for the
development and evaluation of alterative speech
processing strategies.

It was considered preferable to initially compare the FO/F2
strategy with one that presented the first rather than the third
formant in addition to the second formant as there was good
evidence from the acoustic iterature that the lowest two
formants were at least the most important features for
recognizing a vowel (Delattre et al., 1952). The study
(Blamey et al., 1985) in fact showed a significant difference
between the FO/F2 and FO/F1/F2 strategies for the vowel
ut not the consonant test. However, with consonant
confusions there were  improvements in_information
transmission for voicing (34% to 50%), nasality (84% to
95%) and affrication (32% to 40%) but not for place (28% to
28%). We also discovered that the consonants could be
classified according to the amplitude envelopes of the F2
filter output, and this also improved for the FO/F1/F2
strategy. The improved vowel perception and increased
information transmission for consonant features probably
accounted for the significant improvement obtained in
understanding running speech as shown with the speech
Tracking test.

Having shown with the acoustic model that improved speech
perception scores occurred for the FO/F1/F2 compared to
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the FO/F2 strategy a decision was made by industry to
implement it as a wearable speech processor and this is
known commercially as WSPIIl. When this was clinically
trialed on implant patients (Clark, 1986; Dowell et al., 1987)
speech perception results were similar to those obtained
with the acoustic model. This showed the benefits of coding
first and second formants on a place basis, and the
predictive value of the model. In quiet the closed-set medial

owel scores improved from 51% to 58% and the consonant
scores from 54% to 67%. The mean open-set CID sentence
scores three months postoperatively increased from 16% to
35% (Dowell et al., 1987). Improved speech results in noise
were also achieved by the addition of the first formant, and
they were comparable to those for the fixed filter strategy of
the Utah multiple-electrode system (Dowell et al., 1987).

To further improve speech perception, especially for
consonants, it was next considered appropriate to code
additional information in the high frequencies on a place
basis. Rather than use the third formant as we had
originally proposed, we presented the fitter outputs on a

coding basis in the ranges 2000-2800Hz,
2800-4000Hz and 4000-6000Hz for unvoiced sounds and
two of these for voiced sounds. As initial results with this
strategy showed improvements over the FO/F1/F2 strategy
(Dowell et al., 1990), it was implemented by Cochlear Pty.
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Commission on Heliport
A Commission of Inquiry for Environment

respect of the environmental aspects of
a proposed heliport at Pier 8 Pyrmont,
has recommended to-the Minister that
approval -be granted to the heliport,
subject to conditions.

In 1991, the Maritime Services Board
(MSB) sought tenders for the operation
of a heliport at the Pyrmont site, to
serve the Central Business District of

(HAA).
Statement (EIS) was prepared, using as
a basis the noise acceptability criteria
from Appendix A of Australian Standard
AS 2363. That standard had been
adopted by State Cabinet and the MSB,
but the criteria were not considered
appropriate by the NSW Environmental
Protection  Authority
establishment of the Commission of
Inquiry resulted from a motion of the
State Legislative Assembly.

The dominant environmental issue was
the alleged adverse noise impact of
helicopter operations on the residential
amenity of surrounding localities such
as Balmain, Pyrmont and North Sydney.
Allied with that issue was the question
of the appropriate noise assessment
method to be applied. Seven hundred
written submissions were received by
the Commission, and 48 submitters
presented oral evidence at hearings in
May and June.

Based on AS2363, the proposal sought
approval for a maximum of 60 helicopter
movements per day Monday to Saturday
between the hours of 7:00am
7:00pm, and 45 movements between
9:00am and 5:00pm on Sunday. A
maximum number of 1,500 movements
over a thitty day period was also
proposed in conjun e daily
limits. A movement is either a take off
or a landing by a Bell 206 JetRanger or
its acoustical equivalent.

Submissions to the Commission
proposed that a variety of assessment
methods be used, including AS2363,
the NSW EPA Guidelines, the Australian
Noise Exposure Forecast (ANEF) system,
and a number of variants of the British

NNI system. The Commission estimated
that the permissible number of
helicopter operations per day which
would result from the application of the
various acceptability criteria ranged from

1,130. The Commission also
received  submissions  that i
helicopter operations at all would be t00
many.

In its recommendations on the
appropriate  noise  criteria,  the
Commission rejected the EPA Guidelines
and AS2363, and adopted the ANEF
method, in  particular  ANEF20
1appvax|malely 55 dBA Leq 24 hour) as
the acceptable criterion for residential
use. The Commission's reasons for so
doing included the following:
« the ANEF method is based on
research into aircraft noise carried out in
Australia;
« it is consistent with the criterion used
the Civil Aviation Authority in
assessment of the noise from
helicopters using the Sydney Harbour
helicopter transit lane R409 (which is
used by helicopters arriving at and
departing from the heliport) and thus
there is no anomalous position of two
different noise criteria applying within
the same airspace;
« no compelling evidence was presented
to suggest that helicopter noise should
be treated differently from noise of
conventional aircraft;
« it is consistent with World Health
Organisation recommendations for noise
in residential areas; a
« it provides a proper basis for future
monitoring of the heliport.

g

The Commission recommended that 48
helicopter movements per day be
permitted Mcnday to Saluvday between
7:00am and  7:00pm, and
movements per day on Sundays and
Public Holidays between 10:00am and
4:00pm.

It also recommended the setting up of a
complaints telephone  service, the
logging of all operations at the heliport,
noise monitoring to be undertaken over
a period after the opening of the
heliport, and the establishment of a
Special Monitoring Committee with local
govemment and community  repre-
sentatives, to monitor operation of the
heliport and compliance with the
conditions of operation.

Leigh Kenna

Open Air Concerts

oW Dlvlswn  members wero pilieged
to five speakers at a
inkseminar arecading e AGM of the
Division.

Alex Jochelson (EPA) set the scene with
details of the types of controls now
being applied to open air concerts at the
Sydney Showground, the Sydney Cricket
Ground, the Sydney Football Ground, the
Domain and the Parramatta Stadium.

Peter Knowland (acoustical consultant)
detailed the changes that have occurred
over the past few years, the problems
with fold back monitors, the wasted
sound that should be entertaining the
audience but -is annoying the
neighbours, and the use of Lmax
controls  for quick response  to
overloudness.

John Thompson (sound ~consultant)
indicated the trends taking place for
sound control at the venues, and the
awareness of the promoters of the need

atisfy the audience whilst not
annoymg neighbours.

le Neate and Laurle Jackson gave the

nue operators point of view,
namculer\y with respect to the social
acceptance  of  outdoor  concerts
overseas, the requirement for venues
with crowd capacity in excess of 40,000
persons, and the need to allow a
number of concerts at particular venues
with established criteria.

Subsequent  questioning  from  the
assembled audience indicated quite
clearly the interest in the subject. If
there had not been the need to proceed
with the AGM, the discussion would
have continued unabated, but sadly had
to be brought to a close by the
Chairman.

Tony Hewett

More Neighbourhood Engineers
The October 1993 issue of
Institution of Engineers Sydney Division
Newsletter, included the following call:

"We have had requests for more
Neighbourhood Engineers for the Sydney
Region. If you are interested in helping
students and the community to be
aware of Engineering as a profession,

Acoustics Australia

Vol 21 No. 3 - 99



please call Karen on (02) 929 8544."
Karen Yu is the Manager of Young
Engineers Services at the Institution.
Acoustical engineers within the Society
may consider assisting, and furthering
the Society's aims at the same time?

Quality Management

A new quality certification program has
been developed by Standards Australia
Quality Assurance Senices (SAQAS)
specifically for small businesses. The
ore Quality Program provides entry
level  certification  through  diy
implementation. The program ensures
the basic concepts of quality - fitness

for purpose and customer salishclicn
are established throu

enterprise. This program will enable
small business in Australia to take up
the challenge of quality management
systems. For more information contact
SAQAS on (02) 746 4909, Fax (02) 746
4954,

Worksafe Video Wins
Honourable Mention

The Worksafe Australia video, “Noise
Mansgement t Worc, has won_an
honourable ~_mention

emationsl fim and ideo festal hed
at the Thiteenth World Congress on
Safety and Health in New

VIBRATION EQUIPMENT
Bruel & Kjaer Integrating Vibration
Meter, (Type 2513)
Accelerometer (Type 4384) and
Calibration Exciter (Type 4294)
complete.

PRICE: $4,200

Contact Rod Mawson
. Tel: (06) 292 1189

Delhi.

Moves

Acoustic Research Laboratories Pty Ltd
has announced the appointment of Ken
Willlams to the position of Manager.
Until recently Ken has served in the
Royal Australian Navy in positions
involving the management of noise and
vibration measurement equipment and
procedures.

Acoustic Research Laboratories Pty Ltd
has appointed Machinery Monitoring
Systems Ltd as its sole New Zealand
agent for the Enviro-Log range of noise
and vibration loggers. MMS may be

contacted at 3/355 Manukau Rd,
Epsom, Auckland 1003 NZ.

Vipac Engineers and Scientists moved
their Sydney office in mid November.
Their new s is Unit E18
Centrecourt, 25 Paul St Nth, North Ryde,
NSW 2113; Tel (02) 805 6000, Fax (02)
8781112,

Sarah Banks and Dan Dang have been
appointed as_acoustical engineers for
Mitchell McCotter.

+ + +
NEW MEMBERS

The following are new members of the
Society, or members whose grading has
changed.

New South Wales

Subscriber

Mr A Appleby

Mr G A Leembruggen

Dr J A Ogilvy

MrR O Stevens

Mr K F'S Wong

Queensland

Student

Ms H J Nave

Western Australla

Member

Mr M J Limb

Subscriber

MrD J Lioyd

r~

AUSTRALIAN ACOUSTICAL
SOCIETY
1994 CONFERENCE

Peac

NOISE & VIBRATION
CONTROL
EQUIPMENT

NOISE AND SOUND
Nuisance and Amenity

9-11 November 1994
CANBERRA

The call for papers and_expression of
interest for the 1994 Conference has been
released.
Details: Marion Burgess,
Acoustics and Vibration Centre,
ADFA, Canberra, ACT 2600.
Tel (06) 268 8241
Fax (06) 268 8276
email m-burgess@adfa.oz.au.

DESIGN MANUFACTURE AND
INSTALLATION OF A FULL
RANGE OF NOISE CONTROL
EQUIPMENT - STANDARD
AND CUSTOM BUILT

AUSTRALIAN REPRESENTATIVE FOR

#=3 BARRYe
e CONTROLS
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Gichner
‘? Systems Group, Tnc.

Poace Engineering Pty. Limited.
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SIGNAL PROCESSING OF
SPEECH

FJ.Owens - - - .

Macmillan, 1993, paperback, 179
ISBN 0-333519211. Aust. distributor:
Macmillan Australia, 107 Moray St. Sth
Melbourne 3205 Tel (03) 699 8922;
Fax (03) 690 6938. Price A$39.95

This book is one of a series designed
for "optional” courses in the final year
of an electronics engineering_degree,
bt i can lso serve as e admirsbla -
troduction to the subject for engine

or scientists in_neighbouring. Tolde,
Speech processing is an area of current
importance, and the level of treatment
in this book is sufficiently detailed that
the reader comes to appreciate the na-
ture of the technical achievements and
the obstacles still to be surmounted.

After o |n\vcdu|:lory chapter on  the
nature of and_hearing, the
empiasis i o tnetochnies
problems of encoding speech in some
form that greatly reduces  signal
bandwidth requirements but still allows
reconstruction ~of basic speech
sounds. Both the analysis and synthesis
phases of this problem are treated, and

the algoritms _ underlying  several
different  approaches are clearly
explained. Bavamennc analysis and

feature extraction are both discussed,
without too much algebraic detail. One
ultimate aim of speech processing i, of
course, the direct recognition of speech

mputers, and this _problem is
treated in the final two chapters, with
emphasis on dynamic time warping and
hidden-Markov models.

Itis possible to read this short book in
the course of a few nights or to study it
more deeply. The writing is clear and
straightforward, and there are only a few
places in which the details of the coding
algorithms induce one to skip a page or
two - of course this detail is valuable for
those with a more serious engineering
interest in the techniques. There is a
short bibliography of about thirty items,
mostly classics in the field. | can rec-
ommend this book to anyone with a
physics or engineering background as a
very good way to get an overview of this
important area of research and develop-
ment.

Neville Fletcher
Neville Fletcher is a chief research scientist
with C:

'SIRO. _His research interests cover a
wide range in acoustics and applied physics.

ACOUSTICS FOR ENGINEERS
J.D.Turner & A.J. Pretiove

Macmillan, 1991, paperback, 192 pp.
ISBN 0-333-521439. Aust. distributor:
Macmillan Australia, 107 Moray St. Sth
Melbourne 3205 Tel (03) 699 8922;
Fax (03) 690 6938. Price A$31.95

Considering its small size and depth of
coverage, this book is intended to be an
introduction to the basic principles of
‘acoustics and noise control. It is aimed
at engineers who might find themselves
in the position of having to deal with
noise problems in application or design,
and also at student engineers who are
more likely than previous generations to
encounter acoustics as part of an under-
graduate degree. In this context, it must
be said that the book succeeds fairly
well, in giving at least a qualitative ap-
preciation of a wide range of important
concepts, and in the main, references to
where particular subjects are treated in
more detail. Itis divided into eight chap-
ters, covering respectively, Basic con-
cepts of noise and vibration, The human
effects of noise: criteria and units,
Sound in three dimensions (one-
dimensional propagation having been
treated in chapter 1), Analysis of acous-
tic and vlbvanon signals, Digital methods
of nalysis, Acoustic i
Strumentation, Reflection and  wan
mission: Sound in confined spaces, s
finally Noise control.

The first chapter sets the tone for the
theoretical treatment of a number of top-
ics in the book. Even though it starts by
deriving a partial differential equation
(the one-dimensional wave equation) it
does it for the simplest case (lon-
gitudinal stress waves in a solid bar)
and then extends this to pressure waves
in a uniform tube, deriving an equivalent
Youngs modulus from consideration of
adiabatic compression. Using the sim-
ple one-dimensional case, general prin-
ciples about acoustic impedance and
power flow are illustrated. Analogies
with simple electrical circuits are made
which will assist engineers more familiar
with that topic. Likewise the treatment
of threedimensional sound fields in
Chapter 3 stats with the three-
dimensional wave equation, but quickly
simplifies it to spherical waves with
which the concepts of complex im-
pedance and near vs far field can be in-
troduced.  The directivity of a micro-
phone is derived for a rectangular
membrane to avoid having to deal with
Bessel functions, it being explained that
the results are qualitatively very similar
for a round membrane. The importance
of physical dimensions vs wavelength is
mphasised, including examples of
where simplifying assumptions can be

“and

made to model sources as simpler
one:

The discussion of basic vibration theary
in Chapter 1 is concise but thorough for
single degree of freedom (SDOF) sys-
tems, covering dynamic magnification
isolation and once again em-
phasising general principles, such as
when the vibration is stiffness, mass, or
dampingcontrolled.  Continuous sys-
tems are treated briefly by showing how
SDOF equivalents can be obtained for
the first (and generally most important)

mode of beams and plates. ~Under-
standing of this section would be im-
proved by use of an example. In this
connection, there is an nfortunate error
in the equation for the relative stiffening
of plates with respect to beams where |,
immediately defined after as a second
moment of area, is given instead of 1.
This was one of very few errors which
were found.

In general where topics are not treated
in full (and that after all covers most of
the book), references for further reading
are given. This was not the case, how-
ver for the topio of assessment. of
nity noise annoyance for which a
proceauve is outined in Chapter 2. No
reference is given, t there is a re-
o bt i “orgnally derved
ffom research n the Netherands®. This
compares with two references about air-
craft noise.

The chapter on acoustic and vibration
analysis is a conventional treatment of
Fourier series analysis, with extension to
the Fourier transform by allowing the pe-
fiod to go to infinity. This is the only
place where the difference in dimen-
sions between the spectra of continuous
and transient signals is mentioned.
Elsewhere, spectra are described loose-
b & representing spectal “energy”
where "power* might be more a
propriate, and tis might be confusing
for the uninitiated. It is a pity that ran-
dom signals are not treated at all, in par-
ticular the different spectral levels that
random and discrete frequency com-
ponents will have, depending on band-
width.

‘The chapter on "digital methods of spec-
trum analysis” should really be called
“FFT methods”, as digital filter methods
are not mentioned. This is also a pity,
as digital filters are definitely the most
iient (and economical) w

achieve realtime constant nememage
bandwidth analysis over the acoustic fre-
quency range (eg simultaneous meas-
urement of reverberation time in all 1/3
octave bands). The discussion of acous-
tic instrumentation in the next chapter is
also somewhat outofdate, despite the
claim about "modern measurement tech-
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niques”. The only instruments pictured,
a sound level meter and an FM tape re-
corder, are both about 15 years old,
though of course still able to produce
valid results. In particular, the guidance
as to tape recording methods is not fully
valid, as digital recorders are said to be
"much more expensive than analogue
systems" whereas two channel DAT re-
corders are now considerably cheaper
than comparable FM or Direct recorders,
while 4-8 channel instrumentation DAT
recorders are comparable in price, with
better technical specifications. DATs
provide the only possibility, for example,
for recording signals from an intensity
probe, because of their vastly superior
phase matching between channels.
One thing which perhaps should have
been included in this chapter, is some
discussion of the effects of averaging
time (even “fast™ and "slow” response
are not mentioned anywhere).  This
leads to some confusion as to the
meaning of "peak value" which is used
rather loosely in different places to
mean different things, sometimes a
peak instantaneous value and some-
times a maximum RMS value (which
would depend greatly on the averaging
time),

The chapter on FFT analysis gives auite
a good discussion of two of the major

pitfalls, viz aliasing and leakage, but
does not mention the third, the picket
fence effect, which can be important
when calibrating a system using a cal-
ibration tone.

The final chapter, on noise control, ties
together information from the rest of the
book and outlines a logical method for
tackling noise reduction problems, which
should be of great assistance to people
Starting in the field. The method allows
prediction of the likely resuits, and cost,
of the various control measures whlch
might be applied. As in many other sec-
tions dealing with the application of the
basic theory to practical problems, ex-
amples are given based on the authors’
own experience.

Despite the above criticisms, which are
not as serious as the space devoted to
them might sugges, | found the book to
be very readable and enlightening, and
am sure that newcomers to the field will
find it particularly so.

R.B.Randall

Bob Randal is o Senior Lecurer in the

hool of Mechanical and Manufacturing Er
gmeen o the. Uniersiy of New South
Wales, specialising in vibration analysis and
‘machine condition monitoring. Prior to joining
the university he worked for Bruel & Kjaer for
17 years.

ACOUSTIC SYSTEMS IN
I0LOGY

N. H. Fletcher
Oxford University Press, 1992, pp 333,
hard cover ISBN 0-19-5069404. Aust
D:smbutor Oxford University Press, Gl
/84Y, Melbourne 3001, Tel (03)
%6 4200, Fax (03) 646 3251. Price
A$110
This book is concerned with the acous-
tics of the processes of sound genera-
tion and reception by animals. It is an
acoustic rather than a biological text, yet
the overall aim is to provide an under-
stencing of the blologcal systems that
make ound, by developing
Seaatie modes of sueh system:
cording the preface, the houk is wit
(en primarily for biologists with an inter-
t in acoustic systems, and the author
sugges!s that it might be suitable for a
one semester course for biologists at
graduate level. He also suggests that it
should also be suitable for a similar
course for physics or engineering stu-
dents at advanced undergraduate level.
My impression, as an acoustician inter-
eested in bioacoustics, is that the book
will be as useful for acousticians as for
biologists.
The author points out that biologists are
poorly served when it comes to acoustic

Enter the
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texts - they are either too elementary or
too mathematical. This accords with my
own_experience in working with biok-
ogists, especially post graduate stu-
dents - most acoustics texts expect the
understanding of acoustics to come
from  understan e mathematics,
and as Neville Fletcher states, biol
ogists are not traditionally well trained in
course
sided - physicists tend to be
poorly trained in biology and find it just
as difficult to cope with many biological
works.

"Acoustic Systems in Biology" is in-
tended as a text book and assumes no
prior knowledge of acoustics. A limited
amount of mathematical knowledge and
technique is required, but the math-
eematics is kept to the essentials for un-
derstanding the mathematical models of
biological ~ systems ° without com-
promising rigour.  Even so, readers

should expect to deal with a fair amount

of mathematics since that is the nature
of the subject. However, the author
takes pains to explain, interpret and
*de-mystify" the mathematics and relate
it to the physics, and to provide the in-
sights that come only from a thorough
understanding of the subject. This ap-
proach should make it much more ac-
cessible to biologists than other acous-
tics texts. Someone with a knowledge of
differentiation and mlegraucn should be
able to follow the mathematics. Fa-
rilety ith diferential squations s ot
necessary (though course, it would
make the going easier).

The first chapter sets the stage by com-
paring the approaches of physics and bi-
ology, and by providing the non physicist
with an insight into the nature of math-
ematical models, their construction and
what we should expect of them. This is
a nice introduction of general interest.

The book covers the basics of acoustics
appropriate to bio-acoustic systems and
develops this knowledge as required to
understand the mathematical models of
such systems, and then presents, anal-
yses and interprets the models. The
“basics" follows conventional themes -
simple vibrators, strings and bars, mem-
branes and plates, acoustic waves,
sources and radiation, pipes and homs
etc., but with the underlying focus on bi-
ological systems and inclusion of refer-
ences to biological examples. There is
then extensive ueat nt of acoustic
systems including auditory models, the
inner ear and mechanically and pneu-
matically excited sound generators. The
book also includes some discussion of
network analogs and a limited di
cussion of communication and in-
formation theories applied to animal
‘communication and sonar.

To an acoustician, the book will seem
like an acousticians guide to bio-

acoustic systems, because it is written
like an acoustics text book and does not
require much, if any, biological knowk
edge. | bought the book because |
thought it might help me understand
sound generation and reception in an-
imals. The more | read this book, the
more | find it suits my needs. It brings
together in one book what | would oth-
enwise have to search far and wide for,
and it brings out the underlying acous-
tics in a way that is not evident in the
more biological texts. Acousticians do
not have to read the bits on basic acous-
tics if they do not want to (better still
they do not have to admit reading them -
I suspect that there are acousticians
like me who would find this part of Ne-
ville Fletcher's text a refreshing revision
of things we ought to know but have for-
gotten, with perhaps some new insights
thrown in).

But what of the biologists? Well, the
book is tailored to the needs of biok
ogists interested in acoustic systems,
and the style of presentation goes a
long way to making acoustics access-
ible. Some, like those whose mathemat-
fes shlls have faded through lack of use

ose who never really developed
ot by being clever enough to
avoid mamemaucs while studying biok
ogy, m: n this presentation of
the mamemancs Gt My advice is
that if you are seriously interested in
acoustic systems then any effort you put
into understanding the models in this
book will be well worth while. You have
to work at the mathematics, but that is
true for most of us (I am told that even
Einstein had_difficulty with his math-
ematics). The author has done a lot to
make it accessible in a way that is not
otherwise available. Others with a less
intensive interest in the subject will find
that the non-mathematical synopsis at
the beginning of each chapter provides a
good summary and it is possible to get a
m the reading text without under-
standing the equations.

This book does not cover any more biol-
ogy than is required to understand the
acoustic models - it rightly, in my view,
leaves tat to the bidogical tets. It

doe cover all aspects of bio-
acnusucs - it focuses on those aspects
dealing with the acoustic systems dis-
cussed above. Again this seems ap-
propriate, and consistent with the title.
At the same time it covers a sufficiently
broad range of acoustics to be useful as
a basic acoustics text.

Science is very much compart-
mentalised and It is difficult to cross dis-
ciplines or to find books that do so.
"Acoustic Systems In Biology" is a Sig-
nificant contribution because of its value
to both biologists and physicists, and |

ow of no other text that covers the
subject matter. It is well written and

gives a good feeling for the physics that
should appeal whatever the reader's dis-
cipline.

Doug Cato

Cato s a Principal Research Scientist in

the Materials research Laboratory of DSTO,

Sydney. His research interest is the ambient

noise in the ocean including the use of sound
by marine animals.

PROCEEDINGS OF THE THIRD
INTERNATIONAL WORKSHOP
- Transducers for Sonics and
Ultrasonics.

M. D. McCollum, B. F. Hamonic and
0. B. Wilson (Editors)
Tecnnom:c Publishing Company, 1992,
402, hard covers, ISBN 0 88762 993
B echnomic Pusiishing Co, 851 New
Holland Ave, Box 3555, Lancaster, PA
17604, USA. Price US$165.
This book consists of the. mocnedlngs o1
the Third International Workshop
Transducers for Sonics and Uluasnmcs
held in Florida in May 1992. The editors
introduce this series of meetings as a
forum for rescarchers in the - ared of
lransducer development. The range of
consideration is
Cremined by the recent developments
in transducer technology with the aim to
ook at the future trends.
The reviewer already had the
groceedings of the st workshop. The
first workshop focussed on
ansducers only. Despite the  Imited
scope of the topic the book was an
invaluable tool for someone involved in
underwater transducer design. The main
reason for the value of such a volume is
that there is relatively little published on
the topic of transducer design in book
format. The present volume has the
scope broadened from that of the first
workshop and is essential for anyone
desiring to keep abreast of the latest
developments in transducer technology.
ics of the sessions were:
transduction materials, ~projectors and
hydrophones for sonic andultrasonic
applications and transducer modelling.
e book is divided into three sections:
mthed papers, contributed papers and
poster papers.

The invited papers were prepared by
acknowledged leaders in the area of
transducer _technology and takes up
about one third of the book. It is worth
briefly describing the contents of each of
these invited papers as it gives a flavour
of the contents of the volume as a
whole. The first invited paper is by
Robert Ting on "Recent Developments in
Transduction Materials for Future Sonar
Transducers”. At present the topic of
materials for use in sonar sensors is
one of great interest all around the world
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due to the fact that new submarine de-
velopment allows higher speeds and
greater depth capability than previously
possible and that submarines will be
conformally coated with sonar sensing
materials. This leads to new re-
quirements for sensors. The operational
conditions for the new generation of
submarines  which  determine  the
material requirements are discussed by
Ting.

Over recent years a number of materials
have come to the forefront as contend-
ers sonar applications. The materials
have been known of for some time but it
s only recenty thet manulacmrmg
technology has ma ssible to
produce large quan(mes at reasonable
cost. The modelling of these materials
is also becoming more reliable. Ting
reviews the main materials of interest:
Lead Titanate, piezocomposites 0-3 and
13 and electrostrictive ceramics. The
papers in the book do not concentrate
on material properties but rather the
application to hydrophone design. In
the contributed and poster papers other
pes of hydrophone materials are
investigated. There are also in-
vestigations of hydrophones made from
magnetostrictive  material  (terfenol),
PVDF and optical fibre. The advent of
new, material technology does not mean
that' the traditional ceramics for sonar
applications such as PZT no longer have
application. There are a large number of
papers on hydrophones and projector
ns based on
A paper by D. Beuchel is titled "New
solutions for Low Frequency Sonar
Pm‘ecmrs reviews  transducers based
npilz and  Flextensional
jesign. Again the interest in low
lrsquem:y active sonar is driven by
military requirements. New submarines
are quieter than ever before and hence

hamel to delecl Active sonar is now
detect these  quiet
submannes. Low frequency transducers,
which must be compact in size, are
needed to achieve large detection
range. The book reflects this
requirement as there are a total of 10
papers on the modelling and design of
ﬂextensmna\ transducers. An invited
. Rynne is titled "Innovative
Approaches for Generating High Power,
Low Frequency Sound" reviews flexten-
slonal transdhucer design and discusses
the importance of modelling to progress
from design concept to
application.

Transducer modelling is the topic of the
paper . _Benthien titled "The
Direction of Transducer and Armay
Modelling in the 1990's" which surveys

simple one  dimensional transducer
models and the more scuhlsuca(ed
finite _element  methods.

several contributed papers un me e
element method and these show that
this technique is coming into its own in
plezoelectric transducer design. Several
papers _investigate me modelling _ of
flextensional transducers. The sixth
invited paper by A. Hladky +Hennion titled
"Modelling of Active and Passive
Penumc Structures”  addresses the

oblem of modelling 1-3 composite
Sructures.

A paper which deals with ~acoustic
sensors  fabricated  using  similar
technology as that used in the
manufacture of integrated circuits is by
J. Bemnstein and titled "Micromachined
Acoustic Sensors".

The poster paper section consists of
aticles each roughly four pages. These
tend to deal with experimental
techniques and were found by the
reviewer to be particularly ~useful.

Several of the papers described useful
techniques in transducer measurement.
This is the sort of information that does
not get published in books and one
generally needs to attend conferences
10 get this information. Another covers
thermoacoustic devices which are cap-
able of generating low frequency sound
by a themal to acoustic energy
conversion process.

This book gives a feel for what is
happering around the word  in
tran: and  what
appucanuns ave dnvvng the " research
effort. It is of definite value to those
nvohed i ranscucer design and to
some extent all those involved in sonar.
However the audience to which this
applies will be limited. The focus is on
military appncanans the meeting being
hosted by the U.S. Naval Research La-
boratories. nmay commercial applica-
tions of sonar are getting more attention
as companies diversify and so the
technology will flow through to other
areas. Generally the papers are easy to
read and most are written very
concisely.

In summary the book is of value to
anyone trying to find what is happening
at the present time in transducer
technology. It gives a good feel for
where research effort may best be
directed. The book will have limited
general readership but is essential for
those working in the relevant disciplines.

Andrew Madry

Andrew Madry completed a PhD at Sydney
university on outdoor sound propagation.  He
has worked for a number of years on DSP for
video communications. He currently works at
GEC Marconi Systems as an_ acoustician
involved in testing and transducer design for
underwater defence systems.
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Peublecations by
Awstraliana

P

The following listing of publications by
Australian authors is provided in order
to encourage communications among
those working in the various fields of
acoustics.

very one-parameter acoustic fleld
obeys Webster's hom equatlon. Put-
land, Gavin R. (Univ of Queensland) J.
Audio Engmeenng Society v 41 n 6 Jun
1993.p 435.4:
Sound transmission loss of corrugated
panels. Hansen, Colin H. (Univ of Ade-
laide, Adelaide) Noise Control En-
gineering J. v 40 n 2 MarApr 1993.p
187197
Microcrack formation and material sof-
tening In rock measured by monitoring
acoustic emissions. Cox, S.J.D. (Mo-
nash Univ, Clayton); Meredith, P.G. Int J
Rock Mech, Mining Sciences & Geo-
meananics Ausnacrs v 30 n 1 Feb
1993 1.

indary oondlllnn of a flanged
llndrlc-l plpe. Wendoloski, J.C. Qi ot
Sydney, Sydney); Fricke,
dran, R.C. J. Sound Vib v 1
221993.p 8986
Axisymmetric free vibration analysis of
conlcal shells. Thambiratnam, David P.
(Queensland Univ of Technology, Bris-
bane); Zhuge, Y Engineering Structures
v15n21993.p 8389
On the Identification of a harmonic
force on a viscoelastic plate- from
lata. D'Cruz, J. (Monash Univ,
Victoria); Crisp, J.D.C.; Ryall, T.G. J Appl
Mech Trans ASME v 59 n 4 Dec 1992 p
722729
Torslon response and vibration suppres-
sion of wind-excited bulldings. AU Xu,
Vi Univ of Sydney); Kwok, K.C.S.; Sa-
mali, B. J. Wind Engineering & Industrial
Aerodynamics v 43 pt 3 Oct 1992.p
1997:2008

Design considerations for active noise
control systems Implementing the mul-
tiple Input, multiple output LMS al-
gorithm. Snyder, S.D. (Univ of Adelaide,
Adelaide); HansenC.H. J Sound Vib v
159 1 Nov 22 1992 p 157-174

Axisymmetric Isospectral annular
plates and membranes. Gottlieb, H.P.W.
(Griffith Univ, Nathani MA J Appl Math v
49n21992 p 18519

Use of a perforated panel for the active
control of sound raited from vibatng
structu iency analysls.
Pan, J. (Umv of Adelaide); Hansen,
Bies, D.A. J Sound Vib v 156 n 2 Jul 22
1992 p 349359

n 1 Mar

Simple fibre optic sensor for measure-
ment of vibrational frequencles.

Philp, WR (Victoria Univ of Technology,
Victoria); Booth, DJ; Shelamoff, A; Linth-
waite, MJ Meas Sci Technol v 3 n 6 Jun
1992 p 6036

Statistical

Model for the prediction on inine vor-
le-

Reid, D.L. (Hardcastle & Richards/Earl
and Wright Joint Venture) Ocean Eng
(Pergamon) v 18 n 12 1991 e 147165

Scheme for tic

of
parameters for the acoustic design of
auditorla. Haan, Chan H. (Univ of Syd-
ney, New South Wales);Fricke, Fergus R.
Appl Acoust v 35 n 2 1992 p 105127
Physical parameters mommcum of
a free-free mass-spring system from its
ra. Ram, Ytinok M. (Univ of Ade
laide, Adelaide); Caldwell, James J Appl
Math v 52 n 1 Feb 1992 p 140-152
Theoretical study of sound transmission
through aerogel glazing syste
Narang, P.P. (Commonwealth Scientific
and Industrial Research Organisation, North
Ryde) Appl Acoust v 34 n 4 1991 p 249259
Inhamagensous clamped clrcuiar plstes
with standard vibration
Gottlieb, H.P.W. (Griffith Unlv, Nalhan]
J Appl Mech Trans ASME v 58 n 3 Sep
1991 p 729730
Application of the sound intensity tech-
nique to nolse source identification.A
case study. Lai, J.C.S. (Australian De-
fence Force Acad, Canberra) Appl Acoust
V3421991 p 89100
Application ofthe sound Intensity tech-
nique to measurement of fi
transmission loss. Lai, J.C.S. (Ausuauan
Defence Force Acad, Campbell); Burgess,
M. Appl Acoust v 34 n 21991 p 77:87
Universal prediction schemes for es-
timating flow-Induced Industrial pipeline
nolse and vibration. Norton, M.P. (Univ
of Western Australia Nedlands ); Pruiti, A.
Appl Acoust v 33 n 4 1991 p 313336
Determination of the size of an object
and its location In a rectangular cavity
by elgenfrequency shifts: first order ap-
proximation. Qunli, Wu (Univ of Syaney;,
Fricke, F. J Sound Vib v 144 n 1 Je
1991 p 131-147
Compatibliity of measured and pre-
hcted vibration modes In model -
proveme: (Footscray
st of Technoiog, ieboune), Ewns b,
AIAAJv 29 n 5 May 1991 p 798803
Sound attenuation In rectangular and
circular cross-section ducts with flow
and bulk-reacting liner. Bies, D.A. (Univ
of Adelaide, Adelaide); Hansen, C.H.
Bridges, G.E. J Sound Vib v 146 n 1 Apr
81991 p 4780
Forecasting machine condition using
greysystem theory. Luo, M. (Monash
Univ, Clayton); Kuhnel, B. Cond Monit
Diagn Technol v 1 n 3 Jan 1 2-105
Trouble shooting nolse m vlbnthm in
the HVAC Industry. Smith, Michael J.
(Vipac Engineers and Scientists Ltd); Al
rah, M. Aust Refrig Air Cond Heat v 43 n
10 0ct 1989 10p

“and physical properties m saturatod

porous media. Yeo, M F. 1Un|v of Ade-
laide, Adelaide); S Sound
Vib v 144 n 3 Feb E 1991 P 397-407
Adaptive modal parameters Identifica-
tion for collocated position feedback vi-
bration control. Goh, C.J. (Univ of West-
em Aust, Nedlands); Lee, TH. Int J
Control v 53 n 3 Mar 1991 p 597-617
Loudness ratings testing of tele-
phones.Sources of lity. Jackway,
P.T. (Telecom Australia , Melbourne ) J
Electr Electron Eng Aust v 10 n 3 Sep
1990 p 221227
Principles of noise control with en-
closures. Roberts, J. (Sydney County
Council Design & Construction Branch
Sydney) J Electr Electron Eng Aust v 10
n 3 Sep 1990 p 151-157
A methodology for detection and clas-
Siflntion of some underwster scouttio
slgml- using time-freque
techniques.  Boashash,  Boualem
(CRISSP: Univ of Quesnsiand, Brishane,
Qid); O'Shea, Peter IEEE Trans Acoust
Speech Signal Process v 38 n 11 Nov
1990 p 18291841
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VIBRATION WEATHER

(N S—
ore sansen

Battery operated loggers incorporating software
to down-load data into your computer.

Completely weather proof and rugged.

Contact us for information.

II I m& TECHNOLOGY PTY LTD
L Level 16, 9 Castiereagh St., Sydney, N.SW. 2000

Telophone: (02) 2327251 Fax (02) 2327260

dB Metal Products Pty Ltd
ACOUSTIC & SHEETMETAL
ENGINEERS

DESIGN - MANUFACTURE - INSTALL
* Demountable Panel Enclosures

* Modular Acoustic Panels STC 33 to 41
 Acoustic Doors N.A.T.A. Tested

* Industrial Grade Silencers

¢ Audio Booths

* Telephone Booths

* Absorptive Wall Linings

* Approved Fabricator And Supplier To
Government Utilities

* Q.A. Control
Phone: (03) 793 2340
Fax: (03) 794 5193

FACTORY 1/21 GREEN ST
DOVETON VIC 3177

Vol 21 No. 3 - 106

ENCO|

ENVIRONMENTAL
NOISE CONTROL .
YOUR SOLUTION TO
INDUSTRIAL NOISE PROBLEMS

MANUFACTURERS OF ACOUSTIC
* Louvres * Doors « Enclosures
« Silencers & Steel Fabrications

SUPPLIERS OF EQUIPMENT FOR:

PROJECT: ALCOA OF AUSTRALIA
CLIENT: HOWDEN SIROCCO
Phone' (02) 755 1077

0 RIVERSIDE R(
CHIPPING NORTON, N.; S W. 2170
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from 16  hours 1/16 second
elementary period to 114 days at 10
second elementary period.
single 120 dB dynamic range, and
meets the requirements of IEC 804 and
IEC 651 Type 1 performance. Eight
levels can be selected

AUDIO CONTROL

Real Time Analyser, SA-3050A
The SA-3050A is a measurement-grade
1/3 octave real time analyser designed
for audio signal analysis. It features 30
1/3 octave filters, intemal pink noise
source, 930 largeformat LED display
with 1 dB resolution, peak hold function,
SPL scale and 92 dB display range. It is
suited to acoustical analysis for sound
reinforcement, recording or  industrial
noise measurement, and for frequency
response measurements on amplifiers,
tape recorders and equalizers.

Further information: Arena_Distributors

(09) 361 5422, Fax (09) 470 1427.

BRUEL & KJAER

Condenser Microphone, 4188
The newest member of the B&K
microphone_family is the Prepolarized
1/2" Free Field Condenser Microphone
Cartridge Type 4188. The robust new
construction, high resistance to humidity
and stainless-steel alloy _diaphragm
mean that the 4188 is well suited for
use both outdoors and in corrosive
industrial environments. The 4188 is
specified for use in noise measurement
systems according to IEC 651, and
does not need an extemal polarization
source.

from the keypad Al recorded data is
time-stamped by an intemal clock to
enale the trackng down of ‘noise
instrument is  fully
Contolisba. over the RS252 interface,
and computer control o ail keypad and
inctions, _including
cahbratlon, can be carried out via a
instrument can _also
onter amvent temperature, and has
three analogue inputs for third party
sensors. Dimensions are 51 x 77 x 275
mm, and weight without batteries is
1400 g.
Funner :nfmmarmn MB & KJ Davidson,
Street, Moorabbin, Victoria
3139 £ 103) 555 7277, Fax (03) 585

CSR GYPROCK -

Perforated Plasterboard

CSR Gyprock plasterboard perforated
with a series of small evenly spaced
holes  makes economical  and
practical mateual YOY noise reduction.
Using specially designed machinery, the
plasterboard is punched with small,
clean cut 5mm holes spaced at 30mm
intervals, in a variety of pattems. The
plasterboard can be produced in sheets
up to six metres in length to form
continuous flush jointed ceilings and
walls. It can 3\50 be produced in panel
for_suspended dropin ceiling
sys(ems Wovkablllty of the material is
the same as regular plasterboard.

lof
A major feature of the newly released
Type Data Collector, the
Measurement Distribution Plot (MDP) is
an innovative and versatile technique
that allows machine condition and alarm
status to be assessed at a glance, even
by inexperienced operators. The MDP
displays not a true spectrum plot but
rather a relative _distribution  around
userdefined limits. For example, a
“normal” reference measurement for a
machine and up to four possible alarm
limits can be displayed on the MDP:
when a severe degradation in machine
condition occurs, the measurement is
shown distributed around the reference
and alarm markers.

Further information: B&K Australia Pty
Ltd, 24 Tepko Road, Terrey Hills NSW
2084. Tel (02) 450 2066, Fax (02) 450
2379,

CIRRUS

Further 1 CSR Gyprock, (02)
332 3088.

LARSON DAVIS

SLM Analysers, 2800 & 2900
In a note-book sized, battery operated
package, the Model 2800 is both a Type
1 sound level meter and a single
channel ~frequency analyser _providing
1/1 and 1/3 octave digital filtering from
1 Hz to 20 kHz with a dynamic range in
excess of 80 dB and up to 800 line FFT
analysis from DC to 20 kHz. The Model
2900 is a dual channel frequency
analyser with all of the features of the
Model 2800 plus Acoustic Intensity and
Cross Channel analysis. Both models
have two independent ~microphone
inputs optimised for use with Larson

Davis and  condenser
microphones. Adapters are available for
direct voltage input and to suit

Memory Leq Meter, CRL 236A
Ideally suited for environmental noise
monitoring, the instrument can store
989,664 Leq values, and can operate

Further information: Vipac Engineers and
Scientists, 275283 Normanby Road,
Port Melbourne, Vic 3207. Tel (03) 647
9700, Fax (03) 646 4370.

NORSONIC

Human Vibration Option
Norsonic is introducing a human
vlbvznon option for its Sound Analyser
SA 1 e user can perform both

naise " ang " human” wibraton
measurements  using  only  one
instrument. The vibration option has

been develcped o comp\y with new EEC
irective: chinery labelling
requmng mac!’w\ery supnhers to provide
detailed information on vibration levels.
as well as noise levels.
Further information: RTA Technology Pty
Ltd, 1st Floor, 160 Castlereagh Street,
Sydney NSW 2000. Tel (02) 267 5939,
Fax (02) 261 8294.

‘ONO SOKKI

Handheld FFT, CF-1200

The CF1200 is a compact and
lightweight  (710g) battery-powered
single channel FFT analyser, capable of
on-site frequency analysis of vibration
and noise. Its interactive user interface
is implemented using a minimum
number of panel switches, combined
with displayed menus, thereby achieving
extremely simple operation. It has an
easytoread backiit LCD display, and a
memory card can be used to store large
amounts of data which
transferred to a computer
RS:232C interface.

Four-channel FFT, CF-6400
The Ono Sokki CF6400 has four
channels of isolated inputs with 90, dB
dynamic range for analysis of ranges up
to 100 kHz. It can Simuitaneously
display either the time axis waveform

ower’ spectrum for each of the. four
input channels and has a real time rate
of 10 kHz for FFT analysis of up to 6400
lines. The Ono Sokki CF6400 has an
easytoread 9 inch colour display and
offers single menu driven functionality to
enhance ease of use.
Further information: Vipac Engineers and
Scientists, 275-283 Normanby Road,
Port Melbourne, Victoria 3207. Tel (03)
647 9700, Fax (03) 646 4370.

BILSOM
Training Film
Bilsom have released a training film
designed to convince workers of the
importance of looking after their own
hearing.  Many examples of people
doing jobs in noisy work environments
alert the viewer to the types of hazards
which will be encountered. Animation is
used to demonstrate complex processes
ear and the final segments
snaw conec( fitting and use of earplugs
and e
Further information: _Bilsom, 19 Tepko
Rd, Terrey Hills, NSW 2084, Tel (02)
450 1544, Fax (02) 486 3319

can be
via  the
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CONFERENCES and
SEMINARS

* Indicates an Australian Activity
1994

February 27 - March 3, AMSTERDAM
96th AES

Details: Sec, AES Europe Office, Ze-
venbunderslaan 142/9, B1190 Brus-
sels, Beigium

May 14, FORT LAUDERDALE
NOISE-CON 94

Details: Susan Fish, Department of
Ocean Engineering. lorida Atiantic Un
NW 20th Street, Boca Re-
ran, FL 33431 USA. Tel (407) 367
3430, Fax (407) 367 3885, email:
fish@oe. fau.edu

May 15-19, PERTH

* MECH 94 - Resource Engineering
including tri-annual Australian Vibration
and Noise Conference

Details: Convention manager,Mech 94,
AE Conventions, Engineering House, 11
National Circuit, Barton, ACT 2600, Tel
(06) 270 6530, Fax (06) 273 2918

June 5.9, CAMBRIDGE

127th Meeting Acoustical Society of
America

Details: Acoustical Society of America,
500 Sunnyside Boulevard, Woodbury,
NY 11797, USA

July 37, HALIFAX, NOVA SCOTIA

22nd International Congress of Audiology
Details: Secretariat, PO Box 2627, Sta-
tion M, Halifax, Nova Scotia, Canada
B3J 3P7. Tel (902) 461 0230, Fax
(902) 465 2233.

July 18-21, SOUTHAMPTON

5th Intemational Conference on

RECENT ADVANCES IN STRUCTURAL DY-
IAMICS

Details: ISVR Conference Secretariat,

The University, Southampton, S09 5NH,

England.

August 2325, SEOUL

'WESTPRAC V

Details: The Acoustical Society of Korea,
Science Building, Suite 302, 635-4 Yuk-
‘sam-Dong, am-Ku, Seoul 135
703, Korea. Tel 82:2:556-3513, Fax 82
2569-9717.

August 2931,
INTERNOISE 94

Details: Yoiti Suzuki, Sone Lab, RIEC,
Tohoku Univ. 2-1-1 Katahira,

AobaKu, Sendai, 980 Japan. Tel 81 22
266 4966, Fax 81 22 263 9848, email:
in94@riec.tohoku.ac.jp

August 31 - September 3, YOKOHAMA
2nd Intenational Conference on Motion
and Vibration Control

Details: Assoc Prof Kazuo Yoshida, Sec-
retary of 2nd MOVIC, Faculty of Science
and Technology, Keio University, 3-14-1
Hiyoshi, Kohoku-ku, Yokohama 223, Ja-
pan. Fax +81 45 563 5943

November 8-11, CANBERRA

* AAS Annual Conference 1994

Noise and Sound: Nuisance and Amenity
Details: Marion Burgess, Acoustics and
Vibration, ADFA, Canberra, ACT 2600.
Tel (06) 268 8241, Fax (06) 268 8276,
email mburgess@adfa.oz.au.

November 28 - December 2, AUSTIN

128th Meeting Acoustical Society of

America

Detals: Acoustial Sockely of America,
Sunnyside Boulevard, Woodbury,

NY 11797, USA

December 57, SYDNEY

* Intemational Conference on Acoustic
Imaging and Remote Sensing

Details: John Dunlop, School of Physics,
UN.SW. x 1 Kensington,

2033 Tel (02) 697 4575 Fax (02) 663
3420, email jid@newt. phys.unsw.edu.au

1995

May 31 - June 4, WASHINGTON
129th Meeting Acoustical Society of

America
Details: Acoustical Society of America,
500 Sunnyside Boulevard, Woodbury,
NY 11797, USA

June 26-30, TRONDHEIM

15th International Congress on Acoustics
Details: ICA'95, N-7034, Trondheim,
Norway.

July 10-12, NEWPORT BEACH, CALIF
INTERNOISE 95

Details: INCE/USA, PO Box 3206 Arling:
ton Branch, Poughkeepsie, NY 12603
USA. Fax +1 914 473 9325

November 27 - December 1, ST LOUIS
130th Meeting Acoustical Society of
America

Details: Acoustical Society of America,
500 Sunnyside Boulevard, Woodbury,
NY 11797, USA
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A personalised SLM
to match your needs

Environmental and industrial noise measurements

using Precision Integrating Sound Level Meter Type 2236
and Sound Level Calibrator Type 4231

New Generation: Type 2236 is th first in a new line of Sound Level meters, is revolutionary new shape wil set the standards
Personalised: Comes in 8 versions, each customised 1o the specifc needs of Environmental and industrial Hygienists in any particular country
Upgradeable: Can be upgraded with builtin octave filter (No add on to increase size/weight)

Ergonomically Designed: With many indispensable features; backiit display, non+olatile memory and selfexplanatory dialogue:based operation *

Versatlle: 2236 can act as a costeffective frontend for data acquisition systems, providing unweighted, calibrated recorcings

Briiel & Kjar Australia NATA registered laboratory (No. 1301)
Includes the NEW computerised test/calibration system, B&K 9600, for all your B&K
sound equipment calibration needs

Briiel & Kjzer

Acoustic and Vibration
front-ends for
Sony DAT Recorders

PC 208/204

(Accredited Sony Dealer)

N Type 5966/6968

* 4/8 channels (0.5 HZ to 20 KHZ)

* 1 tacho input channel

* Amplitude and phase matched channels (p pair)
* Lin/Aweighted freq. resp. (IEC Type 0)

* 0,20 or 40 db selectable channel gain

* Useable with DeltaTron accelerometer

Type 5963

* 8 channels

* 1 tacho input channel

* Power supply and signal conditioning for
DeltaTron accelerometers (constant current)

For further information NEW SOUTH WALES
Tel:  (02) 450 2066

Brilel & Kjeer rax (024502379

contact your local

WEST AUSTRALIA VICTORIA QUEENSLAND
(09)2425944  (03) 370 7666  (07) 252 5700
(09)2425950  (03) 3700332  (07) 257 1370



