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ABSTRACT
We reportresultsof an auditorynavigationexperiment. In auditorynavigation soundis employedasa navigationalaid in a
virtual environment. In our experiment,the testtaskwasto find a soundsourcein a dynamicvirtual acousticenvironment.
In dynamicauralizationthemovementsof thesubjectaretakeninto accountin acousticmodelingof theroom. We testedthe
effect of threedifferentfactors(stimulus,panningmethodandacousticenvironment)to thenumberof errorsandto thetime
spentin thetestin finding thetarget.Theresults,which werealsostatisticallyvalidated,provedthatnoiseis thebeststimulus,
reverberationcomplicatesthenavigationandsimplemodelsof spatialhearinggiveenoughcuesfor auditorynavigation.
Keywords: Auditory Navigation,Virtual Acoustics,SpatialHearing,DynamicAuralization

INTRODUCTION
In this paperwe describeresultsof an auditorynavigationexperiment.Auditory navigation testshave beendoneearliere.g.
by Loomiset al. [6] andRutherford[8]. Our aim wasto do theexperimentin dynamicsystem,in which perceivedacoustics
changesaccordingto themovementsof thesubject.A goodoverview of differenttechniquesneededin auditorynavigationis
presentedby Begault[2]. In ourexperimentwe appliedaversionof theDIVA auralizationsystem[9].

EXPERIMENT
In this experimentthe taskof thesubjectswasto find a soundsourceby moving andturning in a virtual space.Our purpose
wasto analysetheeffectof variousfactorsin thetestsetup.Thesefactorswereinfluenceof thesoundstimulus,thedirectional
cues,andacousticsof theenvironment.
We collectedthefollowing datafrom eachtest: timespent,endingposition,andtrajectoryof thesubject’smotion.Also every
subjectfilled out a shortquestionnaireafter completingthe experiment. In this questionnairewe asked commentsaboutthe
easieststimulusandwhich tacticthesubjectusedin finding thesoundsource.In theexperiment,instructionsweregivenboth
aurallyandliterally. In thebeginningof theexperimenttherewerethreerehearsaltests.Thesehelpedsubjectsto understand
whatthey shoulddo.
We carriedout a completetestsetwith threevariableseachhaving threedifferentchoices.Thusthewhole testsetcontained
27 tests.

Coaching
Moving in a virtual spacewas controlledwith the arrow keys of a keyboard. The subjectwas able to move forward and
backward, andto turn left andright in constantsteps(0.4 meterwhenmoving forward or backward and

���
whenturning).

Whensubjectassumedthathehasfoundthesoundsourceheindicatedthatby pressingkey “f”. Thisexperimentwasdonein
thehorizontalplane.
Thesoundsourcewasa point source.Thetargetareawasa spherearoundthesource(thediameterwasonemeter).Starting
positionswerein randomdirections,25m away from thesource.
The experimentwas run in an SGI O2 workstationin a quiet office room. The reproductionequipmentwas headphones
(SennheiserHD-580).

Participants
The experimentwascompleted(all 27 tests)by 27 subjects.All of themwerestudentsor staff from Helsinki University of
Technology. All subjectseasilyunderstoodtheexperimentandwereenthusiasticsto givecommentsandto seetheir results.



Stimulus Panning method Acousticenvir onments

pink noise ITD alone directsound
artificial flute ITD + simpleamplitudepanning(SeeFig. 1) directsound+ 6 earlyreflections

recordedanechoicguitar ITD + minimum-phaseHRTF (FIR 30 taps) directsound+ 6 earlyreflections
+ reverberation(lengthabout1 second)

Table1: Thethreetestedfactors.

Variables
In this experimentwe testedthreedifferentfactors:stimulus,panningmethod,andinfluenceof acousticenvironment. Each
factorcontainedthreechoicessummarizedin Table1.
Stimuli : All stimuli weresampledat 32 kHz andhadequalloudness.Eachwasabout30 secondslong andplayedin a loop.
Thesoundsourcehadanomni-directionalradiationpattern.Pink noiseandanechoicguitarweredigitally copiedfrom Music
for ArchimedesCD.1 Thesynthesizedflutewasproducedby aphysical-basedmodel[11].
Panning Methods:
Theinterauraltime difference(ITD), wasincludedasanauditorycueto all tests.TheITD wascalculatedfrom sphericalhead
modelandimplementedwith a shortdelayline. Whensubjectpresseda key to turn his headtheITD changessmoothly. The
pick-uppositionsfrom ITD delayline wereinterpolatedwith first orderfractionaldelays.
The secondpanningmethodincludedalsoa simplemodelfor frequency independentinteraurallevel difference(ILD). This
method,alsocalledcardioidmethod,wasintroducedby TakalaandHahn[10]. In this methodsoundsignalsfor bothearsare
weightedwith �����	� 
������� and �����	� ������� , whichareobtainedfrom equations:

�����	� 
������������� �"!�# �%$ &('*) �,+.-(- $ �/�0�1!�# �%$ 243�& �,+�-�-(5���# � (1)

�����	� �������6�7�/�%89!�# �:$ &�';) ��+.-�- $ ��� �1!�# �<$ 2=3.& �,+.-(-(5��.# � (2)

where + is theazimuthangleof incomingsound.Thecardioidmethodis illustratedin Fig. 1. On the left sidetwo solid lines
illustratethepanninggainsfor right andleft earsanda dashedline shows thefront-backgain( ���0�>!�# �<$%243.& �,+.-(-(5���# � in Eq. 1
andEq. 2). On theright sideof Fig. 1 thefinal panninggainsfor left andright eararedepicted.
Thethird panningmethodusedminimum-phasehead-relatedtransferfunction(HRTF) filters insteadof simpleILD. Original
HRTFsweremeasuredfrom anartificial head[7]. They wereapproximatedwith 30 tapFIR filters designedby Huopaniemi
[5]. Wehadfiltersat �?! � stepsandotherdirectionswereinterpolatedfrom two adjacentfilterswith linearinterpolationof filter
coefficients.
Acoustic envir onment: Thesimplestacousticenvironmentwasa freefield, whereonly the direct soundwasrendered.Our
auralizationsoftware calculatesdistancedependentdelay, gain (accordingto 1/r-law), air absorptionand direction for the
soundsource.Air absorptionis implementedwith a simplelowpassfilter. All auralizationparametersareupdatedaccording
to the movementsof a user. For example,whenmoving towardsthe soundsource,delaygetsshorter, gain getsbigger, and
air absorptionreduceslesshigh frequencies.To get smoothand continuousoutput signal the auralizationparametersare
interpolated.

1CD B&O 101.Music for Archimedes,1992.

  0.5  1  1.5

30

210

60

240

90 270

120

300

150

330

180

0

  0.5  1  1.5

30

210

60

240

90 270

120

300

150

330

180

0

Figure1: Thecardioidpanningmethod.In theleft picturesolid linesareright andleft eargainsandadashedline is front-back
gain. In theright picturethefinal panninggainsfor left andright eararedepicted.



Found Not Found Total
Testedvariable N Percent N Percent N
pink noise 232 95.5% 11 4.5% 243
artificial flute 191 78.6% 52 21.4% 243
recordedanechoicguitar 199 81.9% 44 18.1% 243
ITD only 176 72.4% 67 27.6% 243
ITD + Cardioidpanning 221 90.9% 22 9.1% 243
ITD + HRTF (dummyhead) 225 92.6% 18 7.4% 243
directsound 215 88.5% 28 11.5% 243
directsound+ 6 reflections 210 86.4% 33 13.6% 243
directsound+ 6 reflections+ reverb 197 81.1% 46 18.9% 243

Table2: Thenumberof foundandnot foundcases.The27 navigationtaskswerecompletedby 27 subjects.

The secondandthird acousticenvironmentswerea simpleshoe-boxroom (30m x 22m x 10m). The secondrenderingcase
includedthedirectsound(locatedin a corner, 2m from floor, 2m from wall and5m from anotherwall) andall six first order
reflections,which werecalculatedusingtheimagesourcemethod[1]. Eachimagesourcehadsimilar auralizationparameters
asthedirectsound,but alsomaterialabsorptionwasincluded.Theauralizationparametersof imagesources(anddirectsound)
wereupdateddynamically, accordingto themovementsof user. Thethird renderingcaseincludedthedirectsound,six early
reflectionsandlatereverberationwith durationof onesecond.

RESULTS
Thefirst resultof our experimentis that in mostcasessubjectsdid find the targetarea.Thefoundandnot found(alsocalled
errors)casesaresummarizedin Table2 asa function of the testedvariables. In the case“found” the endingpoint of the
navigationtaskwasinsidethetargetarea.
Threesubjectsmanagedperfectlyin all tests;they foundthesoundsourcein all 27 tests.Over half of thesubjectsmadeless
thanthreeerrorswhich canbe consideredvery well performance.Oneof the subjects,whoseperformancewasthe poorest,
foundonly 55 % of soundsources.
Othercollecteddatawasthetime spentin eachnavigationtask.Thehigh rateof foundcasesallowsusto analysespenttimes
in moredetail. In Figs.2 and3 theboxplotspresenttheeffectof differentfactorsto thetimeneededto carryout thenavigation
taskandthefailurerate. In theseplotsaswell asin thefollowing analysisthespenttimesof “not found” casesareexcluded,
becausethesecasesdo not givea reliabletimeof thecompletedtask.
Typically theanalysisof variance(ANOVA) modelis used.However, in thiscasethecollecteddatawasnotnormallydistributed
and henceit doesnot fulfil the assumptionsof ANOVA model. Fortunately, thereexist nonparametrictestsin which the
requirementof normaldistribution of thedatais not needed.In fact thesenonparametrictestsareespeciallyappropriatewhen
themeasurementof thedependentvariableis ordinal.Thisappliesin ourcasesincethespenttimescanbeordered.
The first appliednonparametrictestwasKruskal-Wallis test. The Kruskal-Wallis testshowed that in eachvariablegroupat
leastonevariablehasa statisticallysignificantdifferencesin distribution location,in otherwordsthemedianof spenttimesof
onevariablediffersfrom othermedians.Theobtainedresultswerefor stimulus @BA = 43.094,p = 0.000,for panning method @BA
= 43.932,p = 0.000,andfor acoustical environment @BA = 8.227,p = 0.016.
With nonparametrictestsit is consideredadvisableto checkvalidity of resultsby anothertestmethod.Thuswealsoconducted
theFriedmantest,which is a nonparametrictestthatcomparesthreeor morepairedgroups.Thetestgave similar resultsthat
Kruskal-Wallis test.Theresultswerefor stimulus @BA = 71.003,p = 0.000,for panning method @BA = 46.703,p = 0.000,andfor
acoustical environment @ A = 16.867,p = 0.000.
To find out which variableshave statisticallysignificantdifferenciesin mediantimes, the Wilcoxon SignedRanksTestwas
done(seeTable3). TheWilcoxon testanalyzesthedifferencesbetweenthepairedmeasurementsfor eachsubject.
Stimulus: Figure3 andTable2 show that pink noisewasclearly the beststimulus(alsostatisticallysignificantdifference,
seeTable3). Pink noisegave theminimumnumberof errorsandwasfastest,andit hasalsofoundto beeasiestin subjective
judgements.Guitarsoundgaveworstresults,which wasalsothesubjectiveopinionof thesubjects.
Panning Methods: It is quiteclearlyshown that ITD aloneis inferior for auditorynavigation,becausealmost30%of these
caseswerenot found. Thebestpanningmethodwascardioidpanningwhich gaveclearlyfastestresults.Thedifferenceto the
two othermethodsis statisticallysignificant(seeTable3). Surprisingly, in termsof mediantimesITD andITD+HRTFswere
not statisticallyverydifferent,althoughtheerrorrateis muchsmallerwith ITD+HRTFs(seeTable2).
Acoustic envir onment: Reverberationincreasedboth the spenttimesandthe error rate,which is an expectedresult. Direct
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Figure2: The spenttimesof all the navigation tasks. The boxplot depictsthe medianandthe 25%/75%percentiles.In the
bottomof thefigurethemediantimes(not foundcasesexcluded)andthenumberof not foundcasesareprinted.
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Figure3: Spenttimesin navigationtasksin thefunctionof eachtestedvariable(notfoundcasesexcluded).Theboxplotdepicts
themedianandthe25%/75%percentiles.The“+” signsareoutliers– thecaseswith valuesover 1.5 timesthebox lengthfor
theupperedgeof thebox.
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Figure4: All paths(27 subjects)of six differentnavigation tasks. Boxesindicatescaseswhereat leastthe early reflections
wererendered.AbbreviationSPmarksthestartingpointandTA thetargetarea.

Stimulus Panning method Acousticenvir onments
noise flute noise ITD+Card ITD+Card ITD+HRTF dir+refl dir dirC C C C C C C C C
guitar guitar flute ITD ITD+HRTF ITD dir+ dir+ dir+refl

refl+reverb refl+reverb
Z -8.408 -5.494 -2.634 -6.237 -5.579 -0.389 -2.704 -2.497 -0.250
Asymp. Sig.
(2-tailed) 0.000 0.000 0.008 0.000 0.000 0.697 0.007 0.013 0.802

Table3: Theresultsof theWilcoxon SignedRanksTest.All Z valuesarebasedon positive ranks.

anddirect+reflectionsgavealmostequalresultsbothin thetimespentandin theerrorrate.
Figure4 showsall paths(27subjects)for six differentnavigationtasks.Theupperrow displaysthetestcaseswith mosterrors
(11 to 13 errors).In all thesethestimuluswasflute andthepanningmethodITD only. Dueto thesine-wave like natureof the
flute soundtheITD canbeveryconfusingpanningmethod.Thesubjectshadproblemsto find correctdirectionto targetarea.
Thethreelower figuresdisplaythreenavigationtaskswith no errors. In thesecasesthe right directionto targetareais found
verywell. (It is easyto see,thattherehavebeenfew front-backconfusionsandsomesubjectshavefirst headedaway from the
targetarea.)Thesetaskshave alsobeencompletedmuchfasterthanthreetaskswith mosterrors(meanof mediantimes37 s.
vs. 64s.).

DISCUSSION
Thenoisestimuluswasacontinuousnoise,whichmeansthatearlyreflectionsandlatereverberationshouldnotaffect to sound.
However, eachearlyreflectionmakescombfilter effect to noiseandacombfilter effect is perceivedasacertainpitch(socalled
repetitionpitch [4]). In dynamicsituation,asin this case,theseperceivedrepetitionpitchesdescendwhenmoving towardsto
a soundsourceandthis is clearlyaudibleandhelpsa lot in navigation.
Theresultsprovedthatdynamicearlyreflectionsdid nothelpin thesenavigationtasks.However, dynamicearlyreflectionsare
consideredashelpingcuesin externalization[3]. In thesenavigationtaskstheperceptionof auditoryspacewasnotameasured
variable.
In our experimenttheuserinterfaceis quite limited. Thesubjectscouldonly turn their heador move forwardandbackward.



Theserestrictedmovementsenforcedsubjectsto behave in samemanner. First they panoratedsoundsourcein middleof the
headandD thenmovedforwardor backward.Thatlimited movementcontrolmighthaveaffectedtheresultsof panningmethods.
Thecardioidpanningmethodgivesthebestfront-backseparationalthoughtheexternalizationis not asgoodaswith HRTFs.
A possibleexplanationis thattheemployedartificial headHRTFswerenot suitablefor all thetestsubjects.
Thepairwiseresultsin Fig. 3 werestatisticallysignificant. Unfortunately, with nonparametricteststhe interactionsbetween
variablescannotbeexamined.Thereforewecouldn’t statisticallyverify thatfluteandITD only combinationis not suitablefor
auditorynavigation(SeeFig. 4) althoughby examiningtheerrorrate(seeFig. 2) thisseemsto bethecase.
Therewasa quitelargevariationin spenttimesbetweenthetestsubjects.To our surprisespenttimesdidn’t correlate( E4F�
�
HG
!�#JI ) with numberof errorsmadeby eachsubject. One explanationmight be the way the test subjectsdid the tasks. The
“careful” subjectstried to locateeachtarget aswell aspossiblewithout caringhow muchtime they spent. The “impulsive”
subjectstried to find thetargetin somelimited timeandthenforwardedto thenext test.

CONCLUSION AND FUTURE WORK
The resultsof our experimentshowed that navigation is possiblewith the auditorycues. The 27 subjectscompletedthe 27
navigation tasks(all variablecombinations). The results,which were also statisticallyvalidated,proved that noise is the
beststimulus,reverberationcomplicatesthe navigation andsimplemodelsof spatialhearinggive enoughcuesfor auditory
navigation.
In thefuturemorelisteningtestsandnew testswith othervariablesshouldbeconductedto getmoredatafor statisticalanalysis
(e.g. ANOVA). Thenalsothe analysisof interactionsbetweentwo or morestatisticalvariableswill be possible.The useof
auditorynavigationin virtual environmentsrequirestestingof true3D navigationtasks.Methodsfor moreflexible navigation
control(suchasjoystick)shouldalsobetested.
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