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Abstract

A primary challengein acousticmodelingis computationof reverberationpathsfrom
soundsourcesfast enoughfor real-timeauralization. This paperdescribesa beamtracing
methodbasedn precomputedpatialsubdiision and“beamtree” datastructureghatenables
real-timeacoustionodelingandauralizatiorfor soundsourcestfixedlocationsin interactve
virtual environmentapplications.The proposeeamtracingmethod: 1) supportsevaluation
of reverberatiorpathsatinteractve rates,2) scaledo computehigh-orderreflectionsandlarge
ervironments,and 3) extendsnaturallyto computepathsof diffraction anddiffusereflection
efficiently.

1 Introduction

Interactve computeraided acousticmodelingtools are importantfor designand simulation of
three-dimensionarvironments For instanceanarchitecimightuseaninteractvetool to evaluate
the acousticpropertiesof a proposedauditorium. Or, a personmight experiencethe illusion of
moving througha 3D virtual ernvironmentwhile immersedn simulatedimageryand spatialized
sounds.

Themainchallengen interactve geometricacoustianodelingis computatiorof reverberation
pathsfrom a soundsourceto a recever [7]. As soundmay travel from sourceto recever via
a multitude of reflection, transmissionand diffraction paths,accuratesimulationis extremely
computeintensie. Prior approacheto geometricacousticsimulationhave usedtheimagesource
method1, 2], whosecomputationatompleity growswith O(n") (for n surfacesandr reflections),
or ray tracingmethods[6], which are proneto samplingerror andrequirea lot of computation
to tracemary rays. Due to the computationatompleity of thesemethods interactve acoustic
simulationhasgenerallybeenconsideredmpracticalfor complex ervironmentg5].

We have developeda beamtracingmethodthatcomputesspeculareflectionandtransmission
pathsfrom fixed sourcesn large polygonalmodelsfastenoughto be usedfor auralizationin in-
teractve virtual environmentsystems.The mostimportantcontrikbution of this paperis theideaof
precomputingspatialdatastructureghatencodeall possibletransmissiorandspeculareflection
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pathsfrom eachaudiosourceandthenusingthesedatastructuredo computereverberatiorpaths
to an arbitrarily moving obserer viewpoint for real-timeauralizationduring an interactve user
session.Our algorithmsfor constructionandquery of thesedatastructureshave the uniquefea-
turesthatthey scalewell with increasinghumbersof reflectionsandglobalgeometriccompleity,

andthey extendnaturallyto modelpathsof diffraction anddiffusereflection. We have incorpo-
ratedthesealgorithmsand datastructuresnto a systemthat supportsreal-timeauralizationand
visualizationof largevirtual ervironmentq3].

2 Beam Tracing Algorithm

We partition our systeminto four distinct phasegseeFigure 1), two of which are preprocessing
stepsthat executeoff-line, while the lasttwo executein real-timeasa userinteractvely controls
anobsenrerviewpointmoving througha virtual ervironment.
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Figurel: Systemorganization.

First, during the spatial subdivisionphase we precomputespatialrelationshipsnherentin
the setof polygonsdescribingthe environmentandrepresenthemin a cell adjaceng graphdata
structurethatsupportfficient traversalsof space.

Secondduringthe beamtracing phase we usethe spatialsubdvision to acceleratéraversals
of spacean our beamtracingalgorithm. Beamsaretracedthroughthe cell adjaceng graphvia a
recursve depth-firsttraversalstartingin the cell containingthe sourcepoint (seeFigure2). Adja-
centcellsarevisitedrecursvely while abeamrepresentingheregion of spacaeachabldrom the
sourceby asequencef cell boundaryreflectionandtransmissioreventsis incrementallyupdated.
As the algorithmtraversesa cell boundaryinto a new cell, the currentcorvex pyramidalbeam
is “clipped” to includeonly the region of spacepassinghroughthe corvex polygonalboundary
polygon. At reflectingcell boundariesthe beamis mirroredacrosshe planesupportingthe cell
boundaryin orderto modelspeculareflections.

While tracingbeamghroughthe spatialsubdvision, our algorithmconstructsa beamtreedata
structuref4] to be usedfor rapid determinatiorof reverberatiorpathsfrom the sourcepoint later
duringthe pathgeneratiorphase.The beamtreecorrespondslirectly to the recursiontreegener
atedduringthe depth-firsttraversalthroughthe cell adjaceng graph.Eachnodeof the beamtree
stores:1) areferenceo the cell beingtraversed,2) the cell boundarymostrecentlytraversed(if



Figure2: Beamtracingalgorithm. Figure3: Beamtreedatastructure.

thereis one),and3) the corvex beamrepresentinghe region of spacereachabldy the sequence
of reflectionandtransmissioreventsalongthe currentpathof the depth-firsttraversal. To further
accelerateeverberationpath generationgachnodeof the beamtree also storesthe cumulatve
attenuatiordueto reflectve andtransmissre absorptionandeachcell of the spatialsubdvision
storesa list of “back-pointers™o its beamtreenodes.Figure 3 shaws a partialbeamtree corre-
spondingo thetraversalshovn in Figure2.

Third, duringthepathgenertionphasein whichauser(recever) navigatesghroughthevirtual
environmentinteractvely, reverberatiorpathsfrom aparticularsourceointto themoving recever
aregeneratedtinteractveratesvialookupin thebeanmtreedatastructure First,thecell containing
therecever pointis found by logarithmic-timesearchof the BSP Then,eachbeamtreenode,’,
associatedvith thatcell is checled to seewhetherthe beamstoredwith 7" containsthe recever
point. If it does,a viable ray pathfrom the sourcepoint to the recever point hasbeenfound,
andthe ancestor®f 7' in the beamtreeexplicitly encodethe setof reflectionsandtransmissions
throughthe boundarie®f the spatialsubdvision that a ray musttraversefrom the sourceto the
recever alongthis path(moregenerallyto arny pointinsidethe beamstoredwith 7).

Theattenuationlength,anddirectionalvectorsfor thecorrespondingeverberatiorpathcanbe
derivedquickly from the datastoredwith thebeamtreenode,T’. Specifically the attenuatiordue
to reflectionandtransmissiorcanberetrievedfrom 7" directly. Thelengthof thereverberatiorpath
andthedirectionalvectorsatthesourceandrecever pointscanbeeasilycomputedasthe sources
reflectedmagefor this pathis storedexplicitly in 7" astheape of its pyramidalbeam.Theactual
ray pathfrom the sourcepointto therecever point canbe generatedby iterative intersectiorwith
thereflectingcell boundariestoredwith theancestoref T'.

Finally, duringthe auralization phase eachsource-rec@er impulseresponses generatedy
addingonepulsecorrespondingo eachdistinctpathfrom the sourceto therecever. Thedelayas-
sociatedvith eachpulseis givenby L./C, whereL is thelengthof thecorrespondingeverberation
path,andC' is the speedf sound.Sincethe pulseis attenuatedby every reflectionanddispersion,
the amplitudeof eachpulseis givenby A/L, where A is the productof all the reflectvity and
transmissiortoeficientsfor eachof thereflectingandtransmittingsurfacesalongthe correspond-
ing reverberationpath. The (anechoic)nput audiosignalis auralizedby convolving it with the



binauralimpulseresponse®o producea sterecspatializedaudiosignal.

Thekey ideain this methodis thatit is possibleto usean off-line precomputatioto construct
a datastructure(abeamtree)encodingpotentialreverberatiorpathsfrom eachstaticsourceloca-
tion andusethat precomputedlatastructureto computereverberatiorpathsto a moving recever
quickly for auralization.

3 Results

The 3D datastructuresandalgorithmsdescribedn the precedingsectionshave beenimplemented
in C++ andrun on Silicon Graphicsand PC/WWindows computers.During experimentationwe
have found that our algorithm supportsgenerationof specularreflectionpathsbetweena fixed
sourceandary (arbitrarily moving) recever atinteractve ratesin severalcomplex ervironments.
For instanceafter 1 minuteof precomputatiorior eachsource we areableto computeup to 8th
orderspeculareflectionpathsto anarbitrarily moving recever in alarge building with morethan
10,000polygonsapproximately6 timespersecond3].

4 Conclusion

We have developeddatastructuresand algorithmsthat acceleratecomputationof reverberation
pathsfrom a sourcepositionin comple virtual environments.Our beamtracingalgorithmscales
well to largeenvironmentbecausdt traversesa precomputedpatialsubdvisionrepresentedsan
adjaceng graphof corvex polyhedralcells. Our pathgeneratioralgorithmexecutesat interactve
ratesbecauset utilizesa precomputedbeamtreethatencodesegionsof spacereachabldy dif-
ferentsequencesf reflectionsandtransmissionsin comparisorno previous acousticmodeling
approacheshis methodsupportsa uniqguecombinationof scale,accurag, andinteractvity. We
believe thatfurtherwork oninteractiveacoustionodelingis warrantedasit opensup a plethoraof
interestingnew applicationsandresearclpossibilities.
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