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In the presentwork an experimentalsystemis presentedhat allows one to investigate physical principlesof binaural
hearingandidenti cation of soundsources.lt is checled thatat low frequenciesnterauraltime difference(whereasat high
frequencies- the interaurallevel difference)cueis preferablefor recognizinglocation of soundsources. At intermediate
frequencieshumanauditory systemusesboth processegor binauralhearing. Also the effect of trafc noise on binaural
hearingis investigated.It is shavn thatervironmentalnoisesconsistmainly of low frequeng spectracomponentsTherefore
noiseis consideredo have in uence on binauralcueswhich humanauditorysystemusesfor spatialsoundlocalizationat low

frequenciesi. e. theinterauraltime difference.
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1. Intr oduction

Soundlocalizationis the processy which humans
perceve the apparentspatialposition of an acoustical
source.Humanhearingis provided with the ability to
evaluateavarietyof cueswhich enableghis perception
in ways yet not entirely understood. The conceptof
the processfrom the momentwhenthe soundarrives
atthe earsto the perceved sensatioris calledbinaural
hearing[1].

Someervironmentalconditionsinterferewith bin-
auralhearingsensatiorand causesituationswhen hu-
manhasdecreasegossibilitiesto estimatepositionof
soundsources. For example,becauseof trafc noise
onecanindentify an approachingar belatedly There
are mary situationswhen problemof quality of bin-
auralhearingarises:regionsnearair elds or railways,
in somecaseswind turbine noisecould disturbbinau-
ral hearing[2], andlooking to the nearfuture, when
hydrogendrivencarswill appeaionroadstheidenti -
cationof sucha soundlessnoving vehiclewill bequite
dif cult task.

It is obviousthatthereis a minimal distance when
identi cation of important soundsourceis possible.
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This distancedependson backgroundnoiselevel, on
informative soundsourceloudnessandalsoon differ-
entauditionreceptionof individuals[3]. Propertiesof
binauralhearingare not clearly understoodhowever,
in someareasof the acousticengineeringjike stereo
sound reproduction,propagtion of soundin rooms
(theatre,opera,or classroom)practical solutionsthat
meetuserrequirementhiave beenachieved.

One important property of binaural hearingis to
sensethe level differencebetweenthe ears. This is
known asthe interaural level difference(ILD) andis
a comple quantity dependingon headand ear shad-
owing effects,frequeny, andangleof incidence.The
differencein time of arrival of soundat the two ears
from a soundsourcedisplacedfrom the medianplane
informs the auditory systemaboutthe position of the
source.Thistime delayis referredto asinteraural time
difference ITD, and constitutesa very importantbin-
auralcuefor localizationability.

In generalthelocalizationcuescanbe dividedinto
two catagyories: binauraland monaural(spectral)cues.
The binauralcuesmanifestthemseles as differences
betweenthe ear input signals,whereasevaluation of
the spectralcuesdependsn the ability of a listenerto
distinguishbetweenthe spectrumof the sourcesignal
andthe effect of the sourcepositionon the spectrum.
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Thismalkesthebinauralcuesmorerobustandgenerally
moreimportantfor localization[4].

Therearemary situationsvhenthethresholdf bin-
auralhearingand,consequentiallytheability of spatial
localizationareaffectedby othersoundslf apersons
listeningto a soundmastled by othersounds(particu-
larly, noise) thenthethresholdor detectinghatsound
will beelevatedascomparedo thatmeasuredh theab-
senceof the interferingsoundg5]. Long exposureto
soundhassereraldifferenteffectson auditoryfunction
andon perception Suchexposureto soundcanelevate
the thresholdsof hearingpermanentlyor temporarily
alsoexposurecanin uence thesubjectve loudnessand
perceptionof the sound[6]. Loudnessadaptatiorcan
alsochangequality of spatialhearingwhenthe subjec-
tive loudnessof a sounddecreasesasthe exposureto
thesoundincreases.

Thebehaioural methoddor obtainingthresholdof
hearing,the methodsof calibratingthe soundpressure
level, andthe hearingthresholdshave beenstandard-
ized [7], binaurallistening beingasa measureof the
audibility [6]. However, the impactof ernvironmental
noiseto the spatiallocalizationof soundsourcess not
consideredhsa factorthatcanhave adwerseoutcome.

In thiswork experimentabkystenis presenteavhich
allows to measurebinaural effects purely from phys-
ical point of view. Using this systemsome results
aboutthe form of the signalsthat reachearsare de-
scribed. Also brief theoreticalevaluationof important
valuesis given. Someexamplesof spectraldistribu-
tionsof ervironmentahoisearepresenteghoving that
backgrounchoiseis usuallythe soundof low frequen-
cies. Resultsof measurementhave shavn that bin-
auralidenti cation of sourcethat emits soundof low
frequenciess moredif cult andthresholdevelsof lo-
calizationof soundsourcen noisyervironmentshould
be highercomparedo the situationwithoutinterfering
sounds.

2. Experimental set-up

Oneof the simplestmodelsof the headis a sphere
wherethe earsarelocatedon eachsidewith a distance
d = 2r betweertheears.Thelengthof thewave prop-
agation path betweena sourceand an eardependson
the sourcelocationandis, in general differentfor the
two ears. If oneassumeshat headis transparentthe
physical set-upwould correspondo two microphones
in free- eld. Undertheassumptionthatthe sourcedis-
tanceis relatively large comparedo the distancebe-
tweenthe microphonesi. e.,q A d, the distancese-
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Fig. 1. Propagtion of soundwavesto the microphonesmounted
onthedummyhead.

tweenthe sourceand microphonesare approximately
. Yaq+ ¢qandg %2 qj ¢ g, for theleft andright
microphonerespectiely. By simplegeometricconsid-
erations,¢ q ¥ar sinf£, asseenin Fig. 1. Thediffer-

encein arrival timesfor this simple scenariois given
by
i 2r sinf
ct= i % _ ; @
c c

wherec is the soundwave propa@tionspeedn theair.

However, headis notperfectlysphericabndtheears
arelocatedslightly towardsthe back. It is dif cult to
take into accountthesefacts. In the limit of very low
frequenciesthe pressuresttheearscreatedhy aplane
wave sourcein the presencef a sphericaheadarethe
sameasthoseat two pointsin free spaceon the inter-
auralaxisthatarecentredontheheadandseparatedy
1.5timestheheaddiametelf4], i. e.

3r sinf
= = (2)

Additional effect to be includedis shadaving by the

head.For asourcdocatedtowardsoneof thesides the

propag@tionpathis astraightline to theclosestear For
the microphoneon the oppositeside, the wave needs
to propa@tearoundthe head.In thelimit of very high
frequenciesthe pressuresattheearscreatedy aplane
wave sourcecanbe computedoy takingthediffraction

¢t
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Fig. 2. Experimentalset-upfor measuringthe binauralhearing:
G is alow frequeng generatarL loudspeakr, S, andS, aremi-
crophonesA; andA; arepreampli ers,| interface,PC acomputer

inducedby the headinto account.Following a model
[4] thattakesthis into accountthetime delay ¢ t can
berepresenteds

¢t r(sinf + £) ; 3)
c
which is basedon diffraction theory It provides a

roughapproximatiorfor high frequeng sounds.
Experimentalket-upis shavn in Fig. 2. Datawere
taken with long duration sine waves on the isolated
dummy headof a manikin. Thesewaves were gen-
eratedwith function generatoiPeak®ch 4070, sound
reproducedwith loudspeakr. SoundsensorsS; and
S arespeciallydesignednicrophoneshat t precisely
earholesin dummy head(not shavn). Thesemicro-
phonesaretied to the preampliers A; andA,. The
distancebetweenmicrophone2r = 0.14m. Angle
betweenthe soundsourceand a normal to the face
of dummyhead(azimuth£ ) was measuredvith pro-
tractor x ed on headholderwith 0.5° error The sig-
nal from microphonesvastransferreahroughleft and
right preampli ersA; andA; to thecomputerinterface
| and further through RS232cableto the computer
Registeredsignal was corvertedinto digital form and
representedraphicallyby appropriatesoftware,which
controlled all data collection. Time delay between
left and right microphonewas calculatedusing built-
in function. Fourier transformationwas done using
anotherbuilt-in function. Noise analyzerBruelKjaer
2250wasusedfor measurementsf soundlevels and
spectrakepresentationgf eld measurechoises.
Theaccurag of evaluationof thetime delay¢ t be-
tweenarrivalsof soundwaveto theright andleft micro-

phonesdepend®n the error of azimuthmeasurement.

In the casesvhenloudspeakr (i. e. soundsourcewas
locatedneardummy head,the diameterof active sur
faceof loudspeakr was also an importantparameter
thatincreasedincertaintyof measurementsecausef
nite solid angletheradiationcomesout. Thedistance
betweenmicrophoneswvas statedto be 0.14 m, how-

ever, changesn ambienttemperatureind somesmall
mismatchin microphone xation couldalsoaddsome
additionalerror. All theseerrorswere taken into ac-
countandindicatedin graphs.

3. Results

An exampleof the soundrecordusing two micro-
phonegepresentingnearingwith thetwo earsis shovn
in Fig. 3. Frequeng of puretonefor this caseis taken
equalto 500 Hz, azimuthO* and 60*. Air tempera-
ture during measurementisasbeen20*C, velocity of
soundin air at this temperaturds ¢,y = 343.4m=s.
Graphsare not perfectsine curves as one may expect
becausenf room re ections. The exact value of the
time delaybetweerreceved signalsis calculatedafter
the tting of thesecurvesto thesinefunction. It is obvi-
ousthatsoundsignalsrecevedby left andright micro-
phonesareshiftedin time becausef differentdistance
to the soundsource. Whenthe frequeng is equalto
500Hz, thewavelengthof soundis 69 cm. In this case
thesoundwavesareeffectively diffractedbecaus¢heir
wavelengthis longerthanthediameteiof thehead.The
ILD isthereforesmallfor frequenciedelonv 500Hz, so
ITD is the mainlocalizationcueat distancedessthan
2—-3metresatlow frequencies.

Thedependencef theinterauraltime differenceon
azimuth£ for low-frequeng andhigh-frequeng tones
is presentedn Fig. 4. Theoreticalkevaluationof ITD is
doneusingEgs. (2) and(3) for low andhigh frequen-
cies,respectiely. Sincethe distancebetweenthe ears
in citedexperiment8] (Kuhn,1977)hasbeenequalto
18.6cm, the theoreticalcurve aswell asexperimental
resultsfor low frequenyg sounddiffer. However, in all
casesadequayg of experimentalmeasurement the
theoreticalpredictionscanbe seen.It shouldbe noted
that at the frequeng of 2 kHz the phasedifferenceat
the two earsis larger than one-halfthe period of the
puretonewave. Actually, the binauralsystemrapidly
losessensitvity to ary ITD at all asthe frequeng of
the wave increasegrom 1000to 1500Hz. As it will
be explainedlater, in this casethe ITD cannotsene
asalocalizationcue. Thereforeonecanassumelow
frequencies”as being lower than 1000 Hz and “high
frequencies’beinghigherthan1500Hz.

Figure5 shows graphicalrepresentationf ITD ex-
hibition atlower (uppergraph)andhigherfrequencies.
Thewavelength, of puresoundwave atthefrequeny
© = 150Hzisabout2.3m,i.e., A d,whered = 2ris
distancebetweerthe ears. At this distancethe change
of the amplitudeof soundwave is small. Contraryto
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generallyacceptedriew this shouldmale it dif cult to
uselTD asalocalizationcueatvery low frequencies.

Whenthe delayis exactly half a period,the signals
atthetwo earsareexactly out of phase Wheneerthe
ITD is equalto or largerthanone-halfthe periodof the
acousticevent, additionalambiguitiesoccur: the lis-
tenerwill notbeableto distinguishwhetherthe source
is locatedon the left side of the heador on the right
one.
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With theincreaseof frequeng the scatteringoy the
headincreasesapidly and at 4000 Hz the headcasts
asigni cant shadev. In this casecomparisorbetween
intensitiesin theleft andright ears,i. e. ILD, becomes
the main cue for soundlocalization. This property
of recordedacousticsignalsis seenin Fig. 5 (lower
graph): the differenceof soundloudnessn eachmi-
crophong(i. e. in eachear)differssigni cantly.

Accordingto the classicduplex theory of binaural
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Fig. 3. Signalsreceired by two microphonestepresentindpinauralhearingwhenazimuthis 0* and60*; soundfrequeng is 500Hz in both

cases.
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Fig. 4. Dependencef ITD onazimuthf : symbols-£ -, -+-, and-4 - represenimeasuredTD for 2 kHz, 500Hz, and360Hz, respectiely.
Thelastoneis takenfrom literature[8]. Linesrepresenhumericalpredictionsof ITD: calculationsverecarriedout usingEg. (2) for low
frequeny andEq. (3) for high frequeng tones.r denotedalf-distancébetweemmicrophones.



A. Jostaie andA. Kanapidas / LithuanianJ. Phys.49, 45-51(2009) 49

......... Right ]

Frequency =150 Hz A
Azimuth ® = 80° .

Sound pressure level, a.u.

N U Azimuth © = 80°
VY Y owovry Yy

™ eerze

-1,0

i | Frequency = 5000 Hz
u :
5

3 4

Time, ms
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Fig. 6. ITD atdifferentdistance®f soundsource.

localization[3], the ITDs are usedfor localizationat
low frequenciesaand ILDs at high frequencies.How-
ever, the theoryis not fully correctevenif it doesre-
ect thefrequeng-dependenimportanceof ITDs and
ILDs. For sinusoidalsignalsthe effectivenessof the
ITDs doesindeeddecreaset high frequencies. This
happensfor two physiological reasons. First of all,
above approximatelyl000 Hz, the period of a sinu-
soidis shorterthanrangeof naturallyoccurringdelays,
making determinationof the actualITD of the sinu-
soidalsignalambiguous.

Figure6 shavs thatwith theincreaseof thedistance
thetime differencebetweerthearrivalsof soundwaves
decreasesThis canbe explainedby the extremelylow
distancedrom soundsourceto the microphones.

In free- eld thechangesn thelocalizationcuesasa

function of distancefor soundsourceseyond approx-
imately 2—3 m are perceptuallynegligible. The per
ceptionof intermediatedistanceq3—15m) is mainly
basedon loudness.At distancegreaterthanthat, the
frequeng-dependenabsorptionof the air alsocreates
spectradistancecues.However, the utilization of both
loudnessand spectralcues requiresfamiliarity with
or making someassumptiongboutthe sourcesignal.
Consequenthbothatintermediateandlargedistances,
largediscrepanciebetweerthedistanceof theauditory
eventandthesoundsourcemayoccurfor unfamiliar or
ampli ed soundd4].

To studyhumanability to localizesound thespectra
of someervironmentalnoiseswereinvesticated. Fig-
ure 7 presentghe spectrumof wind turbine noiseand
trafc noisespectrum.The rst onewasmeasuredli-
rectly with noiseanalyzeBruelKjaer2250,thesecond
onewas calculatedduring analysisof soundreceved
by left andright microphoneslt canbeseerthatmajor
part of environmentalnoisesare soundsof lower fre-
guencies.Theintensityincreasdn wind turbinespec-
trum at higherfrequencieg4-5 khz) is causedby the
bird chirp which was very intenseat the springtime
whenmeasurementseretaken.

Somepeculiaritiesof humanperceptiorof loudness
shouldbe admitted. Subjectve effects of changesn
simpleeverydayterms,i. e. correspondenct appar
entloudnesds approximatelyasfollows: 3 dB is just
perceptible5 dB s clearlynoticeable10dB istwiceas
loud. This meanghatfor a noisemeasuredn decibels
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Fig. 7. Examplesof spectreof ervironmentalnoises.

on the soundlevel meter a differenceof 10 dB repre-
sentsapproximatelya doublingor halving of the sub-
jective loudnessanda differenceof 3 dB is just notice-
able. Thereforethereis no meaningto comparetwo
soundswvhendifferenceof their loudnesss largerthan
10dB.

Interferenceof soundwave (pure tone at 500 Hz)
with trafc noiseis presentedn Fig. 8. During this
measuremenbne sourcegeneratedpure tone sound
wave andasystenof loudspeakrsreproducedhetraf-
¢ noise.Thelevel of puretonesoundwasadjustedo
60 dB. Comparisorof received soundsignalsis made
for two cases: (a) whenthe level of trafc noiseis
57 dB (“just perceptible”)and (b) when the level of
trafc noiseis equalto pure tone loudness. Simple
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calculationsallow to evaluateoverall loudnessfor the

rst casethe sumof both soundsis equalto 61.8dB

(57 dB + 60dB) andfor the secondcaseoverall loud-

nessis 63 dB (60 dB + 60 dB). One can seethat

in the casewhenthe level of trafc noiseincreases,
two signalsmix and possibility to use binauralhear

ing asa cuefor spatiallocalizationobviously declines.
Thethresholdoudnesof environmentalnoiseswhich

breaksdown the ability of binauralhearingis not yet

established9]. Also importanceof binauralhearing
to the humansafetyat work placesandin the public

placesis being recognizedand more work hasto be

donein thisarea.

4. Conclusions

It has beenshavn that the presentedexperimen-
tal systemallows oneto investicate binauralhearing,
which provides the mostimportantcuesfor the spa-
tial orientation.Comparisorof spectreof ervironmen-
tal noiseshasled to the conclusionthat only low fre-
gueng rangeis essentialfor binaural hearing. The
analysisof the cueswhich are responsibldor spatial
orientationhasrevealedthat the main mechanisnthat
enabledocalizationof asoundsourcds interauraktime
difference.Measurementsf the interferencebetween
pure tone and ervironmental noise have shavn that
noiseshouldincreasdhethresholdoudnesdor binau-
ral hearingandthereforeit may have impactto the hu-
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Fig. 8. Interferenceof puretone500 Hz soundwave with traf ¢ noise: (a) level of trafc noiseis 57 dB (“just perceptible”),(b) level of
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mansafetyandcorvenience More work hasto bedone
aiming to establishthe thresholdfor binauralhearing
in noiseenvironmentandmeasuresafedistancewhen
identi cation of importantsoundsourcedecomepos-
sible.
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BINAURINIO GIRDEJIMO SISTEMOS TAIKYMAS APLINK OSTRIUKSMO POVEIKIUI VERTINTI

A. Jostaie, A. Kanapickas
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Santrauka

Pateiktaeksperimentia sistemaskirtabinauriniogirdejimo sa-
vybemstirti. Parodyta,kad emu da niu srityje nustatantgarso
Saltinio packt ypatingai svarbus garsobangosvelavimas. Aukstu
da niu srityje pagrindinisindikatorius padedantisokalizuotigarso

Saltinio packt, yra garsointensyvumaskirtumastarp dvieju ausi.
Atlikti aplinkostriukSmospektrotyrimai parode, kadSiuosespekt-
ruosevyrauja emo da nio sandai. Tuo budu rasta,kad aplinkos
triukSmaskliudo suwokti garsobangi velavima, padidindamagin-
auriniogirdejimo slenkst.



