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Abstract

Geometricacousticmodelingsystemsspatializesoundsaccording to reverberation pathsfroma soundsourceto
a receiverto givean auditory impressionof a virtual 3D environment.Thesesystemsare usefulfor concerthall
design,teleconferencing, training and simulation,and interactivevirtual environments.In manycases,such as
in an interactivewalkthroughprogram, thereverberation pathsmustbeupdatedwithin strict timing constraints
– e.g., as the soundreceivermovesunder interactivecontrol by a user. In this paper, we describea geometric
acousticmodelingalgorithmthatusesapriority queueto tracepolyhedral beamsrepresentingreverberationpaths
in best-firstorderupto someterminationcriteria (e.g., expiredtime-slice).Theadvantage of thisalgorithmis that
it is more likely to find thehighestpriority reverberation pathswithin a fixedtime-slice, avoidingmanygeometric
computationsfor lower-priority beams.Yet, there is overheadin computingpriorities andmanaging thepriority
queue. Thefocusof thispaperis to studythetrade-offsof thepriority-drivenbeamtracingalgorithmwith different
priority functions.During experimentscomputingreverberation pathsbetweena source and a receiverin a 3D
building environment,wefind that priority functionsincorporating more accurateestimatesof source-to-receiver
pathlengtharemore likelyto findearlyreverberationpathsusefulfor spatialization,especiallyin situationswhere
thesourceandreceivercannotreach each otherthroughtrivial reverberationpaths.However, whenreceivers are
addedto theenvironmentsuch that it becomesmoredenselyandevenlypopulated,thisadvantage diminishes.

1. Intr oduction

Spatializedsoundgreatly enhancesthe senseof presence
in a virtual environmentby giving a spatial impressionof
theenvironment,a “conceptualimageof thetype,size,and
propertiesof theactualor supposedroom”.1 By simulating
real world acousticsmore accurately, the “audio realism”
of the environmentis improved,andasa resultthe feeling
of immersionincreases.2 Exampleapplicationsincludecon-
certhall design,architecturalCAD, teleconferencing,train-
ing andsimulation,warningandguidancesystems,displays
for thevisually handicapped,film soundediting,andmulti-
playergames.

Geometricacousticmodelingmethodsspatializesound
by convolution with an impulseresponserepresentingthe
acousticeffect of reverberationpathsalong which sound
wavestravel from asourceto a receiver, takinginto account
reflections,transmissions,anddiffractions.Of course,there
areaninfinite numberof reverberationpathsin anindooren-

vironment,someof which arepsychoacousticallyvery sig-
nificant (e.g.direct pathsto receivers),while othersfollow
complex sequencesof reflectionsandadd little or nothing
to alistener’spsychoacousticcomprehensionof theenviron-
ment.The ideal goal of an acousticmodelingsystemis to
computeall thereverberationpathsperceptibleto a listener.
However, in many applications,suchasan interactive vir-
tual environment,computationalresourcesarelimited, and
thecomputationmustbecompletedin aspecifiedamountof
time(e.g.,aninteractivetime-slice).In thesecases,thediffi-
cult challengeis to computeacousticmodelsby findingonly
themostpsychoacousticallyrelevantreverberationpaths.

Our approachis to usepriority-drivenbeamtracing.The
basicideais that beamsrepresentingpotentialsoundpaths
are tracedfrom eachsoundsourcealong pathsof trans-
mission,diffraction, andspecularreflectionvia a best-first
traversalof a spatialsubdivision of the environment.The
primaryadvantageof this approachis that themostsignifi-
cantbeamsareconsideredfirst, enablingmethodsbasedon
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progressive refinement,gracefuldegradation,anddynamic
terminationcriteria.As an example,we useour methodin
anoff-line acousticsimulationprogramto computeapproxi-
mateimpulseresponsescontainingonly themostsignificant
reverberationpathsquickly, ratherthancomputingexactso-
lutions,which would take an extremelylong time. We also
useit in a real-timevirtual environmentsystemthatupdates
impulseresponseswith thehighestaccuracy possibleat in-
teractiveratesasausermovesthroughtheenvironment.The
priority-drivenapproachis critical to thesuccessof this ap-
plicationasit enablesgoodtime-criticalapproximatesolu-
tionsto befoundwithin thereal-timeconstraintsof aninter-
activesystem.

Priority-driven beam tracing was first introduced in
Funkhouseret al.3 In this paper, we studythe trade-offs of
different beampriority functionsand evaluatetheir usein
anacousticmodelingsystem.Thepaperis organizedasfol-
lows. The next sectioncontainsa survey of previous work
in acousticmodeling.Section3 providesanoverview of our
priority-drivenbeamtracingmethod,while Sections4 and5
describethemotivationandcomputationalmethodsfor our
several priority functions.The resultsof experimentswith
priority-driven beamtracingin a real-timeacousticmodel-
ing systemappearin Section6. Section7 containsa discus-
sion of the limitations of our methodand suggestionsfor
extensions.Finally, Section8 containsa brief summaryand
conclusion.

2. Previouswork

Therehasbeendecadesof work in acousticmodeling,es-
pecially in the areaof concerthall design.4 For instance,
several commercialCAD systemsare available that simu-
latethereverberationsof a3D architecturalmodelandallow
a userto visualizetheresultsinteractively.5 � 6 � 7 However, to
ourknowledge,nopriorsystemtracespathsin priority order,
nordoesany provide time-criticalperformanceguarantees.

To review, prior geometricacousticmodeling methods
havebeenbasedon thefollowing four approaches:1) image
sourcemethods,2) raytracing,3) radiantexchangemethods,
and4) beamtracing.

2.1. Imagesourcemethods

Imagesourcemethods8 � 9 computespecularreflectionpaths
by consideringvirtual sourcesgeneratedby mirroringthelo-
cationof theaudiosourceovereachpolygonalsurfaceof the
environment.Thekey ideais thatadirectpathfromeachvir-
tual sourcehasthesamedirectionalityandlengthasa spec-
ular reflectionpath.Thus,specularreflectionpathscanbe
modeledup to any orderby recursive generationof virtual
sources.Thismethodis simplefor rectangularrooms.8 How-
ever, in generalenvironments,O� NR � virtual sourcesmust
be generatedfor R reflectionsover N polygons.Moreover,
for every new receiver location,eachof the O� NR � virtual

sourcesmust be checked to seeif it is visible to the re-
ceiver, sincethe specularreflectionpathmight be blocked
by anotherpolygon or intersecta mirroring planeoutside
any polygon.9 As a result,this methodis practicalonly for
computingvery few specularreflectionsin simpleenviron-
ments.

2.2. Ray tracing

Raytracingmethods10� 11 find reverberationpathsbetweena
sourceandreceiver by generatingraysemanatingfrom the
sourcepositionandfollowing themthroughtheenvironment
until anappropriatesetof rayshasbeenfound that reacha
representationof thereceiverposition.Althoughthesemeth-
odsarevery generalandsimpleto implement,they aresub-
ject to aliasing artifacts as the spaceof rays leaving the
sourceis sampleddiscretely. Also, ray tracingis very com-
puteintensive, usuallytakinghoursto computean impulse
responsein a complex environment.In work very relatedto
ourown, YagelandMeeker12 have investigatedaccelerating
a ray tracingalgorithmfor illumination by processingrays
in priority order, consideringfactorssuchas intensity, ob-
ject complexity, andsurfaceproperties.They concludethat
by usinga priority-driven methodthey areableproducean
imagewhich is closeto afinal imagemuchfasterthanwhen
usingtraditionalray tracingmethods.Becausea largenum-
berof raysmaybein thepriority queueatany giventimethe
memoryrequirementsaresubstantial(they giveamaximum
of 192,000raysfor a 256 by 256 image).They found that
little extra time wasrequiredfor thepriority-drivenmethod
(about5 % for oneparticularscene).

2.3. Radiant exchangemethods

Radiantexchangemethodsconsiderevery polygon of the
environment a potential emitter and reflector of acoustic
energy.13� 14� 15� 16 Conceptually, for every pair of polygons,
A andB, a form factoris computedwhichmeasuresthefrac-
tion of the energy leaving polygon A that arrives at poly-
gonB. Thisapproachyieldsasetof simultaneousequations
whicharesolvedto obtaintheradiantenergy for eachpoly-
gon.Priority-drivenapproaches,suchasprogressive refine-
mentradiosity17 andimportance-driven radiosity18 arepos-
sible.However, it is very difficult to modelacousticphase
accuratelywith radiantexchangemethodswithoutsubstruc-
turingpolygonsto averyfinemesh,andthuswechoosenot
to usethesemethodsin oursystem.

2.4. Beamtracing

Beam tracing methods19 classify reflection paths from a
sourceby recursively tracingpyramidalbeams(i.e., setsof
rays) throughthe environment.A set of pyramidal beams
is constructedthat completelycovers the 2D spaceof di-
rections from the source.For each beam, polygons are
consideredfor intersectionin order from front to back.
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As intersectingpolygonsare detected,the original beam
is clipped to remove the shadow region, a transmission
beam is constructedmatching the shadow region, and a
reflectionbeamis constructedby mirroring the transmis-
sion beamover the polygon’s plane (seeFigure 1). This
methodhasbeenusedin a variety of applications,includ-
ing acousticmodeling20� 21� 22� 23� 24, illumination25� 26� 27� 19� 28,
radiopropagation29� 30, andvisibility determination.31� 32

original
  beam

reflection
    beam transmission

      beam

S

Figure1: Beamtracingmethod

Theprimaryadvantageof beamtracingis thatit takesad-
vantageof spatialcoherence,as eachbeamrepresentsan
infinite numberof potentialray pathsemanatingfrom the
sourcelocation. It also doesnot suffer from the sampling
artifactsof ray tracing33 or the overlap problemsof cone
tracing34� 35, since the entire 2D spaceof directionsleav-
ing the sourcecan be coveredby beamsexactly. The pri-
marydisadvantageis thatthegeometricoperationsrequired
to tracea beamthrougha 3D model (i.e., intersectionand
clipping) arerelatively complex, aseachbeammay be re-
flectedand/orobstructedby severalsurfaces.Althoughsev-
eral methodshave beenproposedto make thesegeomet-
ric computationsmore efficient, including onesbasedon
BSP-trees20, cell adjacency graphs31� 30� 21� 3 � 32, layersof 2D
triangulations29, andmedialaxis approximations36� 14� 37, no
priorwork hasevaluatedthecostsandbenefitsof re-ordering
thebeamtracingcomputationto accountfor relative priori-
ties.

3. Priority-dri ven beamtracing method

Thepriority-driven methodpresentedin this paperis based
on the beamtracing methoddescribedby Funkhouseret
al.21� 3 and extendedby Tsingoset al.39 Beamsare traced
from thepositionof eachsourcealongpathsof transmission,
specularreflection,anddiffractionviaabest-firsttraversalof
anadjacency graphof polyhedralcells.

Throughoutthetraversal,apriority queuestoresthesetof
beamsto be tracedsortedaccordingto a priority function.
Initially, the priority queuecontainsonly one beamrepre-
sentingtheentirespaceinsidethecell containingthesource.
Then,during eachof many iterations,the highestpriority
beamB is removed from the priority queueandtracedinto
adjacentcellsasfollows:

� transmission beams:For eachfaceF on the boundary
of C andintersectedby B, apyramidaltransmissionbeam

is formedwhoseapex is thesourceof B andwhosesides
passthroughtheedgesof F � B. Thisnew beamBTF rep-
resentssoundraystravelingalongB thattransmitthrough
F into thecell which is adjacentto C acrossF.� specularreflectionbeams:For eachreflective faceF in-
tersectedby B, a reflectionbeamis createdin the same
manner, but with the apex mirroredover the planesup-
portingF. Thisnew beamBRF representssoundraystrav-
elingalongB thatreflectspecularlyoff of F andbackinto
cell C.� diffraction beams:For eachedgeE sharedby two non-
transparentfaceson theboundaryof C andintersectedby
B, a diffractionbeamis formedwhosesourceis the line
segmentdescribingE andwhosepolyhedralextent con-
tainsa coneof potentialdiffraction pathsin the shadow
region describedby the GeometricalTheoryof Diffrac-
tion (GTD).38� 39. This new beamBDE representssound
raystravelingalongB thatdiffractaroundE into ashadow
region.

As beamsarecreated,they areassignedprioritiesandin-
sertedinto a priority queue.The processcontinuesuntil an
endingcondition is met, suchasa limit on the numberof
beams,oralimit onthenumberof transmissions,reflections,
anddiffractions,or theendof a timeslice.

An examplebeamtracing sequenceis shown in Figure
2 (note that for clarity beamsare shown in two dimen-
sions,whereasthey are three-dimensionalin our system).
The sequencestartsin the cell labeledC. Then, the beam
is trimmedas it transmitsthroughfaceu into cell F, mir-
roredover faceso and p, trimmedat facet as it transmits
into cell E, anddiffractedinto the shadow region of cell D
by the lower edgeof faces. The resultingbeamscontain
all ray pathstraversingthis particularsequenceof reverber-
ations(oneof which is shown asasolidblackline).
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Figure2: Priority-drivenbeamtracing

After the beamshave been traced, they are used to
find reverberationpaths from each source to receivers.
For every beamcontaininga receiver, a single reverbera-
tion path is constructedby iteratively mirroring the source
over reflecting facesin the sequenceand by solving for
diffraction points accordingto the GeometricalTheory of
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Diffraction.38� 39 For eachsuchpath,thesource-receiver im-
pulseresponseis updatedby addingonepulse,whosedelay
is determinedby l � c (with l the length of the path and c
the speedof sound),andwhoseamplitudeis computedby
thecombinedattenuationdueto pathlength,surfaceabsorp-
tion, wedgediffractions,sourcedirection,etc.(seeFigure3
for anexampleimpulseresponse).Finally, theresultingim-
pulseresponsesareusedasconvolution filters to spatialize
audiosignalsaccordingto the computedreverberationsbe-
tweensourcesandreceivers in the environment.See21� 3 � 39

for moredetails.

4. Assigningpriorities to beams

The primary issuein implementingour priority-driven ap-
proachis selectinga“priority function” whichordersbeams
by assigningthema priority value.The functionshouldas-
signahigherpriority to beamswhich leadto psychoacousti-
cally moresignificantreverberationpaths,e.g.,shorterpaths
with lessattenuation.In Funkhouseret al.3 we useda func-
tion basedonapredictedpathlengthfrom sourceto receiver.
In this paper, we investigatethis priority function andsev-
eralothers,andanalyzetheir performance.Our motivations
for choosingpriority functionsarebasedonsimplepsychoa-
cousticprinciples,asfollows:

� find many early reverberation paths:
Following acceptedpracticeof theacousticsliterature,we
aim to find many early reverberationpaths.Early rever-
berationsarethe onesthat arrive within the first tst mil-
lisecondsof the impulseresponse,when the densityof
reverberationsis low enoughthat the humanear is able
to distinguishindividualpaths(lessthan2,000reflections
persecond).40 Theseearlyreverberationsprovideahuman
listenerwith mostof thespatialinformationaboutanenvi-
ronment,becauseof their relatively highstrengths,recog-
nizabledirectionalities,anddistinctarrival times41� 42� 43� 44

(seeFigure3).

am
pl

itu
de

time delay

       late reverberations    early reverberations

tst

Figure3: Early andlate reverberations.

In the late reverberationphase,when the soundhasre-
flectedoff many surfacesin theenvironment,theimpulse
responseresemblesanexponentiallydecayingnoisefunc-
tion with overall low power41 andwith sucha high den-
sity that the ear is no longer able to distinguishthem
independently.40 Consequently, like many othergeomet-
ric acousticmodelingsystems,we focus on computing

only early reverberations,and we model late reverbera-
tionswith statisticalapproximations(e.g.45� 46).� find the highestamplitude paths:
In caseswherewe arenot ableto find all early reverber-
ation paths,we aim to find the oneswith highestampli-
tude.By discardingthe lowestamplitudepulses,the er-
ror in power betweentheresultingimpulseresponseand
the true (real life) impulseresponseis minimized.Also,
higheramplitudereverberationsaremorelikely to mask
lower amplitudeones,makingthe lower amplitudeones
inaudible.47

5. Priority functions

Thegoalof our work is to devisea priority function, f � B� ,
that can be usedto order the computationof beamseffi-
ciently, while capturingtheessenceof thesepsychoacoustic
principles.In our case,eachbeamB representsa sequence
of transmissions,diffractions,andspecularreflections,and
thuswe canuseinformationrelatedto the predictedlength
andattenuationof pathsrepresentedby the beamto guide
our priority-drivenalgorithm.Sofar, we have experimented
with thefollowing priority functions:

� traversedpath length
This priority function returnsan estimateof the length
of the shortestreverberationpathtraveling alongthe se-
quenceof transmissions,reflections,anddiffractionstra-
versedby the beam.Specifically, for sequencesincorpo-
ratingonly transmissionsandspecularreflections,wecan
quickly find the length of the shortestpossiblepath by
computingthe distancefrom the sourceof the beamto
theclosestpointonthelastcell boundarytraversedby the
beam.For instance,in Figure4, thetraversedpathlength
of thebeamb3 is thelengthof theline from thesourceSto
theboundaryP betweencell C andcell F. For sequences
also including diffraction, the computationis performed
piecewise, startingwith the distancefrom the beamvir-
tual sourceto the first diffracting edge,addingthe dis-
tancesbetweenevery sequentialpairof diffractingedges,
andendingwith thedistancefrom thelastdiffractingedge
to thecell boundarylast traversedby thebeam.Themo-
tivation behindthis function is to tracebeamsin an or-
derexpandingapproximatelysphericallyfrom thesource,
causingearlierreverberationpathsto befoundbeforelater
ones.� remainingpath length
This priority function returnsan estimateof the straight
“asacrow flies” distancebetweenthecell boundaryP last
traversedby thebeamandthereceiverclosestto P. For an
example,considerFigure5 in which thesourceis labeled
Sandthereceiver is labeledR, andthelastcell boundary
traversedby thebeamb3 is labeledP. In thiscase,there-
mainingpath length for beamb3 is the distancefrom P
to receiver R. The motivationbehindthis algorithmis to
give beamsnearreceivers higherpriority. Beamstraced
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Figure4: Traversedpathlengthfor beamb3

with thispriority functionoughtto reachregionscontain-
ing receiversmorequickly thantheotherfunctions.
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Figure5: Remainingpathlengthfor beamb3

� potential path length
This priority function returnsa conservative estimateof
the total length of the shortestreverberationpath from
thesourceto a receiver. It is computedasthesumof the
traversedpath lengthandthe remainingpath length (as
describedabove). Themotivation behindthis function is
to orderbeamsaccordingto how quickly soundtraveling
along a path inside the beamcan reacha receiver. The
beamstend to expandin an ellipsoidalpatternfrom the
source,wherethe foci of the ellipsoid correspondto the
locationsof thesourceandtheclosestreceiver.� attenuation
Thispriority functionreturnstheminimumattenuationof
soundtraveling alongthebeam.We modeltheminimum
attenuationby dividing the traversedpath lengthby the
productof the attenuationcoefficients for all reflecting
andtransmittingsurfacesalongthebeam(attenuationdue
to diffraction is ignoredfor this priority functionsinceit
dependsstronglyonaspecificreceiver location).Themo-
tivation behindthis priority function is to find the rever-
berationpathswith highestamplitude.� breadthfirst
Our final methodis to createnew beamsin breadthfirst
order. Specifically, we usea priority functionthatreturns
thenumberof cell boundariestraversedby a beam.Note

that for this functiona FIFO queuecanbeusedto imple-
mentthebeamordering,ratherthanapriority queue.

6. Results

We incorporatedall thesepriority functionsin the acoustic
modelingsystemof Funkhouseret al.3, extendedto trace
beamsof diffraction.39

To evaluatethe functions’performancein a time-critical
environment,weranaseriesof real-timetestswith eachpri-
ority function,in whichareceiver travelsalongapredefined
trajectoryin a 3D virtual environment,anda sourceis sta-
tionaryin acentrallocation(seeFigure6). Duringeachtest,
anew setof beamswascomputedemanatingfromthesource
positiontwo timespersecond.Eachtesttook 45 iterations,
or 22.5 seconds,and was run on an SGI Onyx using two
195MHZ R10000processors,with oneprocessordedicated
to computingthe beams,and the otherconstructingrever-
berationpathsandcomputingimpulseresponses.For com-
parisonwe includeda priority functionthat returnsrandom
values.

The 3D virtual environmentusedis shown in Figure6.
It consistsof about50 roomsand1800polygons,and the
BSPspatialsubdivisioncontainsabout800cells.Wesetthe
reflectivity valueof eachsurfacein the testenvironmentto
thesamevalue(80 %).

Figure6: testenvironment

Thesoundsourcewaspositionedin a largecentralroom
(at thelocationlabeledS in Figures6 and7), anda receiver
traveledalongthetrajectoryshown asa thick line in Figure
7. This pathwaschosenbecauseit includesreceiver loca-
tionsbothnearby(e.g.,in thesameroom)andfar from the
source(e.g.down thehall). Differentzonesof thetrajectory
canbe characterizedby the relative positionof sourceand
receiver: the boundariesbetweenthesezonesareshown as
shortblackbarson thetrajectoryin Figure7, andasvertical
linesin thegraphsof Figures8 and10.Zone3 representssit-
uationswherethesourceandreceiver arein thesameroom,
while zones1 and5 representsituationswherethey arefar
apart.Zones2 and4 fall in between,representingsituations
wherethereceiver is in anadjacentroomor hallway.

We comparepriority functionsbasedon (1) the number
of earlyreverberations,and(2) their power in thecomputed
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Figure 7: source position and receivertrajectory, divided
into 5 zones

impulseresponses.Of course,to be able to classify rever-
berationsasearly or late, we musthave a reasonableesti-
mateof tst , i.e. the time when the pulsedensityin an im-
pulseresponsereaches2,000per second.To computesuch
an estimatefor every stepalongthe testtrajectory, we first
generateda “reference”impulseresponsefor eachreceiver
positionalongthe trajectory, by computingup to 2 million
beamsat eachstep,usingthe potentialpath lengthpriority
function. We thencountedthe numberof pulsesin each1
msinterval after td, in stepsof 0.5 ms.Thestartof thefirst
20 consecutive intervalswith 2 pulseswasusedastheearly
reverberationcutoff time (tst ). Figure8 shows for eachstep
thedelaytimeof thefirst arriving sound(td), the1 msinter-
valswith 2 pulses(asdots),andtheresultingvaluesfor tst .
Thedelaytimecorrespondingto thepotentialpathlengthof
the highestpriority unprocessedbeam(i.e. the beamat the
headof the priority queueafter 2 million beamshadbeen
processed)waslargerthantst at every timestep,whichguar-
anteesthatwe foundall earlyreverberations.
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Figure8: delaytimeof thefirst arriving sound(td) andcut-
off timefor early reverberations(tst )

We computethe power of the early reverberationsof an
impulseresponse(in dB) by:

10 � log
n

∑
i 	 1

a2
i

wheren is thenumberof pulsesandai theamplitudeof the
ith pulse.For example,an impulseresponsewith onepulse
of amplitude1.0hasa power of 0 dB. An impulseresponse
with nopulseswassetto haveapowerof -60dB.

6.1. Effect of priority function

Table1 shows for eachfunction in eachzonethe average
numberof early reverberationsfound,andtheaverageover
thewholetrajectoryin therightmostcolumn.Table2 shows
the averagepower of thoseearly reverberationsfor each
functionandeachzone,andtheaverageover thewholetra-
jectory. Thetopline in bothtablesshowsthesevaluesfor the
referenceimpulseresponse,which containsall early rever-
berations.



func � zone� 1 2 3 4 5 avg

reference 9.7 8.4 34.1 36.2 22.5 22.2

potentialpl 7.0 4.7 22.1 24.0 12.2 13.9
traversedpl 1.6 0.0 11.9 22.4 10.2 9.2
breadthfirst 2.9 3.0 17.4 17.2 5.5 9.1
attenuation 3.0 0.7 12.2 19.0 8.6 8.6
remainingpl 0.0 0.5 9.7 6.4 0.0 3.3
random 0.0 0.0 3.0 2.6 0.2 1.1

Table1: Numberof earlyreverberationsfoundperzone, and
overall average



func � zone� 1 2 3 4 5 avg

reference -21 -20 -9 -7 -14 -14

potentialpl -35 -28 -8 -9 -17 -19
traversedpl -38 -59 -14 -9 -17 -28
breadthfirst -33 -27 -9 -9 -18 -19
attenuation -38 -39 -10 -9 -17 -22
remainingpl -59 -52 -10 -16 -53 -38
random -59 -59 -27 -20 -49 -43

Table2: Powerof earlyreverberationsfoundperzonein dB,
andoverall average

Overall,examiningtheright-mostcolumnsof Table1 and
Table2, wefind thatthepotentialpathlengthfunctionfinds
themostearly reverberationswith thehighestpower on av-
erage.Remainingpathlengthandrandomperformworstof
all. Remainingpathlengthonly considersestimateddistance
to thereceiver, andasaresultfindsmany latereverberations
andfew early ones,becauseit tendsto causethe beamsto

c
�

TheEurographicsAssociationandBlackwellPublishers2000.



Min andFunkhouser/ AcousticModeling

travel to thereceiver quickly, which thenspawn new beams
only in theroomthereceiver is in. Theotherpriority func-
tionshaveperformancein betweenthesetwo extremes.

Even thoughthe differencein power betweenpotential
pathlengthandbreadthfirst is small,theimpulseresponses
aresubstantiallydifferent.For example,Figure9 shows two
impulseresponsesfrom whenthe receiver is in zone5 (at
t  20), onegeneratedusingpotentialpath length, andone
using breadthfirst. Their respective powers are -18.5 and
-20.8dB, a differenceof only 2.3dB. However, theimpulse
responsecreatedusing potential path length has16 more
earlyreverberations,addingsignificantlyto theacousticim-
pression.
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Figure 9: exampleimpulseresponsesin zone5 (at t  20),
createdusing(a) potentialpathlength, and(b) breadthfirst

6.2. Effect of receiver location

We find that the relative performanceof priority functions
variesdependingon receiver location.If we look at the re-
sultsfor eachzoneindividually, specificallyin thefar away
zones1 and5, we find that thebenefitsof incorporatingan
estimateddistanceto bothsourceandreceiver in thepriority
function (asin potentialpath length) increasewith greater
distancesbetweenthem.

The graphin Figure10 shows for eachpriority function
(except remainingpath lengthand random) the numberof
early reverberationsfound at every stepalong the receiver
trajectory. Note that potential path length finds the most
early reverberationsat every step,with the largestrelative
differencewhenthereceiver is faraway(in zone1).

Priority functions that do not use the receiver position
causebeamsto becreatedequallyin all directions,andsince
the numberof beamsgrows exponentiallywith increasing
reverberations,they needmany morebeamsto reachthere-
ceiverasit movesfurtherfrom thesource.For example,Fig-
ure11 shows 4,000beamscreatedusingthe traversedpath
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Figure 10: Numberof early reverberations for each step
alongreceivertrajectory

lengthandthe potentialpath length function whenthe re-
ceiver is at theendof thetrajectory. Noticethatthepotential
pathlengthfunctionmostlyexaminesbeamsin thedirection
of thereceiver, thusmakingmoreeffective useof available
computationalresources.

(a) (b)

Figure 11: 4,000 beamscreatedusing (a) traversedpath
length, and(b) potentialpathlength, with thereceiverat the
endof thetrajectory

6.3. Effect of more beams

We expect that given enoughbeams,every function will
eventuallyfind all earlyreverberations.To determinethede-
pendency of the functions’ performanceon the numberof
beamscomputed,we testedseveral priority functionswith
two different receiver locations,one near the sourceand
one far away, and limited the numberof beamsto 250,
500, 1,000, 2,000, 4,000, 8,000, 16,000,32,000,64,000,
and128,000.Figures12 (a) and(b) show for potentialpath
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length, breadthfirst, attenuation, andtraversedpath length
how many early reverberationswerefound,with in (a) the
receiver in the sameroom asthe source,andin (b) the re-
ceiver at thestartof the trajectory. Thenumberof early re-
verberationsfound in the referenceimpulseresponseswas
19 and17 respectively. With the sourceandreceiver in the
sameroom,eachfunctionquickly findsall early reverbera-
tions(Figure12 (a)).But whenthereceiver is furtheraway,
only potentialpath lengthfindsall relatively quickly, while
theotherfunctionsspendmostof their timecomputinguse-
lessbeams(Figure12(b)).
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Figure12: Numberof early reverberationsfoundasa func-
tion of the numberof beams,(a) receiverin sameroomas
source, (b) receiverat start of trajectory

Fromthis we concludethatwhenthesourceandreceiver
arerelatively farapart,thattheconvergencerateof ourbeam
tracingmethodfor findingall earlyreverberationsvariesdra-
matically with different priority functions.Examiningthe
curve in Figure12 (b), we seethat thepotentialpathlength
functionoutperformstheotherssignificantly, andweexpect
it to betheonly oneto find all earlyreverberationsin aprac-
tical amountof processingtime.

6.4. Effect of priority function overhead

Hereweexaminetherelativeoverheadof maintainingapri-
ority queue,andtheimpactof computingpriority valueson

therateatwhichbeamscanbecreated.Table3 showsfor the
first testwhatpercentageof thetotaltimewasspentonqueue
management,whatpercentageon beamcreation(which in-
cludesthepriority valuecomputation),andhow many beams
persecondwerecomputed.Notethatthebreadthfirst prior-
ity functioncomputesno priority value,soit doesnot incur
priority queueoverhead.

function queue beam beams/
time% time% sec

potentialpl 2.9 97.1 7,481
breadthfirst 1.6 98.4 9,143
traversedpl 3.1 96.9 7,861
attenuation 3.0 97.0 8,264
remainingpl 3.1 96.9 6,955
random 2.8 97.2 7,093

Table3: Percentageof total timespentonpriority queueand
oncreatingbeams,andbeamscomputedpersecond

As canbeseenfrom thequeuetime% (column2 in Table
3), therelativecostof maintaininga priority queueis small.
The overheadfor computingpriority valuesis fairly large:
the breadth first function createsover 20 % more beams
persecondthanpotentialpathlength. Neverthelessit yields
fewer early reverberations.The low beamratesfor remain-
ing pathlengthandrandomareprobablycausedby thefact
thatonaverageeachbeamspawnsfewernew beamsthanthe
beamscreatedby theotherfunctions.Weconcludethatmost
of thecostof usingpriority functionsis in thecomputation
of priority values,but thatthis is timewell spent,asit results
in moreearlyreverberations.

6.5. Effect of multiple receivers

All testsdiscussedso far includedonesourceandonere-
ceiver, enablingpotentialpath length to direct every beam
towards that one receiver. However, if more receivers are
added,they all “compete” for the beamsemanatingfrom
the source,and thus we expect that the benefitsof poten-
tial pathlengthwill diminish.To testthishypothesis,weran
a testfour timeswith onesourceand2, 4, 6 and8 stationary
receiversrespectively (their locationsaremarked in Figure
13(b)). In eachtest,beamswerecomputedfrom thesource
for 0.5secondsusingpotentialpathlength.

We find that the relative advantagesof potential path
lengthdecreaseasthe environmentbecomesmoredensely
populatedwith receivers. In our tests,the total numberof
earlyreverberationsfoundto all of the2,4,6,and8 receivers
were26,53,64,and62respectively. Thegrowth is lessthan
linear, andevendecreasesfrom 6 to 8 receivers.Thereason
is a combinationof two factors.First, potentialpath length
hasto comparethedistancesbetweena beamandevery re-
ceiver for every beam,andthusthenumberof beamswhich

c
�

TheEurographicsAssociationandBlackwellPublishers2000.



Min andFunkhouser/ AcousticModeling

canbecomputedin 0.5secondsdecreaseswith anincreasing
numberof receivers(3,741,3,654,3,476,and3,327beams
for 2, 4, 6, and8 receiversrespectively). Second,thebeams
tracedwith potential path length becomelessdirectedto-
wardsspecificreceivers.For example,Figure13 shows the
beamscreatedin 0.5 secondsby potential path length for
2 and8 receivers.Note that in Figure13(b) the beamsare
spreadmore evenly aroundthe source.In the limit, when
therearemany receiversin theenvironment,potentialpath
lengthresemblestraversedpath length, andthebeamstend
to extendequallyin all directions.Weconcludethatthepo-
tentialpathlengthfunctionis mostusefulif theenvironment
is sparselypopulated.

(a) (b)

Figure 13: Beamscreatedin 0.5 secondsby potentialpath
lengthfor (a) 2 and(b) 8 receivers

6.6. Summary of results

Overall,we concludethatpriority functionswhich incorpo-
rateestimatesof the distancetraveledso far from a source
and theremainingdistanceto a receiver find moreearlyre-
verberations,especiallywhenthesourceandreceivercannot
reacheachotherthroughtrivial reverberationpaths.Thisad-
vantagediminishesasmorepotentialreceiversareaddedto
thesystemandtheenvironmentbecomesmoredenselyand
evenlypopulated.

The benefitof priority driven beamtracing is strongest
whenthe receiver is not too closeto the source.Whenthe
receiver moves out of the sourceroom, the potentialpath
lengthfunctionfindssubstantiallymorereverberationpaths.
As the receiver moves further away, it eventually entersa
region whereonly potentialpath lengthfinds reverberation
paths.Figure14* providesavisualizationof thiseffect:part
of the test environmentwas divided into a grid of 1 by 1
metersquares,andthe numberof reverberationpathsfrom
the sourceto a receiver in the centerof eachsquarewas
counted,using 3,741beamsfor potential path length and
4,572for breadthfirst (correspondingto 0.5 secondscom-
pute time). Note that becausepotential path length is de-
pendenton receiver position, the beamswere recomputed

for eachreceiverposition.Thelighterasquare,themorere-
verberationpathswerefoundto thereceiver positionin that
square.It canbeseenthatthepatternsin thesourceroomare
similar. However, in adjacentroomsand the hallway they
start to differ, andfurther away only potentialpath length
findsearlyreverberations.

7. Limitations

In this section,we discusslimitations and possiblefuture
extensionsof our system.

Ouracousticmodelingsystemis aresearchprototype,and
it hasseveral limitations.First, theimplementationdoesnot
includesophisticatedmodelsfor acousticalreflectancedis-
tribution functionsor directionalityof audiosourcesandre-
ceivers.For instance,we currentlyrepresentthereflectance
of eachsurfacewith an angle-independentand frequency-
independentabsorptioncoefficient. But, sincewe compute
reverberationpathsexplicitly, addingtheseauralizationfea-
turesis relatively straight-forward.

Second,our beamtracingmethodsareonly practicalfor
coarse3D modelswithout highly facetedsurfaces,suchas
theonesoftenfoundin acousticmodelingsimulations.The
difficulty is that beamsget fragmentedby cell boundaries
asthey aretracedthrougha cell adjacency graph.For this
reason,we are not optimistic that our implementationcan
beeasilyadaptedto modellight transportfor photorealistic
imagesynthesis.However, the algorithmsprobablycanbe
appliedeffectively in otherapplicationareasconcernedwith
simulationof wavephenomenawith longwavelengths(e.g.,
radiopropagation).

8. Conclusion

In this paperwe have evaluatedseveralpriority functionsas
usedin a priority-driven beamtracing methodfor spatial-
izing soundin virtual environments.The advantageof us-
ing apriority-drivenmethodis thatcomputationalresources
arespenton thepsychoacousticallymostsignificantbeams,
while theoverheadsof priority managementseemrelatively
insignificant.

We foundthatfunctionswhich incorporateanestimateof
thedistancetraveledsofar from asource,andof theremain-
ing distanceto a receiver find more early reverberations,
especiallywhenthe sourceandreceiver cannotreacheach
otherthroughtrivial reverberationpaths(e.g.a directpath).
Whenreceiversareaddedto theenvironmentsuchthatit be-
comesmoredenselyand evenly populated,this advantage
diminishes.

In futurework,weplanto experimentwith otherpsychoa-
cousticallymotivatedpriority functions,perhapsrelatedto
sourcevolume,receiverdirection,or sourcesoundonset.We
alsohopeto performpsychoacousticexperimentsto helpde-
terminethe impactof differentpriority functionson sound
localizationandsenseof presencein avirtual environment.
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