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Abstract

Geometricacousticmodelingsystemspatializesoundsaccoding to reverbeation pathsfroma soundsource to

a receiverto give an auditory impressionof a virtual 3D environment.Thesesystemsre usefulfor concerthall

design,teleconfeencing training and simulation,and interactive virtual environmentsin manycasessud as
in an interactivewalkthroughprogram, the reverberation pathsmustbe updatedwithin strict timing constaints
— eg., asthe soundreceivermovesunderinteractive control by a user In this paper we describea geometric
acousticmodelingalgorithmthatusesa priority queueto tracepolyhedal beamsepresentingeverbeation paths
in best-fist order up to someterminationcriteria (e.g., expiredtime-slice) Theadvantae of this algorithmis that
it is more likely to find the highestpriority reverbeation pathswithin a fixedtime-slice avoidingmanygeometric
computationsor lower-priority beams.Yet, ther is overheadin computingpriorities and manajing the priority

queueThefocusof this paperis to studythetrade-ofs of the priority-drivenbeantracingalgorithmwith different
priority functions.During experimentssomputingreverbeation pathsbetweera souce and a receiverin a 3D

building ervironmentwefind that priority functionsincorporating more accuiate estimate®f souce-to-eceiver
pathlengthare more likelyto find early reverbeation pathsusefulfor spatialization gspeciallyin situationswhee
thesouceandreceivercannotread ead otherthroughtrivial reverbeation paths.However, whenreceives are
addedto theervironmentsud thatit becomesnore denselyand evenlypopulatedthis advantae diminishes.
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1. Intr oduction

Spatializedsoundgreatly enhanceghe senseof presence
in a virtual ervironmentby giving a spatial impressionof
the ervironment,a “conceptuaimageof thetype, size,and
propertiesof the actualor supposedoom”! By simulating
real world acousticsmore accurately the “audio realism”
of the ervironmentis improved, andas a resultthe feeling
of immersionincreases.Exampleapplicationsncludecon-
certhall design,architecturalCAD, teleconferencingrain-
ing andsimulation,warningandguidancesystemsdisplays
for thevisually handicappedijlm soundediting,andmulti-
playergames.

Geometricacousticmodeling methodsspatializesound
by convolution with an impulseresponsaepresentinghe
acousticeffect of reverberationpathsalong which sound
wavestravel from a sourceto arecever, takinginto account
reflectionstransmissionsanddiffractions.Of course there
areaninfinite numberof reverberatiorpathsin anindooren-
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vironment,someof which are psychoacousticallyery sig-
nificant (e.g. direct pathsto recevers), while othersfollow
comple sequencesf reflectionsand add little or nothing
to alisteners psychoacousticomprehensioof theenviron-
ment. The ideal goal of an acousticmodelingsystemis to
computeall the reverberatiorpathsperceptibleto alistener
However, in mary applicationssuchas an interactie vir-
tual ervironment,computationakesourcesre limited, and
thecomputatiormustbe completedn a specifiedamountof
time (e.g.,aninteractve time-slice).In thesecasesthediffi-
cultchallengés to computeacoustianodelshy finding only
themostpsychoacousticallyelevantreverberatiorpaths.

Our approachis to usepriority-driven beamtracing. The
basicideais thatbeamsrepresentingotentialsoundpaths
are tracedfrom eachsound sourcealong pathsof trans-
mission, diffraction, and speculareflectionvia a best-fist
traversalof a spatial subdvision of the ervironment. The
primary adwantageof this approachs thatthe mostsignifi-
cantbeamsareconsideredirst, enablingmethodshasedon
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progressie refinementgracefuldegradation,and dynamic
terminationcriteria. As an example,we useour methodin
anoff-line acousticsimulationprogramto computeapproxi-
mateimpulseresponsesontainingonly the mostsignificant
reverberatiorpathsquickly, ratherthancomputingexactso-
lutions, which would take an extremelylong time. We also
useit in areal-timevirtual environmentsystenthatupdates
impulseresponsewvith the highestaccurag possibleat in-
teractive ratesasa usermovesthroughtheervironment.The
priority-driven approachs critical to the succesf this ap-
plicationasit enableggoodtime-critical approximatesolu-
tionsto befoundwithin thereal-timeconstraint®f aninter-
active system.

Priority-driven beam tracing was first introduced in
Funkhouseet al 3 In this papey we studythe trade-ofs of
differentbeampriority functionsand evaluatetheir usein
anacoustionodelingsystemThe paperis organizedasfol-
lows. The next sectioncontainsa suney of previous work
in acoustionodeling.Section3 providesanoverview of our
priority-drivenbeamtracingmethod while Sectionst and5
describethe motivation andcomputationamethodsfor our
several priority functions.The resultsof experimentswith
priority-driven beamtracingin a real-timeacousticmodel-
ing systemappeain Section6. Section7 containsa discus-
sion of the limitations of our methodand suggestionsor
extensionsFinally, Section8 containsa brief summaryand
conclusion.

2. Previouswork

Therehasbeendecade®f work in acousticmodeling,es-
pecially in the areaof concerthall designt For instance,
several commercialCAD systemsare available that simu-
latethereverberation®f a3D architecturamodelandallow
a userto visualizethe resultsinteractiely.> ¢ 7 However, to
ourknowledge noprior systentracegathsn priority order
nor doesary provide time-criticalperformanceguarantees.

To review, prior geometricacousticmodeling methods
have beenbasedn thefollowing four approachest) image
sourcemethods?) raytracing,3) radiantexchangemethods,
and4) beamtracing.

2.1. Image sourcemethods

Imagesourcemethodd ° computespeculareflectionpaths
by consideringirtual soucesgeneratedhy mirroringthelo-
cationof theaudiosourceover eachpolygonalsurfaceof the
ervironment.Thekey ideais thatadirectpathfrom eachvir-
tual sourcehasthe samedirectionalityandlengthasa spec-
ular reflectionpath. Thus, specularreflectionpathscan be
modeledup to ary orderby recursve generatiorof virtual
sourcesThismethods simplefor rectangularooms8 How-
ever, in generalen/ironments,O(NR) virtual sourcesmust
be generatedor R reflectionsover N polygons.Moreover,
for every new receier location, eachof the O(NR) virtual

sourcesmust be checled to seeif it is visible to the re-
cewer, sincethe speculareflectionpath might be blocked
by anotherpolygon or intersecta mirroring plane outside
ary polygon? As a result,this methodis practicalonly for
computingvery few specularreflectionsin simple environ-
ments.

2.2. Ray tracing

Raytracingmethod&? 11 find reverberatiorpathsbetweera

sourceandrecever by generatingaysemanatingrom the

sourcepositionandfollowing themthroughtheervironment
until an appropriatesetof rayshasbeenfound thatreacha

representationf therecever position.Althoughthesemeth-

odsarevery generabndsimpleto implementthey aresub-

ject to aliasing artifacts as the spaceof rays leaving the

sourcels sampleddiscretely Also, ray tracingis very com-

puteintensie, usuallytaking hoursto computeanimpulse
responsén acomple ervironment.ln work very relatedto

ourown, YagelandMeeler'2 have investigatedaccelerating
a ray tracingalgorithmfor illumination by processingays

in priority order consideringfactorssuchasintensity ob-

ject compleity, andsurfacepropertiesThey concludethat

by usinga priority-driven methodthey areableproducean

imagewhichis closeto afinal imagemuchfasterthanwhen

usingtraditionalray tracingmethodsBecause large num-

berof raysmaybein thepriority queueatary giventimethe

memoryrequirementaresubstantia(they give amaximum
of 192,000raysfor a 256 by 256 image).They found that

little extratime wasrequiredfor the priority-driven method
(aboutb % for oneparticularscene).

2.3. Radiant exchangemethods

Radiantexchangemethodsconsiderevery polygon of the

ervironment a potential emitter and reflector of acoustic
enepy.13 141516 Conceptuallyfor every pair of polygons,
A andB, aform factoris computedvhichmeasurethefrac-

tion of the enegy leaving polygon A that arrives at poly-

gonB. This approaclyieldsasetof simultaneougquations
which aresolvedto obtaintheradiantenegy for eachpoly-

gon. Priority-driven approachessuchasprogressie refine-

mentradiosity'” andimportance-drien radiosity!® are pos-

sible. However, it is very difficult to modelacousticphase
accuratelywith radiantexchangemethodswithout substruc-
turing polygonsto a very fine mesh,andthuswe choosenot

to usethesemethodsn our system.

2.4. Beamtracing

Beam tracing method® classify reflection paths from a
sourceby recursvely tracingpyramidalbeamg(i.e., setsof
rays) throughthe ervironment.A set of pyramidal beams
is constructedhat 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 intersectingpolygons are detected the original beam
is clipped to remove the shadwv region, a transmission
beamis constructedmatchingthe shadw region, and a

reflectionbeamis constructedoy mirroring the transmis-
sion beamover the polygons plane (seeFigure 1). This

methodhasbeenusedin a variety of applicationsjnclud-

ing acousticmodeling® 2122 23 24 j[lJuminatior? 26 27.19.28

radiopropagatioff: 39, andvisibility determinatior$t 32

reflection

beam transmission

beam

Figure 1: Beamtracingmethod

The primaryadwantageof beamtracingis thatit takesad-
vantageof spatial coherenceas eachbeamrepresentsan
infinite numberof potentialray pathsemanatingfrom the
sourcelocation. It also doesnot suffer from the sampling
artifacts of ray tracing?® or the overlap problemsof cone
tracingt4 35, sincethe entire 2D spaceof directionsleav-
ing the sourcecan be covered by beamsexactly. The pri-
marydisadwantages thatthe geometricoperationgequired
to tracea beamthrougha 3D model(i.e., intersectionand
clipping) arerelatively comple, aseachbeammay be re-
flectedand/orobstructedy several surfaces Although ses-
eral methodshave beenproposedto male thesegeomet-
ric computationsmore efficient, including onesbasedon
BSP-tree®, cell adjaceng graphdt 30.21.3.32 |ayersof 2D
triangulation®®, and medialaxis approximation® 1437 no
prior work hasevaluatedhecostsandbenefitof re-ordering
the beamtracingcomputatiorto accountfor relative priori-
ties.

3. Priority-dri venbeamtracing method

The priority-driven methodpresentedn this paperis based
on the beamtracing method describedby Funkhouseret
al2t3 and extendedby Tsingoset al.3® Beamsare traced
fromthepositionof eachsourcealongpathsof transmission,
speculareflectionanddiffractionvia abest-firstraversalof
anadjacenyg graphof polyhedralcells.

Throughouthetraversal,apriority queuestoreshesetof
beamsto be tracedsortedaccordingto a priority function
Initially, the priority queuecontainsonly one beamrepre-
sentingtheentirespaceansidethecell containingthesource.
Then, during eachof mary iterations,the highestpriority
beamB is removed from the priority queueandtracedinto
adjacentellsasfollows:

e transmission beams: For eachfaceF on the boundary
of C andintersectedby B, apyramidaltransmissiobeam

(© TheEurographic#\ssociationandBlackwell Publisher2000.

is formedwhoseap« is the sourceof B andwhosesides
passhroughtheedgesf F N B. Thisnew beamBTr rep-
resentsoundraystraveling alongB thattransmitthrough
F into thecell whichis adjacento C across-.

e specularreflectionbeams:For eachreflectve faceF in-
tersectecby B, a reflectionbeamis createdin the same
manney but with the apex mirrored over the plane sup-
portingF. Thisnew beamBR: representsoundraystrav-
eling alongB thatreflectspecularlyoff of F andbackinto
cellC.

o diffraction beams:For eachedgeE sharedoy two non-
transparentaceson theboundaryof C andintersectedy
B, a diffraction beamis formedwhosesourceis the line
segmentdescribinge andwhosepolyhedralextent con-
tainsa coneof potentialdiffraction pathsin the shadev
region describedby the GeometricalTheory of Diffrac-
tion (GTD).3839, This nev beamBDg representsound
raystravelingalongB thatdiffractarouncE into ashadev
region.

As beamsarecreatedthey areassignedrioritiesandin-
sertedinto a priority queue.The processontinuesuntil an
endingconditionis met, suchasa limit on the numberof
beamsor alimit onthenumberof transmissionseflections,
anddiffractions,or theendof atime slice.

An example beamtracing sequences shawvn in Figure
2 (note that for clarity beamsare shavn in two dimen-
sions,whereasthey are three-dimensionain our system).
The sequencsstartsin the cell labeledC. Then,the beam
is trimmed asit transmitsthroughfaceu into cell F, mir-
roredover faceso and p, trimmedat facet asit transmits
into cell E, anddiffractedinto the shadw region of cell D
by the lower edgeof faces. The resultingbeamscontain
all ray pathstraversingthis particularsequencef reverber
ations(oneof whichis shavn asasolid blackline).

Figure 2: Priority-driven beamtracing

After the beamshave been traced, they are used to
find reverberationpaths from each sourceto recevers.
For every beamcontaininga recever, a single reverbera-
tion pathis constructedy iteratively mirroring the source
over reflecting facesin the sequenceand by solving for
diffraction points accordingto the GeometricalTheory of
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Diffraction38 3° For eachsuchpath,the source-receerim-
pulseresponsés updatecby addingonepulse whosedelay
is determinedby | /c (with | the length of the pathandc
the speedof sound),and whoseamplitudeis computedby
thecombinedattenuatiordueto pathlength,surfaceabsorp-
tion, wedgediffractions,sourcedirection,etc. (seeFigure3
for anexampleimpulseresponse)Finally, the resultingim-
pulseresponsesare usedasconvolution filters to spatialize
audiosignalsaccordingto the computedreverberationde-
tweensourcesandreceversin the ernvironment.See?! 3.39
for moredetails.

4. Assigningpriorities to beams

The primary issuein implementingour priority-driven ap-
proachis selectinga “priority function” which ordersbeams
by assigninghema priority value.The function shouldas-
signahigherpriority to beamswvhichleadto psychoacousti-
cally moresignificantreverberatiorpaths e.g.,shorterpaths
with lessattenuationIn Funkhouseet al.3 we useda func-
tion basedn apredictedpathlengthfrom sourceto recever.
In this paper we investigatethis priority function and sev-
eralothers,andanalyzetheir performanceOur motivations
for choosingpriority functionsarebasedn simplepsychoa-
cousticprinciples,asfollows:

e find many early reverberation paths:

Following acceptegbracticeof theacousticditerature we

aim to find mary early reverberationpaths.Early rever

berationsare the onesthat arrive within the first tg mil-

lisecondsof the impulseresponsewhen the density of

reverberationds low enoughthatthe humanearis able

to distinguishindividual paths(lessthan2,000reflections
persecondy? Theseearlyreverberationprovideahuman
listenemwith mostof thespatialinformationaboutanervi-
ronmentbecausef theirrelatively high strengthsrecog-
nizabledirectionalitiesanddistinctarrival timeg' 42 43 44
(seeFigure3).

early reverberations late reverberations

t

St

amplitude

time delay

Figure 3: Early andlate reverbeations.

In the late reverberationphase whenthe soundhasre-
flectedoff mary surfacesin theervironment,theimpulse
responseesemblesnexponentiallydecayingnoisefunc-
tion with overall low power*! andwith sucha high den-
sity that the ear is no longer able to distinguishthem
independently® Consequentllike mary othergeomet-
ric acousticmodeling systemswe focus on computing

only early reverberationsand we model late reverbera-
tionswith statisticalapproximationge.g.45 46).

o find the highestamplitude paths:
In caseswvherewe arenot ableto find all early reverber
ation paths,we aim to find the oneswith highestampli-
tude. By discardingthe lowestamplitudepulses.the er
ror in power betweerthe resultingimpulseresponsend
the true (real life) impulseresponses minimized. Also,
higheramplitudereverberationsare morelikely to mask
lower amplitudeones,makingthe lower amplitudeones
inaudible”

5. Priority functions

The goal of our work is to devise a priority function, f(B),
that can be usedto order the computationof beamseffi-
ciently, while capturingthe essencef thesepsychoacoustic
principles.In our case eachbeamB represents sequence
of transmissionsgliffractions,and speculareflections,and
thuswe canuseinformationrelatedto the predictedength
and attenuatiorof pathsrepresentedby the beamto guide
our priority-drivenalgorithm.Sofar, we have experimented
with thefollowing priority functions:

e traversedpath length
This priority function returnsan estimateof the length
of the shortestreverberationpathtraveling alongthe se-
quenceof transmissionsieflections,anddiffractionstra-
versedby the beam.Specifically for sequencemcorpo-
ratingonly transmissionandspeculareflectionswe can
quickly find the length of the shortestpossiblepath by
computingthe distancefrom the sourceof the beamto
theclosespointonthelastcell boundarytraversedoy the
beam.Forinstancejn Figure4, thetravesedpathlength
of thebeambg is thelengthof theline from thesourceSto
the boundaryP betweercell C andcell F. For sequences
alsoincluding diffraction, the computationis performed
piecavise, startingwith the distancefrom the beamvir-
tual sourceto the first diffracting edge,addingthe dis-
tanceshetweerevery sequentiapair of diffractingedges,
andendingwith thedistancdrom thelastdiffractingedge
to the cell boundarylasttraversedby the beam.The mo-
tivation behindthis function is to tracebeamsin an or-
derexpandingapproximatelysphericallyfrom thesource,
causinggarlierreverberatiorpathsto befoundbeforelater
ones.

e remaining path length
This priority function returnsan estimateof the straight
“asacrow flies” distancebetweerthecell boundarnyP last
traversecby thebeamandtherecever closesto P. Foran
example,considerFigure5 in whichthe sourceis labeled
Sandthereceveris labeledR, andthelastcell boundary
traversedby thebeambs is labeledP. In this casethere-
maining path lengthfor beambs is the distancefrom P
to recever R. The motivation behindthis algorithmis to
give beamsnearrecevers higher priority. Beamstraced
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traversed path length

Figure 4: Travessedpathlengthfor beambs

with this priority functionoughtto reachregionscontain-
ing receversmorequickly thanthe otherfunctions.

traversed path length

remaining path length

Figure 5: Remainingpathlengthfor beambs

e potential path length
This priority function returnsa conserative estimateof
the total length of the shortestreverberationpath from
the sourceto arecever. It is computedasthe sumof the
traversedpath lengthandthe remainingpath length (as
describedabore). The motivation behindthis functionis
to orderbeamsaccordingto how quickly soundtraveling
along a pathinside the beamcanreacha recever. The
beamstendto expandin an ellipsoidal patternfrom the
source wherethe foci of the ellipsoid correspondo the
locationsof the sourceandtheclosestrecever.

e attenuation
This priority functionreturnsthe minimumattenuatiorof
soundtraveling alongthe beam.We modelthe minimum
attenuatiorby dividing the traveisedpath length by the
productof the attenuationcoeficients for all reflecting
andtransmittingsuriacesalongthebeam(attenuatiordue
to diffractionis ignoredfor this priority functionsinceit
dependstronglyonaspecificreceverlocation).Themo-
tivation behindthis priority functionis to find the rever
berationpathswith highestamplitude.

e breadthfirst
Our final methodis to createnen beamsin breadthfirst
order Specifically we usea priority functionthatreturns
the numberof cell boundariesraversedby a beam.Note

(© TheEurographic#\ssociationandBlackwell Publisher2000.

thatfor this functiona FIFO queuecanbe usedto imple-
mentthe beamordering,ratherthana priority queue.

6. Results

We incorporatedall thesepriority functionsin the acoustic
modeling systemof Funkhousert al.3, extendedto trace
beamsof diffraction3?

To evaluatethe functions’ performancen a time-critical
ervironmentwe ranaseriesof real-timetestswith eachpri-
ority function,in which arecever travelsalonga predefined
trajectoryin a 3D virtual ervironment,anda sourceis sta-
tionaryin acentrallocation(seeFigure6). During eachtest,
anew setof beamavascomputedmanatingrom thesource
positiontwo timesper second Eachtesttook 45 iterations,
or 22.5secondsandwas run on an SGI Onyx using two
195MHZ R10000processorsyith oneprocessodedicated
to computingthe beams,and the other constructingrever-
berationpathsand computingimpulseresponses-or com-
parisonwe includeda priority functionthatreturnsrandom
values.

The 3D virtual ervironmentusedis shawvn in Figure 6.
It consistsof about50 roomsand 1800 polygons,andthe
BSPspatialsubdvision containsabout800cells.We setthe
reflectvity valueof eachsurfacein the testervironmentto
thesamevalue(80 %).

Figure 6: testervironment

The soundsourcewaspositionedin a large centralroom
(atthelocationlabeledSin Figures6 and7), andarecever
traveledalongthetrajectoryshavn asathick line in Figure
7. This pathwas chosenbecausaét includesrecever loca-
tionsboth nearby(e.g.,in the sameroom) andfar from the
source(e.g.down the hall). Differentzonesof thetrajectory
canbe characterizedy the relative position of sourceand
recever: the boundariedetweenthesezonesare shavn as
shortblackbarsonthetrajectoryin Figure7, andasvertical
linesin thegraphsof Figures8 and10.Zone3 representsit-
uationswherethe sourceandrecever arein the sameroom,
while zonesl and5 represensituationswherethey arefar
apart.Zones2 and4 fall in betweenrepresentingituations
wherethereceveris in anadjacentoomor hallway.

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

impulseresponsesOf course,to be ableto classify rever

berationsasearly or late, we musthave a reasonablesti-
mateof tg, i.e. the time whenthe pulsedensityin anim-

pulseresponseeaches2,000per second.To computesuch
an estimatefor every stepalongthe testtrajectory we first
generatedh “reference”impulseresponsdor eachrecever
positionalongthe trajectory by computingup to 2 million

beamsat eachstep,usingthe potential path length priority
function. We then countedthe numberof pulsesin eachl
msintenal afterty, in stepsof 0.5 ms. The startof thefirst
20 consecutie intervalswith 2 pulseswasusedasthe early
reverberatiorcutof time (tg). Figure8 shavs for eachstep
thedelaytime of thefirst arriving sound(ty), the 1 msinter-

vals with 2 pulses(asdots),andthe resultingvaluesfor t.

Thedelaytime correspondingo the potentialpathlengthof
the highestpriority unprocessethieam(i.e. the beamat the
headof the priority queueafter 2 million beamshadbeen
processedyvaslargerthanty at everytimestepwhich guar

anteeghatwe foundall earlyreverberations.

delay (in sec)

0 I I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20 22

time (in sec)

Figure 8: delaytime of thefirst arriving sound(ty) andcut-
off timefor early reverbeations(ts:)

We computethe power of the early reverberationf an
impulseresponséin dB) by:

n
10-log a,-2
2

wheren is the numberof pulsesanda; theamplitudeof the
ith pulse.For example,animpulseresponsavith onepulse
of amplitudel.0 hasa power of 0 dB. An impulseresponse
with no pulseswassetto have a power of -60dB.

6.1. Effect of priority function

Table 1 shaws for eachfunctionin eachzonethe average
numberof early reverberationgound, andthe averageover
thewholetrajectoryin therightmostcolumn.Table2 shavs

the averagepower of thoseearly reverberationsfor each
functionandeachzone,andthe averageover thewholetra-
jectory Thetopline in bothtablesshavs thesevaluesfor the
referencampulseresponsewhich containsall early rever

berations.

lfunc| zone— 1 2 3 4 5 avg
reference 9.7 84 341 36.2 225 222
potentialpl 70 47 221 240 122 139
traversedpl 1.6 0.0 119 224 102 92

breadthfirst 29 30 174 17.2 5.5 91
attenuation 3.0 0.7 122 190 8.6 8.6
remainingpl 0.0 05 9.7 6.4 0.0 33
random 0.0 0.0 3.0 2.6 0.2 11

Table1l: Numberofearlyreverbeationsfoundperzone and
overall avelage

|func| zone— 1 2 3 4 5 ag
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

Table 2: Powerof earlyreverbeationsfoundperzonein dB,
andovenall aveiage

Overall, examiningtheright-mostcolumnsof Tablel and
Table2, we find thatthe potentialpathlengthfunctionfinds
the mostearly reverberationwith the highestpower on av-
erage Remainingpathlengthandrandomperformworst of
all. Remainingpathlengthonly considergstimatedlistance
to therecever, andasaresultfindsmary latereverberations
andfew early ones,becauset tendsto causethe beamsto
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travel to therecever quickly, which thenspavn new beams
only in theroomtherecever is in. The otherpriority func-
tionshave performancén betweerthesetwo extremes.

Even thoughthe differencein power betweenpotential
pathlengthandbreadthfirstis small,theimpulseresponses
aresubstantiallydifferent.For example,Figure9 shaws two
impulseresponsesrom whenthe recever is in zone5 (at
t = 20), onegeneratedisingpotentialpathlength andone
using breadthfirst Their respectie powers are -18.5 and
-20.8dB, adifferenceof only 2.3dB. However, theimpulse
responsecreatedusing potential path length has 16 more
earlyreverberationsaddingsignificantlyto theacoustiam-
pression.

amplitude

amplitude

0.026 0.028 0.03 0.032 0.034 0.036 0.038
time delay

Figure 9: exampleimpulseresponse zone5 (att = 20),
createdusing(a) potentialpathlength and(b) breadtkfirst

6.2. Effect of recever location

We find that the relative performanceof priority functions
variesdependingon recever location.If we look at the re-

sultsfor eachzoneindividually, specificallyin thefar away

zonesl and5, we find thatthe benefitsof incorporatingan
estimatedlistanceo bothsourceandrecever in the priority

function (asin potentialpath length increasewith greater
distancedetweerthem.

The graphin Figure 10 shawvs for eachpriority function
(exceptremainingpath lengthandrandon) the numberof
early reverberationdound at every stepalongthe recever
trajectory Note that potential path length finds the most
early reverberationsat every step,with the largestrelative
differencewhenthereceveris faraway (in zonel).

Priority functionsthat do not usethe recever position
causeébeamdo becreatecequallyin all directionsandsince
the numberof beamsgrows exponentiallywith increasing
reverberationsthey needmary morebeamso reachthere-
ceiverasit movesfurtherfrom thesource For example Fig-
ure 11 shaws 4,000beamscreatedusingthe traversedpath

(© TheEurographic#\ssociationandBlackwell Publisher2000.
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0

Figure 10: Numberof early reverbeations for ead step
alongreceivertrajectory

lengthandthe potential path length function whenthe re-
cewveris attheendof thetrajectory Noticethatthe potential
pathlengthfunctionmostlyexaminesbeamsn thedirection
of therecever, thusmakingmore effective useof available
computationatesources.

m EEE

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 earlyreverberationsTo determinghede-
pendeng of the functions’ performanceon the numberof
beamscomputedwe testedseveral priority functionswith
two different recever 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,
and128,000Figuresl2 (a) and(b) shav for potentialpath
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length breadthfirst, attenuation andtraveisedpath length
hov mary early reverberationsverefound, with in (a) the
recever in the sameroom asthe source,andin (b) there-

ceiver at the startof the trajectory The numberof earlyre-

verberationfound in the referencempulseresponsesvas
19 and 17 respectiely. With the sourceandrecever in the
sameroom, eachfunction quickly finds all early reverbera-
tions (Figure12 (a)). But whentherecever is furtheraway,

only potentialpath lengthfinds all relatively quickly, while

the otherfunctionsspendmostof their time computinguse-
lessbeamgFigure12 (b)).

pp! —_—
breadth first ——

attenuation e ]
traversed path length —Aa— |

number of early reverberations
e
o

. . . . . . .
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Figure 12: Numberof early reverbentionsfoundasa func-
tion of the numberof beams(a) receiverin sameroomas
souce (b) receiverat start of trajectory

Fromthis we concludethatwhenthe sourceandrecever
arerelatively farapart thattheconvergencerateof ourbeam
tracingmethodfor findingall earlyreverberationsariesdra-
matically with different priority functions.Examiningthe
cune in Figure12 (b), we seethatthe potentialpathlength
functionoutperformghe otherssignificantly andwe expect
it to betheonly oneto find all earlyreverberationsn aprac-
tical amountof processingime.

6.4. Effect of priority function overhead

Herewe examinetherelative overheadf maintaininga pri-
ority queue andtheimpactof computingpriority valueson

therateatwhichbeamsanbecreatedTable3 shavsfor the
firsttestwhatpercentagef thetotaltimewasspenonqueue
managementyhat percentag®n beamcreation(which in-
cludeghepriority valuecomputation)andhov mary beams
persecondverecomputedNotethatthe breadthfirst prior-
ity functioncomputeso priority value,soit doesnotincur
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

Table 3: Percentage of total timespenton priority queueand
on creatingheamsandbeamsomputecer second

As canbeseernfrom thequeuetime% (column2 in Table
3), therelative costof maintaininga priority queues small.
The overheadfor computingpriority valuesis fairly large:
the breadth first function createsover 20 % more beams
persecondhanpotentialpathlength Neverthelesst yields
fewer early reverberationsThe low beamratesfor remain-
ing pathlengthandrandomareprobablycausedy the fact
thaton averageeachbeamspavnsfewernew beamghanthe
beamsreatedy theotherfunctions We concludethatmost
of the costof usingpriority functionsis in the computation
of priority values put thatthisis time well spentasit results
in moreearlyreverberations.

6.5. Effect of multiple recevers

All testsdiscussedso far includedone sourceand onere-

ceiver, enablingpotential path lengthto direct every beam
towardsthat one recever. However, if more recevers are
added,they all “compete” for the beamsemanatingfrom

the source,and thus we expectthat the benefitsof poten-
tial pathlengthwill diminish.To testthishypothesisweran

atestfour timeswith onesourceand2, 4, 6 and8 stationary
receversrespectiely (their locationsaremarked in Figure
13(b)). In eachtest,beamswvere computedrom the source
for 0.5 secondwuisingpotentialpathlength

We find that the relative adwantagesof potential path
lengthdecreasasthe environmentbecomesnore densely
populatedwith recevers. In our tests,the total numberof
earlyreverberationdoundto all of the2, 4,6, and8 recevers
were26,53,64,and62 respectrely. Thegrowth is lessthan
linear, andevendecreasefom 6 to 8 recevers.Thereason
is a combinationof two factors.First, potentialpathlength
hasto comparethe distancebetweera beamandevery re-
cewer for every beam,andthusthe numberof beamswhich

(© TheEurographic#\ssociationandBlackwell Publisher2000.



Min and Funkhouser AcousticModeling

canbecomputedn 0.5secondslecreasewith anincreasing
numberof recevers(3,741,3,654,3,476,and 3,327beams
for 2, 4, 6, and8 receversrespectiely). Secondthebeams
tracedwith potential path length becomelessdirectedto-

wardsspecificrecevers. For example,Figure 13 shaws the
beamscreatedin 0.5 secondshy potential path length for

2 and8 recevers. Note thatin Figure 13(b) the beamsare
spreadmore evenly aroundthe source.In the limit, when
therearemary receversin the ervironment,potentialpath

lengthresemblesraveisedpathlength andthe beamsend
to extendequallyin all directions We concludethatthe po-

tentialpathlengthfunctionis mostusefulif theenvironment
is sparselypopulated.

Figure 13: Beamscreatedin 0.5 secondsy potentialpath
lengthfor (a) 2 and(b) 8 receives

6.6. Summary of results

Overall, we concludethatpriority functionswhichincorpo-
rate estimateof the distancetraveled so far from a source
andtheremainingdistanceto arecever find moreearlyre-

verberationsespeciallywhenthesourceandrecever cannot
reacheachotherthroughtrivial reverberatiorpaths Thisad-
vantagediminishesasmorepotentialreceversareaddedo

the systemandthe environmentbecomesnoredenselyand
evenly populated.

The benefitof priority driven beamtracingis strongest
whenthe recever is not too closeto the source Whenthe
recever moves out of the sourceroom, the potential path
lengthfunctionfinds substantiallymorereverberatiorpaths.
As the recever moves further away; it eventually entersa
region whereonly potentialpath lengthfinds reverberation
paths Figure14* providesavisualizationof this effect: part
of the testenvironmentwas divided into a grid of 1 by 1
metersquaresandthe numberof reverberationpathsfrom
the sourceto a recever in the centerof eachsquarewas
counted,using 3,741 beamsfor potential path lengthand
4,572for breadthfirst (correspondindo 0.5 secondsom-
pute time). Note that becausepotential path lengthis de-
pendenton recever position, the beamswere recomputed

(© TheEurographic#\ssociationandBlackwell Publisher2000.

for eachrecever position.Thelighterasquarethemorere-
verberatiorpathswerefoundto therecever positionin that
squarelt canbeseerthatthepatternsn thesourcecoomare
similar. However, in adjacentroomsand the hallway they
startto differ, andfurther avay only potential path length
findsearlyreverberations.

7. Limitations

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

Ouracoustianodelingsystenis aresearclprototype and
it hasseverallimitations. First, theimplementatiordoesnot
include sophisticatednodelsfor acousticareflectancedis-
tribution functionsor directionalityof audiosourcesandre-
cewers.For instancewe currentlyrepresenthereflectance
of eachsurfacewith an angle-independerdnd frequeng-
independenabsorptioncoeficient. But, sincewe compute
reverberatiorpathsexplicitly, addingtheseauralizationfea-
turesis relatively straight-forvard.

Secondpur beamtracingmethodsare only practicalfor
coarse3D modelswithout highly facetedsurfaces,suchas
the onesoftenfoundin acousticmodelingsimulations.The
difficulty is that beamsget fragmentedby cell boundaries
asthey aretracedthrougha cell adjaceng graph.For this
reasonwe are not optimistic that our implementationcan
be easilyadaptedo modellight transportfor photorealistic
imagesynthesisHowever, the algorithmsprobablycanbe
appliedeffectively in otherapplicationareaconcernedvith
simulationof wave phenomenavith long wavelengthge.g.,
radiopropagation).

8. Conclusion

In this paperwe have evaluatedseveral priority functionsas
usedin a priority-driven beamtracing methodfor spatial-
izing soundin virtual ervironments.The adwantageof us-
ing a priority-driven methodis thatcomputationatesources
arespenton the psychoacousticallynostsignificantbeams,
while theoverhead®f priority managemergeenrelatively
insignificant.

We foundthatfunctionswhich incorporatean estimateof
thedistancdraveledsofarfrom asourceandof theremain-
ing distanceto a recever find more early reverberations,
especiallywhenthe sourceandrecever cannotreacheach
otherthroughtrivial reverberatiorpaths(e.g.a directpath).
Whenreceversareaddedo theernvironmentsuchthatit be-
comesmore denselyand evenly populated this advantage
diminishes.

In futurework, we planto experimentwith otherpsychoa-
cousticallymotivated priority functions, perhapselatedto
sourcevolume,recever direction,or sourcesoundonsetWe
alsohopeto performpsychoacoustiexperimentgo helpde-
terminethe impactof differentpriority functionson sound
localizationandsenseof presencén avirtual ervironment.
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