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INTRODUCTION

This is the first of 7 scssions by verious lecturers on sound
and vibration and their relevance to erchitecture in generel and to
building cesign and re-modelling in particular.

As a psychologist speciulising in sudiology (the science of
hearing), I shzll present the first pert of this session deeling with
the physiology und psychology of hearing and the effects of the ccoustic
environment on people, ana my engineering collcapue from the Commonwealth
hcoustic Leboratory, Mr. Rose, will give the second part desling with
principles and criteria for desirzble sound conditions in buildings.

Besides outlining some of the relevant basic facts, such s
zre fairly readily svellsble in the litercture (see list of References
elready issued &nd those attached), I shell try to show their special
significence for architecture in relation to man. Accordingly I shull
ensure thet there is time for questions e&nd discussions, and sheall
welcowe any critical and constructive comments. These notes zre tairly
full, but I shall at times telk around them and deviate &s seems
desirable.

THE aCOUSTIC BNVIRONMENT AND ITS RULEVANCE TO ARCHITHECTURR

At the outset something needs to be szid about the nature of
sounds and vibrations end their relevence to architecture.

In discussing the nature of sounc, Hallowell Davis (see atteched
References, 1960, pp. 29, 30) and slso R.W. Young (in C.i. Harris, 1957,
Ch. 2, p. 1) both make philosophic rigmaroles zbout whether !'sound! is
the physiceal vibretory cnergy or the psychological audible sensatilon,



31zt T sm oz psychologist, I firmly sssert thet the most scientifically
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valld end useful deiinltion ol scunc is &s o form of physical vibratory
enerygy - ¢ Gelimitation which is capsble ol objective, operztional
definition &nd which enables & clesy distinction to te nede irom its
effects on living organisms., However I do samit thet the word "sound”
is sometimes used to imply those forms of vibratory energy sudible to man
{compere "light" too, strictly ospeeking only the visible part of the full
{ ¢lectromsgnetic encrgy wavelengths). However, I shall follow
comnon practice end usually uwtilise the term "scund" to comprehend all
forns of vibrations whether inside or outside the eudible venge (including
cs and infrasonics), though I mey at times add the word "vibre-
be sure.

Trms sound snd vibration may be defined for scientiiic purposes
s » forn of vibratory energy constituted by en alteration in pressure,
strass, particle displzcement, or shear, ete. in un elastic body or mess,
vhether sclid, liquid or geseous). For such vibratory energy to rediate
ic. the body or mess In which it 1s produced, there needs to be a
tnctiag medium. Therefore; &« rocket in outer spuace produces no sound
beyond the confines of itg extervior &s there is no alr to serve &s
medipr, s0 there is only ¥struciure-~borne noise® within the rocket. When
the sourd and vibration impulses progress through & mediuw, they ceause
riicles of the elastic medluw to move forth and bzek successively,
bting up relative compressieons snd rervefsctions in the mediun,
s of the medium oscillate in o longiiudinal direction,
direction {posiitive and negative) sz the progress of
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ouis proceed ot & uniform speed throupgh eny pertlculer homogeneous
fzster in sollds then in geses, so that diffcersnt frequen-
ferent wavelengiths.
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THe PHYSIOLOGY AND PSYCHOLOGY OF HEARING

AY  The lnatomy and Physiology of Hearing

HMzn's hearing system evolved over millions of years from the
veceptors for water-borne vibreations in primitive fish, and still
shows traces of its primitive origins, e.g. fluids in the lunsr <ar.
The human acoustic receptors are paircd &nd on the lateral sides of &
mobile 1ead. Certeinly this is only u technicel way of saying that we
have two ears ai the sldes of the head, a selentiiic fuet we being
numans Learned very early (together with verious nlaapvrehen51ons)

Put such technical descriptions Go help us to look «t hearing phenomena
sad ralevant design problems in & new light, so thet we are now more
likely to ceslgn buildings to provide good acoustic concitions =t ear-
nt rather than tloor-level etc. The gross anatomy of our suditory
i cen be reaaily ascertained from introductory references (e.g.

¢ Silvermsn, 1960, Ch. 3; Harris, Ch. 4; or Newby, 1958,
,?;, Fere I attempt only a recapitulation of some of the salient

5, using & separate coloured diagram (see also following line
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imsgine & pcrson trying to listen to another pevson in & noisy
crovcied voom. As the voice of interest arrives at the listener's closer
e “Ll&,’ he obtzins cues enabling him to turn his head towards the
r 1o direct his forward orientsted esrs towards the speaker's
volce anu to obvizte some of the background noise,

e

ound of the voice enters the ear canals which are

y 2.4 cm. long (for convenience, now let us use the

sher) . It is funnelled towards the eardrum or tympsnic membrane

& waleh it sets vibreting sympatheticelly, especisily if the

chisn tube from the throzt has been opening pericaically, enabling
ir pressure inside the middle ear to equel that cutside in the ear
The moving tympanic membrune sets vibrating the [{irst of the
.hao wnd suspended conducting bones or ossicies, nesmely the

ue {or hamaer), which trensmits its vibrations to the jointed

i3 {snvil), and then the stapes (ov stirrup). The footplate of the
8 1y seated in an ‘oval window' czvity in the masioid bone of the
La B0 that its vibrations are transmitted through the membrene cover
4 window to the vestibular fluids inside the cavities for the

cr gLy end the semi-circuler canals (concerned with balence). At
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high intensities, tiny muscles in the middle ear contract to stiffen
the drum &nd the ossiculer chain, and also probably zllow the footplate
of the stupes to rock from side to side (instesd of longitudinally), i.e.
somewhat less severely than they otherwlse might, thus constituting a
protective mechenism. The ares of the tympanic membrane is 70 square
c.. &3 spainst only the 3.2 square c.m. of the footplate, thus giving
an inecreese in pressure of 27 decibels. Were it not for these
impedance-matching middle ear mechanisms, most of the air-borne vibra-
vions would bounce off the membrene covering the inner ear fluids just
as ther are reflected off water., This &ir-fluid impedance mztching
wechanism gradually evolved after animals emerged from the se&s on to
the land, &nd wuas necessery for suditory efiiciency in &ir.

Thus the vibrations &re trensmitted through the oval window
into the vestibule betwesn the caverns or gclleries of the semi-circular
canals {concerncd with bzlance) znd those of the cochlea (concerned with
hesring). When the perilymphatic fluid of the vestibule is pushed by
the stapes into the vestibular gallery, it readily compresses through
Reissner's vembrane the scala media (or middle gallery) which contains
endelynph end hence forces down the other containing membrane, the busila:
rembrane, whieh is relstively iree to bulge into the lower gallery, the
scele hympeni, which has & relecse outlet &t the round window, beck below
the oval window. (See accompanying diagrams or Luvis & Silverman, pp. 62
and 70, or Newby, pp. 20, 22, and 24. In examining diugrams of the inner
ear, 1% should be remembered that it 1s not really &an object, but rather
a seriec ol cavernous tunnels; containing fluids, the endolymph in the
outer parts of this being labyrinth, snd the perilympbh insicde the enclose
sac-like system, the inner membranous lsbyrinth.)

Bigh pitched tones produce the maximum vibration of the basilar
menlrzne at its basal or outermest end, wherezs somewhat lower tones
procduce their greatest effect further in towards the egpical end of the
cochica (plece mechanism), though tones below zbout 500 cps have more
ceneveiised efiects (volley mechanism). The vibration ot the basilar

mbrane céuses the base of the receptor halr cells embedded in it to
n & shearing fashion relative to the tectorizl or roofing membrane
which “hey join sbove. This shearing mevement on the heir eells of this
Orgen of Cortl produces, by & complex physico-electrical amplifying
mecheniem, neural impulses in the complex nerve endings supplying the
hair cells. (4 pood eccount of these cochlear mechanisms is given by
Davis and Silverman, 1960, pp. 67~-79.)
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The neural impulses from the cochles, varying in tonotopiec
pebterning, and rate and widespreadness of firing, proceed along the
first-order neurone sxons constituting the auditory pert of the Eighth
crenial (or scoustic) nerve cable. They cross the first synapses (or
connections) to the second order neurones constitutlng the cochlear
nuclel in the brain stem, &and then by three more successlive synapses
up to the auditory cortices near the surfaces of the brain in the
terporal lobes. HNote that the neurones from gach ear have some neural
prcjections to both sides of the brain. By complex neural mechanisms
in Lnn brein which are not fully uncerstood, the nerve impulses are
decoded by us so thot we cen perceive ant then react appropriately to

sounds - at leest with experlence and training which enebles connections
10 bs wmade with other sensuations and with movement responses.

B) The Psychology of Hearing

Some indication of the complexity of the psychology of hearing
cen be gained from the referred chapters by Licklider in S.S. Stevens
{1951} which are already partly outdated. Brieter sccounts are given
by Uovis and Silverman (1960, Ch.zpp.29-60) end by Ven Bergeijk (1961,
a hendy paperbsck). Here I cen only mention some of the key facts &and
alsc some points usually overlooked in most audlology tests. (Incidentall
“au 10 logy' is the newly integrated discipline of the sciences of hearing,
which bss given rise to professional sudiclogists, espescially in the
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Haman hearing acuity over & wide range of freguencies is sub-
gtentislly present at birth, although certdln hearing ;ptitudes, such
as auditory memory span, ¢o not fully meture until at least 8 years of
, and of course the learning of specific auditory skills in relation
to other lanpusges, music.. ete. can continue throughout life until con-
sidevails decline in suditory sptitvdes occurs towards old are.

age

Hezaring end vibration sense are aslerting, orientating, distence
sems28 which keep us in touch with our environment even to some extent
w“;a wWe are slrep, end which provide ones enabling us to orientate the

t 1 the head towsrds the stimulus so thuat we can bring other

B ch 2s vision, to bear. Hearing operstes zll round the head,
and we have only partial central mechenisms to limit its operations
(we camnot suspend heering naturally by means of any bodily mechanism



snalogous to eyelids). Thus the architect is often required to design
structures to help guard sleep against noise. Moreover we use vocal-
auditory symbol systems for communication.

Human hearing is extremely sensitive, so thet we cen almost
detect the Brownian movements of the molecules of oxygen, nitrogen
ete. of the sir impinging on our eardrums., Humen beings up to about
middle ege cen perceive as tones freguencies ranging from about 20 to
20,000 cycles per second, though the ezr is relatively less sensitive
to energy in the lower frequencies. (Middle 'C’' is sbout 250 c.p.s.)
Much of the information cbout the range of human hesaring is coanveniently
conveyed in & graph of what is celled "the auditory area®™ (see attached
dizpram). The intensity of environmental sounds it ususlly measured on
a decibel-scale, & logerithmic scale convenient for comprehending the
tremendous range of intensities to which we can respond. Thus:

i %
1 decibel (abbrev. db) = 1/1G bel

» . Wherezs the power rztic of two sounds in bels is given by:

N (in bels) = logyy Fower of the Particular Sound
Power of the Befercnce Base Choser

]

. . n (in decibels) 10 logyy Power of the Particulsr Sound

Power of the Reference Base Sou

However it is usually more convenient to express sound intensities in
terms of pressure. But as:

Power = (Pressure)? x Constant
.« The intensity of a particular sound in decibels Sound Pressure
Level is given by:

S.P.L. db = 20 logyy Pressure of the Sound
" Reference Pressure Base
(Usually 0.0002 dynes/cm?)

% "The bel is the fundamental division of a logarithmic scale for
expressing the ratio of two emounts of power, the number of bels
denoting such a ratio being the logarithm to the base 10 of this r

%= "The decibel is one-tenth of & bel, the number of decibels denoting
the ratio of two amounts of power being 10 times the logarithm to
base 10 of this rutio." (Amer. Standards Definitions)
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Most environmental sounds are meesured in decibels re 0.0002
dynes/cm®, ususlly called decibels Sound Pressure Level, or db S.P.L.
The human ear &t its most sensitive areas for frequencies from sbout
1000 to 5000 cps can detect minute sound energies of only & few db
S.P.L., such energies ut which sounds can just be sensed being called
ecuity thresholds, though they &re more conveniently mesasured under the
earphone of a pure tone audiometer with a different calibration (culled
decibels hearing loss, O decibels hearing loss being elmost 20 db S.P.L.
for frequencies from about 1000 to 6000 c.p.s.). The ear can &lso
respond to sounds up to extremely high intensities, though eventuelly
*discomfort? is experienced, and st about 130 decibels S.P.L. over most
of the andible frequencey range, "tickle” is felt &s the nerve endings
for touch in the ezr are stimulated; and &t ebout 140 éb S.P.L., "pain®
deep in the esr is experienced &s the relevant nerve endings are stim-
ulated. Thus is the auditory area bounded &t its upper level for all
of us, however deaf we may be.

To scale the sensation of loudness, the 'phon' units and the
tsone' units have been developed, such that:-

The Loudness to a normal listener of a 1000 c.p.s.
Tone at 40 db S.P.L.

i

40 phons

1l sone

It is useful to remember thet over much of the asudible intensity
range, an increase of 10 decibels S.P.L, (i.e. 10 times the power, or
about threé¢ times the pressure) seems about twice as loud, i.e. one
axtrs sone. As sound Intensities &re ususlly measured on physical sound
level meters in db S.P.L. and as we are less sensitive to low frequencies,
much effort has been devoted to devising methods of anslysing, measuring,
and adding components of sounds so &5 to arrive at estimates of their
loudness. Several methods have been devised (sce Broch in Bruel and
Kjeer's Technical Review No. 2, 1962, and Great Britain's Dept. S.I.R.
Review, 1961), though an international stendard hss not yet been decided
on. One method (Kryter?s) tries to scale the perceived 'annoyance! of
sounds rather than thelr loudness, though other fzctors affect annoyance
besides intensity &nd frequency composition. Actually the usual aim is
to ity to predict people's reactions to noises, and it is becoming
incressingly clear thet velid predictions cennot be mede solely on the
besis of derivations from frequency and intensity messures alone. The
perceived significance of the sound to the listener is important, and
this is affected by heering and experience, sociologicsl vuariables, etec.



Regarding speech and heering, it should be noted that although
we cen vocalise over most of the range of frequencies we can heer (&
linksge probably due to evolutionary celection), the range of Ireguencies
importent for perceiving speech is only from about 300 to 3000 cps.

THE EFFXCTS OF SOUNDS ON PEOPLE

The possible effects of sounds on people &re very diverse (see
Kryter, 1950 ancd Harris, 1957). I heve cutegorised such possible effects
as follows:- .

A CLASSIFICATION OF THE POSSIBLE LFYECTS OF
NOISE ON MAN

&) EFiCTS ON LNATOMICAL STRUCTURKS

1) Vibretion of bodily structures, heating effects, permanent
demege to -semi-circular canals, ete.

2) Damage to middle ear - noise of 160 db S.P.L. (i.e. 0.02
atmospheres) will immedistely rupture the itympanic membrene
(Parrack).

3) Damzge to cochlea (temporary and permsnent) - damage risk
criterion for continuous wide-band noise 8-hrs/day for years
is about 90 db S.P.L./octave.

B) EIFECTS ON MAJOR PHYSIOLOGICAL PROCLSSES

1) Psain in the ear -~ &t over 140 db S.P.L.

2) Upsetting bodily orientetion. At over 135 db S.P.L. there
may occur nauseay vomliting, nystagmus, epparent shifting
of visual field, feelings of forced movement, and loss of
baleance.

3) Effects on blood pressure, pulse rate etc,

C) POSSIBLE BFFECTS ON MENTAL AND MOTOR BEHAVIOUR

1) Interference with Activities:

a) Speaking and listening communication (usually above
about 50 db S.P.L.)
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b) Working

c¢) Relaxing

d) Sleeping

e) Reading

£} Convalescing

g) Travelling, etc.

2) Disturbance of Attitudes, Feelings ete.:

Noise may contribute to:

a) Annoysance
b) Feer of: (1) bodily injury;
(ii) economic &nd stztus loss.
c) Accentustion of stress illnesses:
(i) psychosomatic stress diseases, e.g.
ulcers, &asthme, ete.;
(ii) neuroses and psychoses.

3) Brovocution to Action in Response to the Noise:

a) Leecving or tvoiding the noise field
e.g. moving residence.

b) Attempting to Block Out the Noise
e.g. plenting tree bzarriers, closing windows,
putting in double windows, etc.

¢) Antugonistic Action to the Noise-Msker

(1) Grumbling and discussion within local groups
(1i) Complzints to local authorities
(iii) Complaints to Stete or Federal Authoritics
(iv) Threets of legsl sction
(v) Vigorous legul ection
(vi) Sabotege.

Some key facts and gross criterias pertinent for engineering
end zrchitectursl design may be summerised e&s follows.

Very intense sounds (beyond szbout 90 db S.P.L. overall, i.e.
beyond deafness risk level), cen over & period demuge hearing,
especially for relatively high frequencies, and may &t extremes vibrate
surfaces of the body and csuse momentary glddiness.
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Moderately intense sounds (beyond zbout 50 db S.P.L. overall
up to 90 db S.P.L.) do not damsge hesring but may interfere with other
ectivities, e.g. sleeping, speaking, etc. The level of noise within the
three octeve bend runge from 630 to 4,800 cps that will interfere with
crdinary fece to fezce conversation is about 60 db S.P.L. oversll (i.e.
speech interference level for medium specch) end zrchitects must teke
account of the still lower speech interference level for soft speech as
an vpper limit in plenning offices. Incicentelly noise does not seem
to affect work output much, unless it involves communication or stimulat
aGverse emotional response (see Kryter, pp. 8-17).

Low intensity sounds (from threshold to ¢bout 50 db S.P.L.) do no
dawege hearing or directly interfere with our cctivities, but they may
ceuse emotional responses, sometimes quite intense, e.g. those to a
% wig snapping, or & whispered compiiment or insult. Thus mun responds
not only to the intrinsic qualities of the physicel charscteristics of
souncés, but he slso tends to learn to attribute significence to sounds
and to respond to their meaning to him.

In planning the acoustic &spects regarding buildings, earchitects
must consider the outside acoustic conditions, the activities to be
carried on inside the building, &nd ths likely characteristics of the
occupsnts, end he must then plan concitions to satisfy the vast majority
of the occupants, subject to economic considerztions. How %o &nalyse
and measure sounds, the speciticeticn of more detsiled criteria and how
to plen in relstion to them are the subjects of the following lecturers
in this series.

- 000000000 ~
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