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Abstract

Realisticacousticmodelingis essentiafor spatializingsoundin
distributed virtual ervironmentswhere multiple networked users
move aroundand interactvisually and aurally in a sharedvir-
tual world. Unfortunately currentmethodsor computingaccurate
acousticamodelsarenot fastenoughfor real-timeauralizationof
sounddor simultaneouslynoving sourcesandrecevers.In thispa-
per, we presenthreenew beamtracingalgorithmsthatgreatlyac-
celeratecomputatiorof reverberatiorpathsin a distributedvirtual
ervironmentby taking adwantageof the factthat soundscanonly
begeneratear heardat the positionsof “avatars”representinghe
users.The priority-driven beamtracingalgorithmperformsa best-
first searctof acell adjaceng graph,andthusenablesien termina-
tion criteriawith which all earlyreflectionpathscanbefoundvery
efficiently. Thebidirectionalbeamtracingalgorithmcombinesets
of beamstracedfrom pairs of avatarlocationsto find reverbera-
tion pathsbetweerthemwhile requiringsignificantlylesscompu-
tationthanpreviousunidirectionaklgorithms.Theamortizecdheam
tracingalgorithmcomputedbeamsemanatingrom box-shapede-
gions of spacecontainingpredictedavatar locationsand re-uses
thosebeamsmultiple timesto computereflectionspathsas each
avatarmovesinsidethebox. Cumulatively, thesealgorithmsenable
speedupsf approximatelytwo ordersof magnitudeover previous
methods. They areincorporatednto a time-critical multiprocess-
ing systenthatallocatests computationatesourceslynamicallyin
orderto computethe highestpriority reverberationpathsbetween
moving avatarlocationsin real-timewith gracefuldegradationand
adaptve refinement.

Key Words: Virtual environmentsystemsyirtual reality;
acoustiomodeling,auralizationpeamtracing.

1 Introduction

Distributed virtual ervironment(DVE) systemsncorporatecom-
putergraphicssound andnetworkingto simulatetheexperienceof
real-timeinteractionbetweermultiple usersepresentetly avatars
in a sharedthree-dimensionalirtual world. They allow a userto
“explore” informationand “interact” with otherusersin the con-
text of avirtual environmentby renderingmagesandsoundf the
ervironmentin real-timewhile the user“moves” throughthe 3D
ervironmentinteractvely. Exampleapplicationdor DVE systems
includecollaborative design[4], distributedtraining[35], telecon-
ferencing[29], andmulti-playergameq27].

A difficult challengan implementinga DVE systemis to render
realisticsoundsspatializedaccordingto the virtual environmentin
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real-timeonevery participatingusers computer Soundwavesorig-
inating at a sourcelocationtravel throughthe ervironmentalonga
multitude of reverberationpaths,representinglifferentsequences
of reflections transmissionsanddiffractions. The differentarrival
times and amplitudesof soundwavestraveling alongthesepaths
provide importantauditorycuesfor localizationof objects,separa-
tion of simultaneouspealkrs(i.e., the“cocktail party effect”), and
sensef presencén avirtual environment{11].

The goal of our work is to build a DVE systemin which mul-
tiple userscancommunicatevith eachotherin a 3D virtual world
with realisticspatializedsound. Usergeneratedoundsandavatar
movementsaretransmittedsia network messagew anaudiosener
which spatializessoundsaccordingto impulseresponsegsncoding
the reverberationccomputedfor every pair of avatars(seeFigure
1). The new researctthallengeis to develop geometricacoustic
modelingalgorithmsto computereverberationpathsbetweenev-
ery pair of avatarlocationsin real-timeasthey move througha 3D
environment.
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Figurel: Distributedvirtual ernvironmentsystem.

Acoustic modelingalgorithmsfor DVE systemsmust be effi-
cient, adaptve, predictive, and asynchronouso that appropriate
impulseresponsearereadyfor usewithout delayasavatarsmove.
Sincethe numbersand locationsof avatarsinhabiting the virtual
ervironmentcanbehighly variable,it is notpracticalto preallocate
a fixed amountof computationatesourcego the updateof rever
berationpathshetweenary pair of avatars. Someavatarsmay be
moving very closelyto oneanothemwithin the sameroom, requir
ingimpulseresponseipdatesatmorethan10Hzto avoid noticeable
localizationartifacts, while othersmay be separatedby greatdis-
tancesandrequirelessfrequentand/orlessaccurateacousticsim-
ulations(peoplecandetectangulardifferencesn soundsourcelo-
cationsseparatedy 5 degrees[3]). Similarly, the quality of the
computedresultsshoulddegradegracefully as the computational
demandsncreasde.g.,whenmoreusersinhabitthe ervironment),
andit shouldrefineadaptvely asmoreresourcedecomeavailable
(e.g..whenall theusergemainstationary) Timecritical algorithms
mustbe usedto guaranteeipdateratesandallocatecomputational
resourceeffectively and adaptvely so that the overall quality of
computedmpulseresponsess the bestpossible.



In this paper we describegeometricbeamtracing algorithms
to computereverberatiorpathsbetweermoving avatarlocationsat
veryhighrates.Theprimaryresearcltontritutionsareembodiedn
thethreemethodswe introducefor acceleratinggomputatiorof re-
verberatiorpaths: 1) priority-driven beamtracing, 2) bidirectional
beamtracing,and3) amortizedbeamtracing. We have integrated
thesemethodsinto a time-critical computingframework to build
a completeDVE systemincorporatingrealisticimageryand spa-
tialized soundfor real-timecommunicatiorbetweenmultiple net-
workedusers.

2 Previous Work

Therehasbeendecade®f work in off-line acousticmodelingfor
applicationssuchasconcerthall design.Previous methodsnclude
pathtracing[22], imagesourcemethodq1, 5], boundaryelement
methods[26, 33], andbeamtracing[8, 18]. Suneys of work in
this areaappeaiin [3, 21, 23]. In general currentoff-line systems
computereverberatiorpathsfor a smallsetof pre-specifiedource
andrecever locations,andthey allow interactive evaluationonly
for precomputedesults. Unfortunately it is usually not possible
to storeprecomputedmpulseresponsesr reverberatiorpathsover
all possibleavatarlocationsfor useby adistributedvirtual erviron-
mentsystemasthestorageequirementsf thisapproactwould be
prohibitive for all casesexceptvery simple environmentsor very
coarsesamplings.

Therehave alsobeenmary advancesover thelastdecaden dis-
tributedvirtual environmentssystemsupportingvisualinteractions
betweennetworked usersin a shared3D virtual ervironment(an
early exampleis Reality Built for Two [4]). The mostcommon
examplesinclude multi-playergames(e.g., Quale [27]), military
battle simulations(e.g., NPSNET[35]), and multi-userchatervi-
ronments(e.g., Sory’'s Community Place[29]). Theseprograms
displayimagesin real-timewith complex globalillumination and
texturesto producevisually compellingimmersve experiences.

Ontheotherhand therehasbeerrelatively little progressn real-
timeacoustianodeling.Currenton-linesystemgienerallyconsider
only simplegeometricarrangementandlow-orderspeculareflec-
tions. For instancethe Acoustetror[13] computenly first- and
second-ordespecularreflectionsfor box-shapedvirtual environ-
ments,while video gamesprovide spatializedsoundwith ad hoc
localizationmethods(e.g., pan effects), ratherthan with realistic
acousticmodeling methods. Almost all DVE systemsattenuate
soundwith distance andmary supportuserspecified‘regions of
influence”(e.g.,ellipsoids)for eachsoundsource[16]. However,
to quotethe 1995NationalResearctCouncilReporton Virtual Re-
ality Scientificand TechnologicalChallengeq12], “currenttech-
nologyis still unableto provide interactve systemswith real-time
renderingof acousticenvironmentswith comple, realisticroom
reflections.

The new algorithmspresentedn this paperare basedon the
beamtracingmethoddescribedn [14]. Toreview, beamsretraced
from the position of eachstationarysoundsourcealong pathsof
transmissiorandspeculareflectionvia adepth-firstraversalof an
adjaceng graphof polyhedralcells (seeFigure2). The algorithm
startsin thecell containingthe sourcewith abeamrepresentinghe
entirecell (labeled’D’). Then,it recursvely tracesconvex pyrami-
dal beamsthroughintersectectell boundariesnto adjacentcells,
incrementallytrimming the beamsby convex polygonsattraversed
cell boundariegu, o, p, t, ands), andmirroring the beamsat re-
flectingcell boundariego andp). Therecursionof eachdepth-first
traversalis capturedandstoredin a beamtree,representingll the
tracedreverberatiorpathsemanatingrom thesource Later, during
aninteractve sessionthe precomputedeamtreesareusedto gen-
eratereverberationpathsto a moving recever position. For every
beamcontainingthe recever, a reverberationpathis constructed

by iterative intersectionwith the reflectingcell boundariesstored
with the ancestor®f the correspondindpeamtree node(asshavn
in Figure2).

Figure2: Beamtracing.

Thekey ideain this previous methodis thatit is possibleto use
an off-line precomputatiorto constructa datastructure(a beam
tree)encodingpotentialreverberatiomathsfrom eachstaticsource
locationandusethat precomputedlatastructureto computerever-
berationpathsto a maving recever quickly for auralization.Since
theoff-line beamtracingalgorithmtakesup to 50 secondgor each
new sourcelocation[14], this methodis not directly applicablefor
computingreverberatiorpathsin real-timebetweemmoving avatars
in adistributedvirtual environment.Otherdatastructuregproposed
for interactve updatesof global illumination solutionsare best
suitedfor handlingchangedo materialsandgeometryin primarily
diffuseervironmentg6, 10], andthey would generallynotperform
well for viewpointchangesn highly speculaenvironments.

The focus of our new work is developing beamtracing algo-
rithmsthatcanbe usedto computereverberatiorpathsin real-time
with updateratessuitablefor auralizationin distributedvirtual en-
vironmentapplicationqup to 100Hz).Achieving thisgoalrequires
acceleratiomf currentbeanmtracingmethodsy two or threeorders
of magnitude.

3 Overview of Approach

Our approachis to take adwantageof the fact that DVE systems
mustonly computereverberatiorpathsbetweenavatarlocationst
andnot betweenall pointsin 3D space.Sinceavatarsarelocated
at a discretesetof positions,andthey tendto move alongcontin-
uouspaths,beamtracingalgorithmsfor DVESs canutilize directed
searchesnd temporalcoherencdo find reverberationpathsvery
efficiently. In this paperwe proposehefollowing threebeamtrac-
ing algorithmsthatexploit theseproperties:

e Priority-driven beam tracing usespsychoacousticallgnoti-
vatedpriorities and terminationcriteria to traceonly beams
that can representthe most significant reverberationpaths
from oneavatarlocationto another

e Bidirectional beam tracing combinestwo setsof beams
tracedfrom different avatar locationsto find reverberation
pathsefficiently.

e Amortized beam tracing utilizes beamstracedfrom a re-
gion of spaceto computereverberationpathsquickly for a
sequencef nearbyavatarlocations.

The following three sectionscontain detailed descriptionsof
thesenew algorithms,while Sections7 and 8 describehow they
areintegratedinto our adaptve, real-timeDVE system.

1we extend the notion of an avatarto include arything that can be a
sourceor recever of sound.



4 Priority-Driven Beam Tracing

The first algorithm is motivated by priority-driven searchmeth-
ods. For a given avatar location, all reverberationpathsare not
equallyimportant. Somepathsare psychoacousticallyery signif-
icant(e.qg.,directpathsto otheravatars),while othersfollow com-
plex sequencesf reflectionsowardsemptyregionsof space.

Our priority-driven beamtracing algorithmexploits knonledge
of avatarlocationsto computeonly the mostsignificantreverbera-
tion pathsefficiently. Specifically the algorithm considerdbeams
in best-fist order ratherthandepth-firstorderasin previousbeam
tracingalgorithms(e.g.,[14]). As beamtreesareconstructedthe
leaf nodesare storedin a priority queue,andthe highestpriority
nodeis iteratively poppedfor expansionat eachstep. The benefit
of this approachs thatthe mostsignificantbeamsare considered
first, enablingmethodshasedon adaptve refinementanddynamic
terminationcriteria.

Thefirstissuein implementinghepriority-drivenalgorithmis to
assigrrelative prioritiesto differentbeamtreenodes Following ac-
ceptedbracticeof theacousticditerature we partitionthereverber
ation pathsrepresentetty the beamsnto two cateyories: 1) early
reflectionsand?) latereverberationsEarly reflectionsaredefined
asthe onesthatarrive attherecever within someshortamountof
time, T, afterthemostdirectsoundwhile latereverberationgom-
prisetherest(20ms < 7. < 80ms [3, 17]). Sincelocalizationin
the humanbrainis mostsensitve to the early reflections,andthe
late reverberationsare characterizedby mary pathsarriving from
all directionsafter beingmultiply scatterecdby mary surfacesge-
ometric acousticmodelingsystemsgenerallycomputeonly early
speculameflections,while late reverberationsand diffractionsare
modeledwith statisticalapproximationgseeFigure3). In our cur
rent system,we usethis approachassigninghigher priorities to
beamtreenodesrepresentinghortereflectionpaths.
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Figure3: Impulseresponse.

Thesecondssueis how to guideour priority-drivenalgorithmto
find early speculareflectionpathsefficiently. Previousalgorithms
have tracedbeamsin depth-firstorderup to someterminationcri-
teriabasedn the maximumnumberof reflectionsmaximumpath
length, and/ormaximumattenuation. One problemwith this ap-
proachis thatit is impossibleto selecta priori a terminationcrite-
rion that guaranteedéinding all early speculareflectionpaths. In
general,the length of the longestearly reflectionpath cannotbe
predeterminedsinceit dependson the lengthof the shortestone,
whichis notknown until it is found.

Priority-orderedsearchhelpsus overcomethis problem.We as-
signthe priority , f(B), of eachbeamtreenode, B, to the length
of the shortespathfrom the beamsourceto the lasttraversedcell
boundary g(B), plusthe lengthof the shortespathfrom thatcell
boundaryto theclosestavatarlocation,i(B) (seeFigure4). Since
f(B) underestimatethelengthof ary paththroughB to anavatar
we canbeassuredhatall earlyspeculareflectionpathsarefoundif
we terminatethetraversalwhenthevalueof f(B) for all nodesre-
mainingin thepriority queuecorrespondso anarrival time atleast
T, laterthanthemostdirectpathfoundto every avatarlocation.

Last Traversed
Cell Boundary

Figure4: Thepriority heuristic,f (B), underestimatethe distance
traveledsofar, g(B), plusthedistanceo theclosestavatar h(B).

Our implementationof this approachis closely relatedto the
classicald™ algorithmfrom theatrtificial intelligencditerature[15].
Thedifferenceis thatthe searcHor eachavatarlocationshasmul-
tiple goals(i.e., the early reflectionpathsto all otheravatarloca-
tions). Thus,we mustremembetthe shortestpathto eachavatar
whenwe find it, andwe mustremembefor which avatarswe have
alreadyconsideredll potentialearlyreflectionpaths.

The primary adwantage of the priority-driven beam tracing
methodis thatit avoids geometriccomputationsor mary beams
representingnsignificantreverberationpaths, and thereforeit is
ableto computethe significantonesmorerapidly. It canalsobe
usedto allocateresourcesiynamicallyin a real-timesystem(see
Section7). The disadwantageis that thereis extra overheadin
computingpriorities andmaintainingpriority queuesf beamtree
nodes.

5 Bidirectional Beam Tracing

The secondalgorithm usesa bidirectional approachto combine
beantreestracedindependentlyrom two differentavatarlocations
to find reverberatiorpathsbetweerthem.

The primary motivation for a bidirectionalapproachis thatthe
computationatompleity of beamtracingalgorithmsgrows expo-
nentiallywith increasingeflections.Consequentiytracingoneset
of beamsup to k reflectionsusuallytakes far longerthantracing
two setsof beamaupto & /2 reflections.

A secondmotivationis that DVE systemamustfind reverbera-
tion pathsbetweenall pairsof avatars. In this situation,unidirec-
tional approachesire inherentlyredundantsincebeamsmustbe
tracedfully from all exceptoneavatarlocationsto insurethatrever
berationpathsarefound betweerall pairs. But thenalmostevery
reverberationpathis tracedtwice, oncein eachdirection. With a
bidirectionalapproachyve canavoid this redundantvork by com-
bining beamstracedfrom one avatar location with beamstraced
from anotheito find the samereverberatiorpathsmoreefficiently.

Bidirectionalpathtracingapproachebave beeninvestigatedor
decadesn ray tracing(e.g.,[7, 24, 34]), radiosity(e.qg.,[20, 28)),
andotherfields (e.g.,[9, 25]). Generallyfor every ray foundim-
pingingupona surface,a datastructureassociatedvith the surface
is both updatedand queriedto computethe enegy traveling for-
wardsand backwardsalong the ray. The main challengeof the
bidirectionalapproachs to find a datastructurethatefficiently and
accuratelyrepresentghe directionalenegy radiatingfrom every
surfaceof the ervironment. Previous datastructuresfor bidirec-
tional pathtracinghave mostlybeenbasecdbn storingdiscreteradi-
ancesamplege.g., illumination maps”[2] and“radiositytextures”
[19]), andthusthey suffer from aliasingartifacts.An importantob-
senationis thatbeamtreedatastructure418] arean object-space



representationf thedirectionalenegy radiatingfrom eachsurface,
andthey arewell-suitedfor implementinga bidirectionalapproach.
Our bidirectionalbeamtracing algorithm computesreverbera-
tion pathsby combiningbeamtreestracedindependentlyrom dif-
ferentavatarlocations.Thekey contribution of ouralgorithmis the
methodwe usefor determiningwhich beams,B; and B-, traced
independentlyrom avatarlocations,P; and P>, combineto repre-
sentviablereverberatiorpaths.We baseour methodon thefollow-
ing obsenations,which applyfor commonray propagatiormodels
comprisingspeculareflections diffuse reflections transmissions,
anddiffractionsover locally reactingsurfaces>

e Condition A: Thereis areverberatiorpathif B, containsP;
(seeFigure5a).

e Condition B: Thereare(usuallyaninfinite numberof) rever-
berationpathscontaininga diffusereflectionat surface S if
both B, and B» intersectthe sameregion of S (seeFigure
5b).

e Condition C: Thereis a reverberationpath containinga
straight-linetransmissiorthroughsurface S if: 1) both B;
and B, intersectthe sameregion of .S, 2) B; intersectshe
virtual sourceof Bz, and3) B intersectshevirtual sourceof
B; (seeFigure5c).

e Condition D: Thereis areverberatiorpathcontainingaspec-
ularreflectionatsurfaces if: 1) both B, and B, intersecthe
sameregionof S, 2) B; intersectshemirroredvirtual source
of By, and3) B- intersectthe mirroredvirtual sourceof By
(seeFigure5d).

e Condition E: Thereis a reverberationpath containing a
diffractionat anedgeF if: 1) B; and Bz bothintersectthe
sameregion of E (seeFigure5e).

To acceleratedeterminationof theseconditions,we construct
lists of beamtreenodesdntersectingeachcell andfaceof thespatial
subdvision asthe beamsaretraced. We traversetheselists to de-
termineefficiently which pairsof beamtreenodesotentiallycom-
bineto representiablereverberatiorpaths,avoiding consideration
of all n(n — 1) /2 pairwisecombination®f tracedbeamsFirst, for
eachpair of beamtree nodesconsideredye checkto seeif both
nodesareeithertheroot or a leaf of their respectie beamtrees.If
not, the pair canbeignored,asit surelyrepresenta reverberation
paththat will be found by anotherpair of nodes. Otherwise ,we
checkthebeamsntersectingeachcell containinganavatarto seeif
they satisfyConditionA. We checkpairsof beamsntersectinghe
sameransmissie faceto seeif they satisfyConditionC. We check
pairsof beamsintersectingthe samereflectingfaceto seeif they
satisfyConditionsD. Finally, we usethefirst nodemeetingoneof
thesecriteriato computean underestimatinglistanceheuristicto
anotheravatarlocation,which canbe usedto aid earlytermination
whensearchindor early reflectionpathsin anintegratedbidirec-
tional andpriority-drivenbeamtracingalgorithm.

As comparedo unidirectionalbeamtracingmethodsthe main
adwantageof our bidirectionalalgorithmis that pathswith upto R
reflectionscanbe foundby combiningtwo beamtreesrepresenting
upto R; andR reflectionsyespectiely, whereR, + R> — 1 = R.
Sincec™ + c®2 << cF for mostc, fewer beamamustbetraced.
Themaindisadwantages thatextra bookleepingandprocessinds
requiredto combinebeamdrom differentbeamtrees.

2Sofar, we have implementedhe methodnly for speculareflections.
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Figure5: Combiningbidirectionalbeams.

6 Amortized Beam Tracing

Thethird algorithmacceleratesomputatiorof reflectionpathsbe-
tweenmoving avatarsby amortizingthe costof a singlebeamtrac-
ing computatiorover seseralrecever locations.

The pathstaken by peopleasthey move througha virtual envi-
ronmentgenerallyexhibit a large amountof spatialandtemporal
coherence.Peopleusually do not jump from point to point arbi-
trarily. Rather they tendto move along continuouspaths. User
interfacesmay evenimposeboundson their speedsrotations,and
directionsof movement.Moreover, a persons two earsarenearby
oneanotheratfixedrelative positions.By utilizing temporalcoher
enceandspatialconstraintsve canmodelreverberatiorpathsmore
efficiently for a sequencef recever locationsthanfor a setof un-
relatedlocations.Specifically we extendthe notionof abeamtree
to includeconservativéoeamdracedfrom aregion of spacerather
thanjusta point. Sincethesebeamsover-estimatethe setof rever
berationpathsemanatingrom ary point within the region, we can
usuallyre-usethemfor a sequenc®f recever locationsinsidethe
region to identify potentialreverberationpathsmore rapidly than
tracingbeamsrom scratchfor every avatarmovement.

Ourapproachs motivatedby algorithmsoriginally proposedor
conserative visibility determination(visibility is tracingOth-order
paths)30, 32]. Thesealgorithmsdonotsolvethevisibility problem
exactly. Insteadthey simplyreducehesizeof thepolygonsetto be
processetly alaterhidden-suricealgorithm(e.qg.,z-huffer). In the
sameway, a conserative beamtreedoesnot exactly representhe
reflectionpathsfor ary point. Insteadjt encodes supersebf the
possiblesequencesf reflectionsandtransmissiongrom all points
within its sourceregion. Thus,to find exactreflectionpathsfrom
suchapointto anothempoint, we mustonly checkarelatively small
setof potentialpolygonsequencesncodedn the beamtreeto see
which of themadmitsa “valid” reflectionpath. Theserelatively
simplecheckscanbe executedvery quickly for eachpair of avatar
locations while the muchlongertime requiredfor beamtracingis



amortizedover multiple avatarmovements.

Our amortizedbeamtracing algorithm is integratedwith the
priority-driven and bidirectional methodsas shawvn in Figure 6.
Fromtop to bottom,we first usemotion predictionto updatea set
of source regionsthatwe expectto containfuture avatarlocations.
Then,in the secondstep,we traceconseratively over-estimating
polyhedralbeamsin priority order from eachsourceregion and
storethemin a conservativebeamtree Next, for every pair of
sourceregions, we useour bidirectionalmethodsto combinethe
conserative beamtreesto form a setof polygonsequenceseach
of whichdescribehow aray traveling from oneregionto theother
can potentially reflect off and/ortransmitthroughan orderedlist
of polygons. Finally, for eachtime an avatar moves within one
of the sourceregions, we generatesxact reflectionpathsto every
other avatar simply by processinghe appropriateset of polygon
sequencesThis laststepis the only onerepeatedor every avatar
movement.andit is usuallyvery fast.
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Figure6: Amortizedbeamtracingphases.

The key challengesn implementingthis algorithmare: 1) se-
lectingeffective sourceregions,2) efficiently tracinga setof tightly
over-estimatingopeamsemanatingrom aregion of space3) form-
ing polygon sequencedy combiningbeamstracedfrom two re-
gionsof spaceand4) checkingpolygonsequenceguickly to see
if they admitvalid reflectionpathsfor a specificpair of avatarloca-
tions.

First,to selecieffective sourceregions,we mustbalancecompet-
ing goals.Eachoneshouldcontainasmary futureavatarlocations
aspossiblesothatits conserative beamtreecanbere-usedmary
times.However, they cannotbetoolarge(e.g.,awholeroom). Oth-
erwise thebeamdracedfrom theregion are“too over-estimating),
which notonly slovs dowvn the beamtracingcomputationput also
puts undueprocessingourdenon the subsequensteps. Our cur
rentmethodupdatesa sourceregion associateavith eachavatarby
predictingits motion with a second-dgree polynomialcurve and
detectingcollisionswith obstaclesn the environment. The source
regionis alwaysanaxis-alignedoxwith userspecifiecdimensions
(“Box Size"). We arecurrentlyextendingthis methodto adaptthe
sizeof eachsourceegionaccordingo thelocationsof otheravatars
andthegeometriccompleity of thelocal ervironment.

Second,to tracebeamsfrom a box-shapedsourceregion effi-
ciently, we over-estimatghesetof pathsemanatindrom thesource
by a polytope comprisingthe intersectionof at most six halfs-
paceswith two halfspacedoundedby planesparallelto eachof
the X, Y, andZ axes. Eachof the threepairsof halfspacegorm
a wedgeboundingthe beamin one dimension,andthe intersec-
tion of the threewedgesform a polytopeover-estimatingthe po-
tential reverberatiorpathsfrom ary pointwithin the sourceregion.

As cell boundariesaretraversedn the beamtracingalgorithm,the
halfspacesare updatedincrementallyby a gift-wrapping step, in
which the planeboundingeachhalfspaces rotatedaroundan ex-
tremaledgeof the sourcebox until it hits anextremalvertex of the
cell boundary asshavn in Figure 7. Although this beamtracing
methodis slightly moreover-estimatingthan previously described
approximationge.g.,[32]), it is very fast,requiringconstantime
percellboundaryandit providesafairly tight over-estimateor the
pathstracedin typicalvirtual ervironments.
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Figure7: Conserative beamtracinggift wrappingstep.

Third, to form polygon sequencesye extendthe bidirectional
methoddescribedn Sections to combinebeamsvhosesourcesre
boxesratherthanpointsandto constructpolygonsequencegather
than specificreverberationpaths. In particular for eachpair of
beamtreenodesmeetingoneof the conditions A-E, listedin Sec-
tion 5 (with beamsourcesxtendedo includeaxis-alignedoxes),
we constructpolygonsequencéy concatenatinghe orderedists
of reflectionsandtransmissionst cell boundarieencodedn the
ancestonodesof thetwo beamtrees,asshavn in Figure8. Every
polygonsequenceonstructedn thisway providesarecipefor how
aray potentiallycantravel from a pointin onesourceregion to a
pointin theother
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Beam Tree
for Box A

—__

Invalid
Intersectior,
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Figure 8: Constructinga polygonsequencéy linking beamtree
nodesanddeterminingts validity for specificpairsof avatarloca-
tionsby checkingpolygonintersections.

d

Finally, to find pathsbetweera specificpair of avatarlocations,
P, and P>, we simply checkeachpolygonsequence$, associated
with the appropriatepair of sourceregionsto seewhethera ray
travelingfrom P, travelingalongtheprescribegequencef reflec-
tions and transmissiongan possiblyreach P,. We first traverse
the polygon sequencén backwardsorderto constructa stackof
mirror imagesof P, whereP; correspondso theimageresulting
from mirroring P, overthelasti: of then reflectingpolygonsin the
sequenceThen,we constructthe reverberatiorpathby traversing
the polygonsequencén forwardsorder while iteratively checking
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Figure9: Multiprocessingsystemorganization.

to seewhetherthe ray startingfrom P} to Py~ * intersectsavery
polygon,S;, in thesequencéseeFigure8). If so,we have founda
valid reflectionpathfrom P, to P, alongS (shavn asagreenline
in Figure8). Thelengthof the pathis given by the distancefrom
Py to P21, andthe attenuatiorof soundtraveling alongthe path
is given by the productof the attenuationst eachpolygonin the
sequenceOtherwisejf aray fails to intersectoneof the polygons
(e.g.,theredline in Figure 8), the sequenceés determinedo be
in the over-estimatingportion of the conserative beamsandit is
ignored.

Oneadwantageof conserative beamtracingis that the costof
computingeachbeamcan be amortizedover all points within its
sourceregion. However, tracing beamsfrom a larger region of
spaceis generallymoreexpensve. So, the sizesof sourceregions
mustbe chosercarefullyto maximizethe effective speedupsAn-
otheradwantageis that beamtreesand polygonsequencesanbe
constructedasynchronouslyor even off-line), andthenreflection
pathscanbe found at very high rates. This featureis exploitedin
themultiprocessingystemdescribedn the next section.

7 Time-Critical Multiprocessing

Motivated by the principlesof time-critical computing,we have
developedan adaptve, real-timemultiprocessingystemthat uses
multiple asynchronouslgxecutingprocesseandallocatescompu-
tationalresourceslynamicallyin orderto performthe highestpri-
ority beamtracing computationsn a timely manner We expand
the notion of priority-driven beamtracingto includemultiple pro-
cessoravorking togetheron the beamtreesfor all avatarsat once.
Ratherthanupdatingthe beamtreefor eachavatarindependently
the systemcomputesheamtreenodesin global priority order and
thusthe systemcantrade-of computationatesourcebetweerdif-
ferentavatarsdynamically For instancejf mary avatarsenterthe
virtual ervironment, available resourcedor computingbeamtree
nodesfor eachavatar decreasesand the quality of computedre-
verberationpathsdegradesgracefully Corversely when avatars
leave the environmentor becomestationarythe quality of spatial-
ized sounddis adaptvely refined. In thelimit, if thereis just one
avatarin theenvironment,all availableprocessorsoncurrentlyex-
pandits beamtreenodesin priority order

Ourmultiprocessoimplementatiorexecutesasshavn in Figure
9. Eachdatastructurgoval) is storedasa pairof “front” and“back”
buffers. Justasin computergraphics,the backbuffer is usedfor
updateswhile otherprocessesaccesghe front buffer. Updatesto
all datastructuresaresynchronizedy mutualexclusionlocksthat
allow multiple readersput only a singlewriter. As aresult,a high
degreeof concurrenprocessings possible asmutualexclusionis
requiredfor front buffersonly whenthe buffersareswapped.

As every avatarmovesthroughthe environment,a motion pre-
diction processdeterminesvhento swap an avatars beamtrees
(e.g.,whenit hasmoved significantly). Whenthe beamtreesare
swapped the new “back” beamtreeis emptiedandthenprepared

for expansion:a new sourceregion is assignedanda root nodeis
createcandput on the priority queue.Asynchronouslhandcontin-
uously multiple beantracingprocessework on expanding‘back”
beamtree nodesin global priority order Eachprocessteratively
popsa nodefrom the priority queue computeshe childrenof the
node,andpusheghemontothe priority queue.Meanwhile,multi-
ple bidirectionalpolygonsequenceonstructiorprocessesonitor
thearrival of new beamtreesin thefront buffer of ary avatar When
onearrives,the“front” and“back” buffersof theappropriatgoly-
gonsequenceareswappedandnew “back” buffersof polygonse-
guencesareupdatedrom the new beamtree. Similarly, eachtime
an avatar moves, or a nev polygon sequencédecomesavailable,
pathgeneratiorprocesseaccesshepolygonsequence form re-
verberatiorpaths. Finally, sourceaudiosignalsare spatializedvia
software convolution with binauralimpulse responsesomputed
for eachavatar The responsesire derived by addinga pulsefor
eachcomputedreverberationpath, wherethe delayis determined
by L/C, whereL is thelengthof the path,and C' is the speedof
sound,andtheamplitudeis setto 1/2(1 + cos 6) A/ L, wheref is
the angleof arrival of the pulsewith respecto the normalvector
pointing out of the ear and A is the productof all the frequeng-
independenteflectvity and transmissiorcoeficients for eachof
thereflectingandtransmittingsurfacesalongthe correspondinge-
verberatiorpath.

The nicestfeatureof this implementationis thatit providesa
frameawork in whicheachcomponenof thesystencan“do thebest
it can” without slowing down the other components.In particu-
lar, the pathgeneratiorprocessegontinueto computereverbera-
tion pathsevenwhenan avatarmovesout of its beamtree’s source
region. Thisfeatureprovides“extrapolation”of reverberatiompaths
from nearbypointsandis critical to providing a seamlessuditory
experiencevhenthe beamtracingprocessebecomeoverloaded.

8 Experimental Results

We have implementedthe algorithmsdescribedin the preceding
sectionsin C++ andintegratedtheminto a DVE systemsupport-
ing communicatiorbetweermultiple usersin a virtual world with
spatializedsound. Our currentimplementationsupportsspecular
reflectionsandtransmission 3D polygonalervironments andit
runson PCsandSGlsconnectedy a 100Mb/sTCP network.

The systemusesa client-serer design. Eachclient provides
animmersive audio/visualinterfaceto the sharedvirtual erviron-
mentfrom the perspectie of one avatar As the avatar “moves”
throughthe ervironment, possiblyunderinteractve usercontrol,
imagesand soundsrepresentinghe virtual environmentfrom the
avatars simulatedviewpoint are updatedon the client computer
in real-time. Communicationbetweenremoteuserson different
clientsis possiblevia network connectiongo the sener(s). Any
clientcansendmessageto the sener(s)describingupdatedo the
ervironment(e.g.,the positionandorientationof avatars)andthe
soundsoccurringin the ervironment(e.g., voicesassociatedvith



avatars).Whena sener recevesthesemessagest processethem
to determinewhich updatesare relevant to which clients, it spa-
tializesthe sounddfor all avatarswith the beamtracingalgorithms
describedn the precedingsectionsandit sendsappropriatemes-
sagewith updatesaindspatializechudiostreamsackto theclients
sothatthey mayupdatetheir audio/visualisplays.

To evaluatethe effectivenessof our newv beamtracingmethods
in the context of this system we executeda seriesof experiments
with asinglesener spatializingsoundson an SGI Onyx2 with four
195MHzR10000processorsin eachexperimentwe useddifferent
beamtracingalgorithmsto computespeculareflectionpathsfroma
sourcepoint(labeled A’) to eachof thethreereceverpointslabeled
‘B,” ‘C,” and‘D’ in the3D modelshavn in Figure10.

Figure10: Testmodelgeometryandavatarlocations.

8.1 Priority-Driven Beam Tracing Results

We testedthe relative benefitsand costsof priority driven beam
tracingby runninga seriesof testsusingthefollowing threediffer-

entbeamtracingalgorithmsbasedon differentsearchmethodgor

traversingthe cell adjaceng graphanddifferentterminationcrite-
ria:

e DF-R: Depth-firstsearchup to a userspecifiedmaximum
numberof reflections.

e DF-L: Depth-firstsearchup to a userspecifiedmaximum
pathlength.

e P: Priority-drivensearchour algorithm).

In eachsetof tests,we computedall early speculareflection
paths(7. = 20ms)from a sourcepoint (labeled'A’) to oneof three
recever points(labeled'B,’ ‘C,” and‘D’) in the 3D modelshavn
in Figure10. The depth-firstsearchalgorithms,DF-R and DF-L,
wereaidedby oraclesn theseests astheterminationcriteriawere
chosenmanuallyto matchthe exact maximumnumberof reflec-
tions, R, andthe maximumpathlength, L, respectiely, of knovn
earlyreflectionpaths whichwerepredetermineih earliertests.In
contrastthepriority-drivenalgorithm,P, wasgivenno hints,andit
usedonly the dynamicterminationcriteriadescribedn Sectior4.

The bar chartin Figure 11 shaws the wall-clock times(in sec-
onds)requiredto find all early specularreflectionpathsfor each
combinatiorof thethreerecever pointsandthethreebeamtracing
algorithms.Althoughall threealgorithmsfind exactly the sameset
of earlyreflectionpathsfrom the sourceto eachrecever, thecom-
putationtimesfor the priority-drivenapproact{the bluebars)were
betweerR.6and4.3timeslessthanthenext best. Thereasoris that
the priority-driven algorithmconsiderdbeamsepresentingarliest
pathsfirst andterminatesaccordingo a metricutilizing knowvledge
of the recever location,andthusit avoids computingmostof the

uselesbeamghattravel longdistance$rom thesourceand/orstray
farfrom therecever location.

60.1 60.2 61.6

Beam Tracing Time (seconds)

DF-R DF-L_P
B C D

DF-RDF-L_P_ DF-R DF-L P

Figure11: Beamtracingtimeswith differenttraversalalgorithms
andterminationcriteria.

The relative value of the priority-driven approachdependson
thegeometrigpropertieof the ervironment.For instanceall early
reflectionpathsto the recever point ‘B,” which wasplacedin the
sameroomasthe source requiredlessthanor equalto 3 specular
reflections,andthe longestpathwasonly 623 inches. Theserela-
tively tight terminationcriteriawereableto boundthe compleities
of the depthfirst searchalgorithms sothe speedupf the priority-
drivenalgorithmis only around2.6xoverthenext best.In contrast,
for recever point ‘D,” someearlyreflectionpathsrequiredup to 7
speculareflectionsandthe longestearly reflectionpathwas1046
inches. In this case the priority-driven algorithmis far more effi-
cient(speedups 4.3x) asit directsthe beamtracingsearcttowards
thereceverpointalmostimmediatelyrathethancomputingpeams
extendingradially in all directions.

The benefitsof directedsearchareshavn visually in Figure12,
which containstwo imagesof 10,000beamgpink) tracedin a 2D
mapof Bostonfrom asourcepoint(square}o two differentrecever
locations(circles).In this casethedistanceheuristicdirectsbeams
towardseachreceverlocationenablingt to find comple reflection
paths(blue).

Figure 12: Visualizationof beamstracedfor different recever
pointswith priority-drivenbeamtracing.

8.2 Bidirectional Beam Tracing Results

To testtherelative benefitsandcostsof thebidirectionalbeantrac-
ing algorithmdescribedn Section5, we ran a seriesof testswith
comparableunidirectionaland bidirectionalbeamtracing imple-
mentationson an SGI workstationwith a 195MHz R10000pro-
cessaor

In eachsetof tests,we computedall speculareflectionpaths
from a sourcepoint (labeled'A’) to one of threerecever points



(labeled'B,’ ‘C,” and‘D’) up to a specifiedmaximumnumberof
reflections(‘R’) in the 3D model shawn in Figure 10. The uni-
directionalalgorithmconstructed singlebeamtreecontainingall

pathswith up to R speculareflectionsfrom the sourcepoint, and
thenit reporteda speculareflectionpathfor eachbeamcontain-
ing the specifiedrecever point. In contrastthe bidirectionalalgo-
rithm constructedwo beamtreesfor eachsource-receer pair, the
first containingbeamsupto R/2 + 1 speculareflectionsfrom the
source,and the secondcontainingbeamsup to R/2 speculare-
flectionsfrom therecever. Thetwo beamtreeswerecombinedto
find all Rth-orderspeculareflections.In this experiment,the uni-
directionalandbidirectionalalgorithmsfind exactly the samesetof
pathswith upto R speculareflections.The goalof the experiment
is to determinewhich algorithmtakeslesstotal computatiortime.

Tablel containsstatisticscollectedduringthesetests.Fromleft
to right, the first column (labeled‘P’) lists which recever point
was used. The secondcolumn (labeled‘R’) indicatesthe maxi-
mum numberof speculareflectionscomputed.Then,for boththe
unidirectionalandbidirectionalalgorithms therearethreecolumns
which shav the times(in secondsyequiredto computethe beam
trees(“Beam Time”), find the reflectionpaths(“Path Time”), and
the sumof thesetwo (“Total Time”). Finally, the lastcolumn (la-
beled*Speedup”)iststhetotaltime for unidirectionabeamtracing
algorithmasaratio over thetotal bidirectionalbeamtracingtime.

Unidirectional Bidirectional
Beam | Path Total Beam | Path [ Total Speed
P|R Time | Time Time Time | Time | Time Up
B[ 3 202 | 001 2.03 1.04 | 0.03 1.07 1.9
4 5.79 0.03 5.82 2.55 0.10 2.65 2.3
5 15.01 0.07 15.08 4.23 0.50 4.73 3.5
6 31.53 0.14 31.66 8.02 1.31 9.33 3.9
7 60.26 | 0.24 60.50 || 11.95| 4.43 | 16.39 5.0
8 100.82 | 0.41 | 101.22 || 21.12 | 9.52 | 30.64 4.8
Cc| 3 203 ] 0.01 2.03 096 | 0.01 0.98 2.1
4 581 | 0.01 5.82 249 | 0.04 2.54 2.3
5 14.83 0.02 14.86 3.92 0.20 4.12 3.8
6 31.38 0.05 31.42 7.82 0.54 8.37 4.0
7 60.82 | 0.08 60.90 || 11.23 | 1.97 | 13.20 5.4
8 100.89 | 0.14 | 101.03 || 20.56 | 4.13 | 24.69 4.9
D[ 3 2.03 | 0.00 2.03 062 | 0.01 0.62 3.3
4 581 | 0.01 5.81 217 | 0.03 2.20 2.7
5 14.94 0.01 14.95 2.47 0.12 2.59 6.0
6 31.88 0.02 31.90 6.24 0.29 6.53 5.1
7 60.31 0.04 60.35 7.10 0.92 8.02 8.5
8 100.68 | 0.06 | 100.75| 16.27 | 1.83 | 18.10 6.2

Tablel: Bidirectionalbeamtracingstatistics.

Theresultsof this experimentshav thetrade-ofs of thebidirec-
tional approachvery clearly First, comparingthe “Beam Times”
in Table 1, we seethat the bidirectionalalgorithm spendssignif-
icantly lesstime tracing beamsthanthe unidirectionalalgorithm.
This is becauseét constructsbeamtreeswith lessdepth,thereby
avoiding the worst partof the exponentialgrowth. A visualization
of thiseffectappears$n Figure13,whichshavs acomparisorof 2D
beamsdraced(a) unidirectionallyand(b) bidirectionallyto find the
samereflectionpaths(shawvn in blue). Notehow mary morebeams
aretracedin the unidirectionalcase.Secondcomparingthe “Path
Times] we seethatthebidirectionalalgorithmspendsignificantly
moretime generatingeverberationpaths. This is becausét must
performintersectiontestsfor eachpair of beamgeflectingoff the
samesurface. Overall, the bidirectionalbeamtracingalgorithmis
significantlyfasterthantheunidirectionallgorithm,with speedups
rangingfrom 4.8xto 6.2xfor 8 speculareflectionsn theseexperi-
ments.

(a) Unidirectional
(59,069beams)

(b) Bidirectional
(15,078pink beamst 24,665blue beams)

Figure 13: Visualizationof beamstracedto find specularreflec-
tion pathsbetweerpointsP1andP2with (a) unidirectionaland(b)
bidirectionalmethods.The beamsemanatingrom locationP1 are
shavn in pink, while theonesfrom P2areshavn in cyan. Theblue
linesrepresenspeculareflectionpaths.

8.3 Amortized Beam Tracing Results

We studiedthe trade-ofs of the amortizedbeamtracingapproach
describedn Section6 by runninga setof testsin which consera-
tive beamsweretracedfrom sourceregionswith varying sizesto
find speculareflectionpathsbetweena sourcepoint (labeled'A’)
andoneof the threerecever points (labeled'B,” ‘C, and‘D’) in
the3D modelshavn in Figure10.

During eachtest,cubeswith width “Box Size”wereconstructed
aroundboththe sourcepoint andoneof therecever points. Then,
thefollowing threestepswereusedto computespeculareflection
pathsbetweerthetwo points.

1. Traceconserative beamsfrom both sourceregionsup to 3
speculareflections.

2. Combinethe beamsto form polygon sequencegontaining
potentialpathswith upto 5 speculareflections.

3. Processhepolygonsequencew find all valid 5th-orderspec-
ularreflectionpathsfrom the sourcepointto therecever.

Table2 shawvstimes(in secondsjneasurediuringeachtest. The
first column (“P") lists the recever point, and the second(“Box
Size”) indicatesthe sourcebox width in inches. The next four
columnsshaw thetimesrequiredfor beamtracing(“BeamTime"),
polygonsequenceonstruction*Seq Time”), andpathgeneration
(“Path Time”), respectiely. The columnlabeled“Amort Time”
representshe averagewall-clock time requiredfor the amortized
algorithmto computeall 5th-orderspeculareflectionpathsfrom
the sourceto the recever at even intervals separatedy 1/2 inch,
while the lastcolumn(labeled‘Speedup”)lists the speedupf the
amorizedbeamtracingalgorithmascomparedo the bidirectional
algorithmdescribedn theprevioussection(i.e., “Box Size” = 0).

Scanningdown the rows of the table,we seethatthe timesre-
quiredfor all threestepsincreasewith larger sourceregions, first
slowly, andthenveryrapidly. Thisgrowth patternrmatcheshenum-
berof beamdracedin eachtest.As the sourceregion grows larger,
alargerportionof thespacecanbereachedy reflectionpaths and



Box || Beam | Seq Path Amort
P | Size || Time | Time | Time Time | Speedup
B 0 4.2 0.48 | 0.004 || 4.691 1.0
2 4.6 0.57 | 0.006 2.593 1.8
4 5.1 0.64 | 0.006 || 1.423 3.3
8 5.9 0.81 | 0.008 0.840 5.6
16 8.9 1.48 | 0.013|| 0.651 7.2
32 83.3 5.89 | 0.054 || 2.787 1.7
C 0 3.9 0.20 | 0.001 || 4.116 1.0
2 4.3 0.23 | 0.001 || 2.264 1.8
4 4.6 0.27 | 0.002 1.214 3.4
8 5.4 0.39 | 0.005|| 0.730 5.6
16 8.2 0.73 | 0.012 0.561 7.3
32 13.9 3.07 | 0.049 0.531 7.8
D 0 25 0.12 | 0.000 || 2.597 1.0
2 2.7 0.12 | 0.000 1.405 1.8
4 2.8 0.14 | 0.001 0.739 35
8 3.4 0.20 | 0.001 || 0.448 5.8
16 5.2 0.35 | 0.004 || 0.344 7.5
32 10.1 | 155 | 0.021|| 0.364 7.1

Table2: Amortizedbeamtracingstatistics.

more beamsmust be traced(seeFigure 14). Accordingly more
polygonsequenceareconstructedandthey all mustbe processed
for eachpath generationstep. We mustbe carefulnot to choose
sourceregionsthat are so big thatthe resultingbeamtreeandthe
list of polygonsequencearegrosslyover-approximating.

The benefitsof conserative beamtracingare reapedby amor
tization asthe beamtreesand polygon sequencesre re-usedfor
moreandmorenearbyavatarlocationsasthe sourceregionsgrow.
Theresultof this trade-of betweenextra processingrersusamor
tization is shawn in the right-mostcolumn of the table (labeled
“Speedup”).In this experiment,we seethatthe competingfactors
arebalancednostadwantageouslyvhenthe box sizeshave width
aroundl16 inches.In this case the conserative beamsdo not over
estimateexact onesby too much,andthusthey requireonly 2.1x
moretime to computewhile thebenefitsof amortizatiorcanbere-
alizedover 16 distinctavatarlocationsseparatethy 1/2 inch asthe
avatarwalksfrom the centerof the box, resultingin aneffective 7x
speedup.

(a)Box Size=0
(4,686beams)

(c) Box Size= 32
(12,242beams)

Figurel4: Beamdracedfor upto 2 reflectiondrom sourceregions
of differentsizescenteredatpoint‘A.’

8.4 Time-Critical Multiprocessing Results

We studiedthe time-critical multiprocessingaspectsof our sys-
tem by runningtestswith multiple avatarsmoving simultaneously
through a virtual ervironment (shavn in Figure 15) while log-
ging statisticsregardingthe systems performance.During these
tests eachof four avatarsmoved autonomouslyalonga pathwhich

causedt to passvery closeto otheravatarssometimesandto wan-
deraloneatothers.

(@) T=65

(b) T =90

Figurel5: Visualizationof adaptve real-timebeamtracing(circles
represenhumberof beamtreenodes).

Figure16 containsa plot indicatingthe numberof nodesin each
of four avatars’beantreesduringatestexecutingonanSGI Onyx2
workstationwith 4 195MHz R10000processorsEachof the four
cunesrepresenta single avatar andthe vertical position of the
curwe at every time stepindicatesthe amountof computationthe
systemis expendingupdatingthe beamtreefor the avatar Figure
15 shavs the statusof thesimulationat (a) T=65and(b) T=95. For
visualizationpurposesthe radiusof the circle aroundeachavatar
in theseimagesmatcheghe correspondingpeightin theplot.
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Figurel6: Plotof numberof nodesin thebeamtreefor eachavatar
shaving adaptve real-timebeamtracing.

The plot clearly shawvs the adaptve andtime-critical naturesof
ourmultiprocessingystem.n somesituationssuchastheoneoc-
curringat T=65,two avatarsarein closeproximity, while theothers
areoff by themseles. Accordingly thesystemallocatesnostof its
resources$o computingbeamtreesfor thosetwo avatars(blue and
purple)asthey interact(i.e., theblueandpurplelinesarerelatively
high). At othertimesin the simulation,differentavatarsareinter-
actingandthe systemadaptdynamically Yet, the total numberof
beamsracedfor all avatars(i.e.,thesumof the heightsfor all lines
in the plot) remainsapproximatelyconstantacrossall time steps.
This featurereflectsthe time-critical natureof our real-timealgo-
rithm.

9 System Limitations

Our systemis a researclprototype,andit hasseveral limitations.
First, the 3D model mustcompriseonly planarpolygonsbecause
we do not modelthe transformationgor beamsasthey reflectoff
curwedsurfaces.Nor do we tracebeamsalong pathsof refraction,
diffraction, or diffusereflection,which arevery importantacousti-
cal effects. However, we think thatthe conserative beamtracing
approachmay be anappropriatéramevork for extendingour sys-
temto handlethesesituations.



Second,our methodsare only practicalfor coarse3D models
without highly facetedsurfaces,suchas the onesoften found in
acousticmodeling simulations. The difficulty is that beamsget
fragmentedby cell boundariesas they are tracedthrougha cell
adjaceng graph. For this reason,we are not optimistic that our
implementatiorcan be easilyadaptedo modellight transportfor
photorealistidmagesynthesis.However, the algorithmsprobably
canbeappliedeffectively in otherapplicationareaoncernedvith
simulationof wave phenomenée.g.,radiofrequeng propagation).

Third, the majoroccludingandreflectingsurfacesof the virtual
ervironmentmust be static throughthe entire execution. If ary
acousticallysignificantpolygonwere to move, the cell adjaceng
graphwould have to be updatedncrementally

Finally, ourimplementatiordoesnotincludesophisticateanod-
elsfor acousticateflectancelistribution functionsor for direction-
ality of audiosourcesandrecevers.For instancewe currentlyrep-
resentthe reflectanceof eachsurfacewith an angle-independent
andfrequeng-independenabsorptioncoeficient. However, since
we computereverberationpathsexplicitly, addingtheseauraliza-
tion featureds relatively straight-forvard.

10 Conclusion

In thispaperwe have describedhreebeantracingalgorithmswell-
suitedfor geometricacoustianodelingin adistributedvirtual envi-
ronmentsystem.Thesealgorithmsoffer two importantadantages
over previousapproachesl) they aremuchfasterand?2) they sup-
portreal-timecomputing.

To summarizehe speedupesults the priority-driven algorithm
acceleratesearchegor early reflectionpathsby 2.6x — 4.3x; the
bidirectional approachruns 4.8x — 6.2x fasterthan a compara-
ble unidirectionalalgorithm;and,amortizecheamtracingachieres
speedup®f 7.2x — 7.5x. Moreover, our multiprocessingsystem
achieves nearlylinear speedupg$or up to at leastfour processors.
Overall, the speedupachiered combiningall thesealgorithmsis
approximatelytwo ordersof magnitudeover previous beamtrac-
ing systems.

Our adaptve multiprocessingsystemutilizes thesenev beam
tracingalgorithmsto supportmary featureessentiafor areal-time
system,including time-critical updates gracefuldegradation,and
adaptve refinementMoreover, the systemperformsasynchronous
beamtracing computationswhile reverberationpathsare gener
ated, and even extrapolated,at very high updaterates. Overall,
our systemis ableto matchtheaccurag of mary previousoff-line
acoustiamodelingsystemsawvhile executingin real-time.
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