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In the presentwork an experimentalsystemis presentedthat allows one to investigate physical principlesof binaural
hearingandidenti�cation of soundsources.It is checked thatat low frequenciesinterauraltime difference(whereasat high
frequencies– the interaurallevel difference)cue is preferablefor recognizinglocation of soundsources. At intermediate
frequencieshumanauditory systemusesboth processesfor binauralhearing. Also the effect of traf�c noiseon binaural
hearingis investigated.It is shown thatenvironmentalnoisesconsistmainlyof low frequency spectralcomponents.Therefore
noiseis consideredto have in�uence on binauralcueswhich humanauditorysystemusesfor spatialsoundlocalizationat low
frequencies,i. e. theinterauraltimedifference.
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1. Intr oduction

Soundlocalizationis theprocessby which humans
perceive the apparentspatialpositionof an acoustical
source.Humanhearingis providedwith theability to
evaluateavarietyof cueswhichenablesthisperception
in ways yet not entirely understood.The conceptof
the process,from the momentwhenthe soundarrives
at theearsto theperceivedsensationis calledbinaural
hearing[1].

Someenvironmentalconditionsinterferewith bin-
auralhearingsensationandcausesituationswhenhu-
manhasdecreasedpossibilitiesto estimatepositionof
soundsources.For example,becauseof traf�c noise
onecanindentify anapproachingcarbelatedly. There
are many situationswhen problemof quality of bin-
auralhearingarises:regionsnearair�elds or railways,
in somecaseswind turbinenoisecoulddisturbbinau-
ral hearing[2], and looking to the nearfuture, when
hydrogendrivencarswill appearon roads,theidenti�-
cationof suchasoundlessmoving vehiclewill bequite
dif�cult task.

It is obvious that thereis a minimal distance,when
identi�cation of important soundsourceis possible.
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This distancedependson backgroundnoiselevel, on
informative soundsourceloudness,andalsoon differ-
entauditionreceptionof individuals[3]. Propertiesof
binauralhearingarenot clearly understood,however,
in someareasof the acousticengineering,like stereo
sound reproduction,propagation of sound in rooms
(theatre,opera,or classroom)practicalsolutionsthat
meetuserrequirementshavebeenachieved.

One important property of binaural hearing is to
sensethe level differencebetweenthe ears. This is
known as the interaural level difference(ILD) and is
a complex quantitydependingon headandearshad-
owing effects,frequency, andangleof incidence.The
differencein time of arrival of soundat the two ears
from a soundsourcedisplacedfrom the medianplane
informs the auditorysystemaboutthe positionof the
source.This timedelayis referredto asinteraural time
difference, ITD, andconstitutesa very importantbin-
auralcuefor localizationability.

In general,the localizationcuescanbedividedinto
two categories:binauralandmonaural(spectral)cues.
The binauralcuesmanifestthemselves as differences
betweenthe ear input signals,whereasevaluationof
thespectralcuesdependson theability of a listenerto
distinguishbetweenthe spectrumof the sourcesignal
andthe effect of the sourcepositionon the spectrum.

c° LithuanianPhysicalSociety,2009
c° LithuanianAcademyof Sciences,2009 ISSN1648-8504



46 A. Jostait�eandA. Kanapickas / LithuanianJ. Phys.49, 45–51(2009)

Thismakesthebinauralcuesmorerobustandgenerally
moreimportantfor localization[4].

Therearemany situationswhenthethresholdof bin-
auralhearingand,consequentially, theability of spatial
localizationareaffectedby othersounds.If apersonis
listeningto a soundmasked by othersounds(particu-
larly, noise),thenthethresholdfor detectingthatsound
will beelevatedascomparedto thatmeasuredin theab-
senceof the interferingsounds[5]. Long exposureto
soundhasseveraldifferenteffectsonauditoryfunction
andonperception.Suchexposureto soundcanelevate
the thresholdsof hearingpermanentlyor temporarily,
alsoexposurecanin�uencethesubjectiveloudnessand
perceptionof the sound[6]. Loudnessadaptationcan
alsochangequalityof spatialhearingwhenthesubjec-
tive loudnessof a sounddecreasesasthe exposureto
thesoundincreases.

Thebehaviouralmethodsfor obtainingthresholdsof
hearing,themethodsof calibratingthesoundpressure
level, and the hearingthresholdshave beenstandard-
ized [7], binaurallisteningbeingasa measureof the
audibility [6]. However, the impactof environmental
noiseto thespatiallocalizationof soundsourcesis not
consideredasa factorthatcanhaveadverseoutcome.

In thiswork experimentalsystemis presentedwhich
allows to measurebinauraleffects purely from phys-
ical point of view. Using this systemsomeresults
about the form of the signalsthat reachearsare de-
scribed.Also brief theoreticalevaluationof important
valuesis given. Someexamplesof spectraldistribu-
tionsof environmentalnoisearepresentedshowing that
backgroundnoiseis usuallythesoundof low frequen-
cies. Resultsof measurementshave shown that bin-
aural identi�cation of sourcethat emitssoundof low
frequenciesis moredif�cult andthresholdlevelsof lo-
calizationof soundsourcein noisyenvironmentshould
behighercomparedto thesituationwithout interfering
sounds.

2. Experimental set-up

Oneof the simplestmodelsof the headis a sphere
wheretheearsarelocatedon eachsidewith a distance
d = 2r betweentheears.Thelengthof thewaveprop-
agation pathbetweena sourceandan eardependson
thesourcelocationandis, in general,differentfor the
two ears. If oneassumesthat headis transparent,the
physicalset-upwould correspondto two microphones
in free-�eld. Undertheassumptionthatthesourcedis-
tanceis relatively large comparedto the distancebe-
tweenthemicrophones,i. e., q À d, thedistancesbe-

Fig. 1. Propagation of soundwavesto the microphonesmounted
on thedummyhead.

tweenthe sourceandmicrophonesareapproximately
q1 ¼ q + ¢ q andq1 ¼ q ¡ ¢ q, for the left andright
microphone,respectively. By simplegeometricconsid-
erations,¢ q ¼ r sin£ , asseenin Fig. 1. Thediffer-
encein arrival times for this simplescenariois given
by

¢ t =
q1 ¡ q2

c
=

2r sin£
c

; (1)

wherec is thesoundwavepropagationspeedin theair.

However, headis notperfectlysphericalandtheears
arelocatedslightly towardsthe back. It is dif�cult to
take into accountthesefacts. In the limit of very low
frequencies,thepressuresat theearscreatedby aplane
wave sourcein thepresenceof a sphericalheadarethe
sameasthoseat two pointsin freespaceon the inter-
auralaxisthatarecentredontheheadandseparatedby
1.5timestheheaddiameter[4], i. e.

¢ t =
3r sin£

c
: (2)

Additional effect to be includedis shadowing by the
head.For asourcelocatedtowardsoneof thesides,the
propagationpathis astraightline to theclosestear. For
the microphoneon the oppositeside, the wave needs
to propagatearoundthehead.In thelimit of very high
frequencies,thepressuresat theearscreatedby aplane
wave sourcecanbecomputedby takingthediffraction
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Fig. 2. Experimentalset-upfor measuringthe binauralhearing:
G is a low frequency generator, L loudspeaker, S1 andS2 aremi-
crophones,A1 andA2 arepreampli�ers,I interface,PCacomputer.

inducedby the headinto account.Following a model
[4] that takesthis into account,the time delay¢ t can
berepresentedas

¢ t =
r (sin £ + £)

c
; (3)

which is basedon diffraction theory. It provides a
roughapproximationfor high frequency sounds.

Experimentalset-upis shown in Fig. 2. Datawere
taken with long duration sine waves on the isolated
dummy headof a manikin. Thesewaves were gen-
eratedwith function generatorPeakTech4070,sound
reproducedwith loudspeaker. SoundsensorsS1 and
S2 arespeciallydesignedmicrophonesthat�t precisely
earholesin dummyhead(not shown). Thesemicro-
phonesare tied to the preampli�ers A1 and A2. The
distancebetweenmicrophones2r = 0.14 m. Angle
betweenthe soundsourceand a normal to the face
of dummyhead(azimuth£ ) wasmeasuredwith pro-
tractor �x ed on headholderwith 0.5± error. The sig-
nal from microphoneswastransferredthroughleft and
right preampli�ersA1 andA2 to thecomputerinterface
I and further through RS232cable to the computer.
Registeredsignalwasconvertedinto digital form and
representedgraphicallyby appropriatesoftware,which
controlled all data collection. Time delay between
left and right microphonewas calculatedusing built-
in function. Fourier transformationwas done using
anotherbuilt-in function. NoiseanalyzerBruelKjaer-
2250wasusedfor measurementsof soundlevels and
spectralrepresentationsof �eld measurednoises.

Theaccuracy of evaluationof thetime delay¢ t be-
tweenarrivalsof soundwaveto therightandleft micro-
phonesdependson theerrorof azimuthmeasurement.
In thecaseswhenloudspeaker (i. e. soundsource)was
locatedneardummyhead,the diameterof active sur-
faceof loudspeaker was also an importantparameter
that increaseduncertaintyof measurementsbecauseof
�nite solidangletheradiationcomesout. Thedistance
betweenmicrophoneswas statedto be 0.14 m, how-

ever, changesin ambienttemperatureandsomesmall
mismatchin microphone�xation couldalsoaddsome
additionalerror. All theseerrorswere taken into ac-
countandindicatedin graphs.

3. Results

An exampleof the soundrecordusing two micro-
phonesrepresentinghearingwith thetwo earsis shown
in Fig. 3. Frequency of puretonefor this caseis taken
equal to 500 Hz, azimuth0± and 60±. Air tempera-
ture during measurementshasbeen20±C, velocity of
soundin air at this temperatureis cair = 343.4 m=s.
Graphsarenot perfectsinecurvesasonemay expect
becauseof room re�ections. The exact value of the
time delaybetweenreceivedsignalsis calculatedafter
the�tting of thesecurvesto thesinefunction.It is obvi-
ousthatsoundsignalsreceivedby left andright micro-
phonesareshiftedin timebecauseof differentdistance
to the soundsource. Whenthe frequency is equalto
500Hz, thewavelengthof soundis 69 cm. In this case
thesoundwavesareeffectively diffractedbecausetheir
wavelengthis longerthanthediameterof thehead.The
ILD is thereforesmallfor frequenciesbelow 500Hz,so
ITD is themain localizationcueat distanceslessthan
2–3metresat low frequencies.

Thedependenceof theinterauraltime differenceon
azimuth£ for low-frequency andhigh-frequency tones
is presentedin Fig. 4. Theoreticalevaluationof ITD is
doneusingEqs. (2) and(3) for low andhigh frequen-
cies,respectively. Sincethedistancebetweentheears
in citedexperiment[8] (Kuhn,1977)hasbeenequalto
18.6cm, the theoreticalcurve aswell asexperimental
resultsfor low frequency sounddiffer. However, in all
casesadequacy of experimentalmeasurementsto the
theoreticalpredictionscanbeseen.It shouldbenoted
that at the frequency of 2 kHz the phasedifferenceat
the two earsis larger than one-halfthe period of the
puretonewave. Actually, the binauralsystemrapidly
losessensitivity to any ITD at all as the frequency of
the wave increasesfrom 1000to 1500Hz. As it will
be explainedlater, in this casethe ITD cannotserve
asa localizationcue. Therefore,onecanassume“low
frequencies”as being lower than 1000 Hz and “high
frequencies”beinghigherthan1500Hz.

Figure5 shows graphicalrepresentationof ITD ex-
hibition at lower (uppergraph)andhigherfrequencies.
Thewavelengtḩ of puresoundwaveat thefrequency
º = 150Hz isabout2.3m, i. e. ¸ À d, whered = 2r is
distancebetweentheears.At this distancethechange
of the amplitudeof soundwave is small. Contraryto
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generallyacceptedview this shouldmake it dif�cult to
useITD asa localizationcueatvery low frequencies.

Whenthedelayis exactly half a period,thesignals
at thetwo earsareexactly out of phase.Whenever the
ITD is equalto or largerthanone-halftheperiodof the
acousticevent, additionalambiguitiesoccur: the lis-
tenerwill notbeableto distinguishwhetherthesource
is locatedon the left sideof the heador on the right
one.

With theincreaseof frequency thescatteringby the
headincreasesrapidly andat 4000Hz the headcasts
a signi�cant shadow. In this casecomparisonbetween
intensitiesin theleft andright ears,i. e. ILD, becomes
the main cue for sound localization. This property
of recordedacousticsignalsis seenin Fig. 5 (lower
graph): the differenceof soundloudnessin eachmi-
crophone(i. e. in eachear)differssigni�cantly.

According to the classicduplex theoryof binaural

Fig. 3. Signalsreceivedby two microphones,representingbinauralhearingwhenazimuthis 0± and60± ; soundfrequency is 500Hz in both
cases.

Fig. 4. Dependenceof ITD onazimuth£ : symbols-£ -, -±-, and-4 - representmeasuredITD for 2 kHz, 500Hz, and360Hz, respectively.
Thelastoneis takenfrom literature[8]. Linesrepresentnumericalpredictionsof ITD: calculationswerecarriedout usingEq. (2) for low

frequency andEq.(3) for high frequency tones.r denoteshalf-distancebetweenmicrophones.
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Fig. 5. Graphicalrepresentationof ITD exhibition at (a) lowerand(b) higherfrequencies.

Fig. 6. ITD atdifferentdistancesof soundsource.

localization[3], the ITDs areusedfor localizationat
low frequenciesand ILDs at high frequencies.How-
ever, the theory is not fully correcteven if it doesre-
�ect thefrequency-dependentimportanceof ITDs and
ILDs. For sinusoidalsignalsthe effectivenessof the
ITDs doesindeeddecreaseat high frequencies.This
happensfor two physiological reasons. First of all,
above approximately1000 Hz, the period of a sinu-
soidis shorterthanrangeof naturallyoccurringdelays,
making determinationof the actual ITD of the sinu-
soidalsignalambiguous.

Figure6 showsthatwith theincreaseof thedistance
thetimedifferencebetweenthearrivalsof soundwaves
decreases.This canbeexplainedby theextremelylow
distancesfrom soundsourceto themicrophones.

In free-�eld thechangesin thelocalizationcuesasa

functionof distancefor soundsourcesbeyondapprox-
imately 2–3 m are perceptuallynegligible. The per-
ceptionof intermediatedistances(3–15 m) is mainly
basedon loudness.At distancesgreaterthanthat, the
frequency-dependentabsorptionof theair alsocreates
spectraldistancecues.However, theutilizationof both
loudnessand spectralcues requiresfamiliarity with
or makingsomeassumptionsaboutthe sourcesignal.
Consequently, bothat intermediateandlargedistances,
largediscrepanciesbetweenthedistanceof theauditory
eventandthesoundsourcemayoccurfor unfamiliaror
ampli�ed sounds[4].

To studyhumanability to localizesound,thespectra
of someenvironmentalnoiseswereinvestigated. Fig-
ure7 presentsthespectrumof wind turbinenoiseand
traf�c noisespectrum.The �rst onewasmeasureddi-
rectlywith noiseanalyzerBruelKjaer-2250,thesecond
onewascalculatedduring analysisof soundreceived
by left andright microphones.It canbeseenthatmajor
part of environmentalnoisesaresoundsof lower fre-
quencies.The intensityincreasein wind turbinespec-
trum at higherfrequencies(4–5 khz) is causedby the
bird chirp which was very intenseat the springtime
whenmeasurementsweretaken.

Somepeculiaritiesof humanperceptionof loudness
shouldbe admitted. Subjective effects of changesin
simpleeverydayterms,i. e. correspondenceto appar-
ent loudnessis approximatelyasfollows: 3 dB is just
perceptible,5dB is clearlynoticeable,10dB is twiceas
loud. This meansthatfor a noisemeasuredin decibels
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Fig. 7. Examplesof spectraof environmentalnoises.

on thesoundlevel meter, a differenceof 10 dB repre-
sentsapproximatelya doublingor halving of the sub-
jective loudnessandadifferenceof 3 dB is justnotice-
able. Therefore,thereis no meaningto comparetwo
soundswhendifferenceof their loudnessis largerthan
10dB.

Interferenceof soundwave (pure tone at 500 Hz)
with traf�c noiseis presentedin Fig. 8. During this
measurementone sourcegeneratedpure tone sound
waveandasystemof loudspeakersreproducedthetraf-
�c noise.Thelevel of puretonesoundwasadjustedto
60 dB. Comparisonof receivedsoundsignalsis made
for two cases: (a) when the level of traf�c noise is
57 dB (“just perceptible”)and (b) when the level of
traf�c noise is equal to pure tone loudness. Simple

calculationsallow to evaluateoverall loudness:for the
�rst casethe sumof both soundsis equalto 61.8 dB
(57 dB + 60 dB) andfor thesecondcaseoverall loud-
nessis 63 dB (60 dB + 60 dB). One can seethat
in the casewhen the level of traf�c noise increases,
two signalsmix and possibility to usebinauralhear-
ing asa cuefor spatiallocalizationobviously declines.
Thethresholdloudnessof environmentalnoiseswhich
breaksdown the ability of binauralhearingis not yet
established[9]. Also importanceof binauralhearing
to the humansafetyat work placesand in the public
placesis being recognizedand more work hasto be
donein thisarea.

4. Conclusions

It has beenshown that the presentedexperimen-
tal systemallows one to investigatebinauralhearing,
which provides the most importantcuesfor the spa-
tial orientation.Comparisonof spectraof environmen-
tal noiseshasled to the conclusionthat only low fre-
quency rangeis essentialfor binaural hearing. The
analysisof the cueswhich are responsiblefor spatial
orientationhasrevealedthat themainmechanismthat
enableslocalizationof asoundsourceis interauraltime
difference.Measurementsof the interferencebetween
pure tone and environmentalnoise have shown that
noiseshouldincreasethethresholdloudnessfor binau-
ral hearingandthereforeit mayhave impactto thehu-

Fig. 8. Interferenceof puretone500Hz soundwave with traf�c noise: (a) level of traf�c noiseis 57 dB (“just perceptible”),(b) level of
traf�c noiseis 60dB (equalto puretoneloudnesslevel). Azimuth in bothcasesis equalto 60± .
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mansafetyandconvenience.Morework hasto bedone
aiming to establishthe thresholdfor binauralhearing
in noiseenvironmentandmeasuresafedistance,when
identi�cation of importantsoundsourcesbecomespos-
sible.
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BINAURINIO GIRD �EJIMO SISTEMOS TAIKYMAS APLINK OSTRIUKŠMO POVEIKIUI VERTINTI
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Santrauka

Pateiktaeksperimentin�esistema,skirtabinauriniogird�ejimosa-
vyb�emstirti. Parodyta,kad �em �u da�ni �u srityje nustatantgarso
šaltinio pad�et�i ypatingai svarbus garsobangosv�elavimas. Aukšt �u
da�ni �u srityjepagrindinisindikatorius,padedantislokalizuotigarso

šaltiniopad�et�i, yra garsointensyvumoskirtumastarpdviej �u aus�u.
Atlikti aplinkostriukšmospektrotyrimai parod�e,kadšiuosespekt-
ruosevyrauja �emo da�nio sandai. Tuo būdu rasta,kad aplinkos
triukšmaskliudo suvokti garsobang�u v�elavim �a,padidindamasbin-
auriniogird�ejimoslenkst�i.


