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Abstract

A primary challengein acousticmodeling is computationof reverberationpathsfrom
soundsourcesfast enoughfor real-timeauralization. This paperdescribesa beamtracing
methodbasedonprecomputedspatialsubdivisionand“beamtree”datastructuresthatenables
real-timeacousticmodelingandauralizationfor soundsourcesatfixedlocationsin interactive
virtual environmentapplications.Theproposedbeamtracingmethod:1) supportsevaluation
of reverberationpathsat interactive rates,2) scalesto computehigh-orderreflectionsandlarge
environments,and3) extendsnaturallyto computepathsof diffractionanddiffusereflection
efficiently.

1 Introduction

Interactive computer-aidedacousticmodelingtools are important for designand simulationof
three-dimensionalenvironments.For instance,anarchitectmightuseaninteractivetool to evaluate
the acousticpropertiesof a proposedauditorium. Or, a personmight experiencethe illusion of
moving througha 3D virtual environmentwhile immersedin simulatedimageryandspatialized
sounds.

Themainchallengein interactivegeometricacousticmodelingis computationof reverberation
pathsfrom a soundsourceto a receiver [7]. As soundmay travel from sourceto receiver via
a multitude of reflection, transmission,and diffraction paths,accuratesimulation is extremely
computeintensive. Priorapproachesto geometricacousticsimulationhave usedtheimagesource
method[1, 2], whosecomputationalcomplexity growswith O(� � ) (for n surfacesandr reflections),
or ray tracingmethods[6], which areproneto samplingerror andrequirea lot of computation
to tracemany rays. Due to the computationalcomplexity of thesemethods,interactive acoustic
simulationhasgenerallybeenconsideredimpracticalfor complex environments[5].

We havedevelopeda beamtracingmethodthatcomputesspecularreflectionandtransmission
pathsfrom fixedsourcesin largepolygonalmodelsfastenoughto beusedfor auralizationin in-
teractivevirtual environmentsystems.Themostimportantcontributionof thispaperis theideaof
precomputingspatialdatastructuresthatencodeall possibletransmissionandspecularreflection
�
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pathsfrom eachaudiosourceandthenusingthesedatastructuresto computereverberationpaths
to an arbitrarily moving observer viewpoint for real-timeauralizationduring an interactive user
session.Our algorithmsfor constructionandqueryof thesedatastructureshave the uniquefea-
turesthatthey scalewell with increasingnumbersof reflectionsandglobalgeometriccomplexity,
andthey extendnaturallyto modelpathsof diffractionanddiffusereflection. We have incorpo-
ratedthesealgorithmsanddatastructuresinto a systemthat supportsreal-timeauralizationand
visualizationof largevirtual environments[3].

2 Beam Tracing Algorithm

We partitionour systeminto four distinctphases(seeFigure1), two of which arepreprocessing
stepsthatexecuteoff-line, while the last two executein real-timeasa userinteractively controls
anobserverviewpointmoving throughavirtual environment.
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Figure1: Systemorganization.

First, during the spatial subdivisionphase, we precomputespatialrelationshipsinherentin
thesetof polygonsdescribingtheenvironmentandrepresentthemin a cell adjacency graphdata
structurethatsupportsefficient traversalsof space.

Second,duringthebeamtracingphase, we usethespatialsubdivision to acceleratetraversals
of spacein our beamtracingalgorithm. Beamsaretracedthroughthecell adjacency graphvia a
recursive depth-firsttraversalstartingin thecell containingthesourcepoint (seeFigure2). Adja-
centcellsarevisitedrecursively while abeamrepresentingtheregion of spacereachablefrom the
sourceby asequenceof cell boundaryreflectionandtransmissioneventsis incrementallyupdated.
As the algorithmtraversesa cell boundaryinto a new cell, the currentconvex pyramidalbeam
is “clipped” to includeonly the region of spacepassingthroughthe convex polygonalboundary
polygon. At reflectingcell boundaries,thebeamis mirroredacrosstheplanesupportingthecell
boundaryin orderto modelspecularreflections.

While tracingbeamsthroughthespatialsubdivision,ouralgorithmconstructsabeamtreedata
structure[4] to beusedfor rapiddeterminationof reverberationpathsfrom thesourcepoint later
duringthepathgenerationphase.Thebeamtreecorrespondsdirectly to therecursiontreegener-
atedduringthedepth-firsttraversalthroughthecell adjacency graph.Eachnodeof thebeamtree
stores:1) a referenceto thecell beingtraversed,2) thecell boundarymostrecentlytraversed(if
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Figure2: Beamtracingalgorithm.
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Figure3: Beamtreedatastructure.

thereis one),and3) theconvex beamrepresentingtheregion of spacereachableby thesequence
of reflectionandtransmissioneventsalongthecurrentpathof thedepth-firsttraversal.To further
acceleratereverberationpathgeneration,eachnodeof the beamtreealsostoresthe cumulative
attenuationdueto reflective andtransmissive absorption,andeachcell of thespatialsubdivision
storesa list of “back-pointers”to its beamtreenodes.Figure3 shows a partialbeamtreecorre-
spondingto thetraversalshown in Figure2.

Third,duringthepathgenerationphase, in whichauser(receiver)navigatesthroughthevirtual
environmentinteractively, reverberationpathsfrom aparticularsourcepointto themovingreceiver
aregeneratedatinteractiveratesvia lookupin thebeamtreedatastructure.First,thecell containing
thereceiver point is foundby logarithmic-timesearchof theBSP. Then,eachbeamtreenode,

�
,

associatedwith that cell is checked to seewhetherthe beamstoredwith
�

containsthe receiver
point. If it does,a viable ray path from the sourcepoint to the receiver point hasbeenfound,
andtheancestorsof

�
in thebeamtreeexplicitly encodethesetof reflectionsandtransmissions

throughthe boundariesof the spatialsubdivision that a ray musttraversefrom the sourceto the
receiveralongthispath(moregenerally, to any point insidethebeamstoredwith

�
).

Theattenuation,length,anddirectionalvectorsfor thecorrespondingreverberationpathcanbe
derivedquickly from thedatastoredwith thebeamtreenode,

�
. Specifically, theattenuationdue

to reflectionandtransmissioncanberetrievedfrom
�

directly. Thelengthof thereverberationpath
andthedirectionalvectorsat thesourceandreceiverpointscanbeeasilycomputedasthesource’s
reflectedimagefor thispathis storedexplicitly in

�
astheapex of its pyramidalbeam.Theactual

ray pathfrom thesourcepoint to thereceiver point canbegeneratedby iterative intersectionwith
thereflectingcell boundariesstoredwith theancestorsof

�
.

Finally, duringtheauralizationphase, eachsource-receiver impulseresponseis generatedby
addingonepulsecorrespondingto eachdistinctpathfrom thesourceto thereceiver. Thedelayas-
sociatedwith eachpulseis givenby 	�

� , where	 is thelengthof thecorrespondingreverberation
path,and � is thespeedof sound.Sincethepulseis attenuatedby every reflectionanddispersion,
the amplitudeof eachpulseis given by ��

	 , where � is the productof all the reflectivity and
transmissioncoefficientsfor eachof thereflectingandtransmittingsurfacesalongthecorrespond-
ing reverberationpath. The (anechoic)input audiosignal is auralizedby convolving it with the



binauralimpulseresponsesto produceastereospatializedaudiosignal.
Thekey ideain this methodis thatit is possibleto useanoff-line precomputationto construct

a datastructure(a beamtree)encodingpotentialreverberationpathsfrom eachstaticsourceloca-
tion andusethatprecomputeddatastructureto computereverberationpathsto a moving receiver
quickly for auralization.

3 Results

The3D datastructuresandalgorithmsdescribedin theprecedingsectionshavebeenimplemented
in C++ andrun on Silicon GraphicsandPC/Windows computers.During experimentation,we
have found that our algorithmsupportsgenerationof specularreflectionpathsbetweena fixed
sourceandany (arbitrarily moving) receiver at interactive ratesin severalcomplex environments.
For instance,after1 minuteof precomputationfor eachsource,we areableto computeup to 8th
orderspecularreflectionpathsto anarbitrarilymoving receiver in a largebuilding with morethan
10,000polygonsapproximately6 timespersecond[3].

4 Conclusion

We have developeddatastructuresandalgorithmsthat acceleratecomputationof reverberation
pathsfrom a sourcepositionin complex virtual environments.Our beamtracingalgorithmscales
well to largeenvironmentbecauseit traversesaprecomputedspatialsubdivisionrepresentedasan
adjacency graphof convex polyhedralcells.Ourpathgenerationalgorithmexecutesat interactive
ratesbecauseit utilizesa precomputedbeamtreethatencodesregionsof spacereachableby dif-
ferentsequencesof reflectionsandtransmissions.In comparisonto previous acousticmodeling
approaches,this methodsupportsa uniquecombinationof scale,accuracy, andinteractivity. We
believethatfurtherwork on interactiveacousticmodelingis warrantedasit opensupaplethoraof
interestingnew applicationsandresearchpossibilities.
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