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Abstract

This paperdescribes techniquefor approximatingsoundshatare
generatedy the motionsof solid objects.Thetechniquebuilds on
previous work in the eld of physicallybasedanimationthat uses
deformablenodelsto simulatethebehaior of thesolid objects.As
themotionsof theobjectsarecomputedtheir surfacesareanalyzed
to determinehow themotionwill induceacoustigpressuravavesin
the surroundingmedium.Our techniquecomputeshe propagation
of thosewavesto thelistenerandthenusesthe resultsto generate
soundscorrespondingo the behavior of the simulatedobjects.

CR Categories:  1.3.5 [Computer Graphics]: Computational
Geometry and Object Modeling—Physically based modeling;
1.3.7 [Computer Graphics]: Three-DimensionalGraphics and

Realism—Animation;l.6.8 [Simulation and Modeling]: Typesof

Simulation—AnimationH.5.5[InformationinterfacesandPresen-
tation]: Soundand Music Computing—Signahnalysis,synthesis,
andprocessing

Keywords:  Soundmodeling, physically basedmodeling, sim-
ulation, surfacevibrations,dynamics,animationtechniques,nite
elementmethod.

1 Introduction

Oneof theultimategoalsfor computemgraphicss to beableto cre-

aterealisticsyntheticervironmentsthatareindistinguishabldrom

reality. While enormousprogresshas beenmadein areassuch
asmodelingandrendering realizingthis broadobjective requires
morethanjust creatingrealistic staticappearancesWe mustalso
developtechniquedor makingthe dynamicaspect®f theerviron-

mentcompellingaswell.

Physically basedanimation techniqueshave proven to be a
highly effective meandor generatingzompellingmotion. To date,
several feature Ims have includedhigh quality simulatedmotion
for a variety of phenomenancluding water and clothing. Inter-
active applications suchasvideo gamesandtraining simulations,
have alsobegunto male useof physicallysimulatedmotion. While
computationalimitationscurrentlyrestrictthetypesof simulations
thatcanbe includedin real-timeapplicationsit is likely thatthese
limitations will eventually be overcomethrougha combinationof
fasterhardwareandmoreef cient algorithms.
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Figurel: Thetopimageshavs a multi-exposureimagefrom an
animationof a metalbowl falling onto a hard surface. The lower
imageshaws a spectrogranof the resultingaudiofor the rst  ve

impacts.
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Althoughthe eld of computergraphicstraditionallyfocuseson
generatingrsisuals,our perceptiorof an ervironmentencompasses
other modalitiesin additionto visual appearance Becausehese
othermodalitiesplay anintegral partin forming ourimpressiorof
real-world environmentsthegraphicsgyoalof creatingrealisticsyn-
theticenvironmentsmustalsoencompassechniquegor modeling
the perceptiorof anenvironmentthroughour othersenseskFor ex-
ample,soundplays a large role in determininghow we perceve
events,andit canbe critical to giving the user/viever a senseof
immersion.

The work presentedn this paperaddressethe problemof au-
tomaticallygeneratingphysicallyrealisticsoundgfor syntheticen-
vironments. Ratherthan makinguseof heuristicmethodsthatare
speci ¢ to particularobjects,our approachs to emplg/ the same

529



ACM SIGGRAPH 2001, Los Angeles, California, August 12-17, 2001

simulatedmotion that is alreadybeing usedfor generatingani-
matedvideoto alsogenerateaudio. This taskis accomplishedy
analyzingthe surface motions of objectsthat are animatedusing
a deformablebody simulator andisolatingvibrationalcomponents
thatcorrespondo audiblefrequenciesThesystenthendetermines
how thesesurfacemotionswill generatecoustigpressuravavesin
thesurroundingnediumandmodelsthepropagatiorof thosewaves
to thelistener For example,a nite elementsimulationof a bowl
droppingontothe oor wasusedto computeboththeimageshavn
in Figurel andthe correspondingudio.

Assumingthatthecomputationatostof physicallybasedanima-
tion is alreadyjusti ed for the productionof visuals,the additional
costof computingthe audiowith our techniqueis negligible. The
techniguedoesnot make useof specializecheuristicsassumptions
abouttheshapeof theobjects or pre-recordedounds Theaudiois
generatecdutomaticallyasthe simulationrunsanddoesnotrequire
ary userinteraction. Although we feel that the resultsgenerated
with this techniquearesuitablefor directusein mary applications,
nothingprecludesubsequentnodi cation by anotheprocessr a
Foley artistin situationswheresomeparticulareffectis desired.

The remainingsectionsof this paperprovide a detaileddescrip-
tion of the soundgeneratiortechniqguewe have developed,a re-
view of relatedprior work, severalexamplesof theresultswe have
obtained,anda discussiorof potentialareador future work. Pre-
sentingaudioin a printed mediumposesobvious dif culties. We
include plots that illustrate the salientfeaturesof our results,and
the proceedingwvideo tapeand DVD include animationswith the
correspondingudio.

2 Background

Prior work in the graphicscommunity on soundgenerationand
propagationhas focussedon efciently producingsynchronized
soundtrackgor animationg18, 30], andon correctlymodelingre-
ections and transmissionsithin the sonic ervironment14, 15,
21]. In their work on modeling tearing cloth, Terzopoulosand
Fleischergeneratedsoundtrackdy playing a pre-recordedsound
wheneer a connectionin a spring meshfailed[31]. The DIVA
projectende&oredto createvirtual musicalperformancesn vir-
tual spacessingphysicallyderived modelsof musicalinstruments
andacoustiaay-tracingfor spatializatiorof thesoundsource$27].
Funkhouseiand his colleaguesusedbeamtracing algorithmsand
priority rulesto efciently computethe directandre ected paths
from soundsourcedo recevers[15]. VandenDoelandPai mapped
analytically computedvibrational modesonto object surfacesal-
lowing interactive soundgeneratiorfor simpleshape$34]. Rich-
mondandPai experimentallyderivedmodalvibrationresponsess-
ing roboticmeasuremertystemsfor interactive re-synthesisising
modal lters [26]. More recentwork by van den Doel, Kry, and
Pai usesthe outputof arigid body simulationto drive re-synthesis
from the recordeddata obtainedwith their robotic measurement
systen{33].

Pastwork outsideof the graphicscommunityon simulatingthe
acousticof solidsfor thepurposeof generatingsoundhascentered
largely on the studyof musicalsystemssuchasstrings,rigid bars,
membranespianosoundboardsandviolin andguitarbodies.The
techniquesusedinclude nite elementand nite differencemeth-
ods,lower dimensionakimpli cations, andmodal/sinusoidaiod-
elsof theeigenmodesf sound-producingystems.

Numericalsimulationsof barsandmembranesave usedeither
nite differencq3, 8, 10] or nite elementmethodg4, 5, 24]. Fi-
nite differencingapproachesave alsobeenusedto modelthe be-
havior of stringg[6, 7, 25].

Mary currentreal-timetechniquesnodel the modesof acous-
tical systems,using resonantlters [1, 9, 35, 37] or additive si-
nusoidalsynthesi$28]. In essencemodal modelingachieves ef-
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ciency by remaving the spatialdynamics,and by replacingthe
actualphysicalsystemby an equivalentmass-springystemwhich
modelsthe samespectrakresponseHowever, thedynamicgin par
ticular the propagatiorof disturbancesdf the original systemare
lost. If themodalshapesreknown, the spatialinformationcanbe
maintainedandspatialinteractionscanremainmeaningful.

If certainassumptionsremade,somesystemsanbe modeled
in reduceddimensionality For exampleif it isassumedhatadrum
heador the top-plateof a violin is very thin, a two-dimensional
meshcanbe usedto simulatethe trans\ersevibration[36).

In mary systemssuch as strings and narrav columnsof air,
vibration can be consideredone-dimensionalwith the principal
modesorientedalong only one axis. Mclntyre, Schumacheand
Woodhouses time-domainmodelingtechniquehas proven to be
very usefulin simulatingmusicalinstrumentswith aresonansys-
temwhichis well approximatedby theone-dimensionavave equa-
tion[20]. Suchsystemsexhibit the d'Alembert solution, which is
a decompositiorof the one-dimensionavave equationinto left-
going and a right-going traveling wave components. Smith in-
troducedextensionsto the ideataken from scattering Iter theory
andcoinedthe term “WaveguideFilters” for simulationsbasedon
this one-dimensionaignalprocessindechniqug29]. Thewaveg-
uidewave-equatiorformulationcanbemodi ed to accounfor fre-
queng dependenpropagatiorspeeddueto stiffness,asdescribed
in[11]. In thistechniquethe propagatiorspeedsroundthe eigen-
modesof thesystemaremodeledaccuratelywith errorsintroduced
in dampingat frequencie®therthanthe eigenmodes.

Whenconsideringhatthevariousef cient techniqueslescribed
above areavailable,it shouldbe notedthatthe approximationsare
awed from a numberof perspecties. For example, exceptfor
stringsand simple bars, most shapesare not homogeneouslt is
importantto obsenre that for even moderateinhomogeneity re-
ections at the points of changingimpedancéhave to be expected
thatarenot capturedn a straightforvard way. Further the wave-
equationrandEulerBernoulliequationderivationsalsoassumehat
the differential equationsgoverning solid objectsarelinear. As a
resultthe abore methodscan producegoodresultsbut only under
very speci ¢ conditions. The methodthat we describein the next
sectionrequiresmore computationthan most of the above tech-
niques but it is muchmoregeneral.

3 Sound Modeling

When solid objectsmove in a surroundingmedium, they induce
disturbance themediumthat propagateutward. For most uid
media,suchasair or water, the signi cance of viscouseffectsde-
creasesapidly with distanceandthe propagatingisturbancéhas
the characteristicof a pressurewave. If the magnitudeof the
pressuravave is of moderatantensityso that shockwavesdo not
form andtherelationshipbetweerpressureuctuation anddensity
changes approximatelinear, thenthe wavesareacousticwaves
describedy theequation

% = ?p (1)
wheret is time, p is the acoustigpressurale ned asthe difference
betweenthe currentpressureandthe uid' s equilibrium pressure,
andc is the acousticwave speedspeedof sound)in the uid. Fi-
nally, if the wavesreacha listenerat a frequeng betweenabout
20Hz and20,000Hz, they will be percevedassound.(SeeChap-
ter ve of thetext by Kinsler et al.[19] for a derivation of Equa-
tion (1).)

The remainderof this sectiondescribesour techniquefor ap-
proximatingthe soundsthat are generatedy the motionsof solid
objects.Thetechniquebuilds on previouswork in the eld of phys-
ically basedanimationthatusesdeformablemodelsto simulatethe
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Figure2: A schematioverview of joint audioandvisualrendering.
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Figure3: Tetrahedrameshfor an F! 3 vibraphonebar In (a), only
the external facesof the tetrahedraare drawn; in (b) the internal
structures shavn. Meshresolutionis approximatelyl cm.

behaior of the objects.As the motion of the solid objectsis com-
puted their surfacesareanalyzedo determinehow themotionwill
induceacoustigressuravavesin the surroundingmedia. The sys-
tem computesthe propagationof thosewavesto the listenerand
thenusegheresultsto generatesoundscorrespondingo the simu-
latedbehaior. (SeeFigure2.)

3.1 Motions of Solid Objects

The rst stepin our techniquerequirescomputingthe motionsof
the animatedobjectsthatwill be generatingsounds.As thesemo-
tionsarecomputedthey will beusedto generatéoththeaudioand
visualcomponent®f theanimation.

Our systemmodelsthe motions of the solid objectsusing a
non-linear nite elementmethodsimilar to the one developedby
O'Brien andHodging 22, 23]. This methodmalesuseof tetrahe-
dral elementswith linearbasisfunctionsto computethe movement
anddeformatiorof three-dimensionatolid objects.(SeeFigure3.)
Greensnon-linearnite strainmetricis usedsothatthemethodcan
accuratelyhandlelarge magnitudedeformations.A volume-based
penaltymethodcomputescollision forcesthatallow the objectsto
interactwith eachotherandwith otherervironmentalconstraints.
For the sale of brevity, we omit thedetailsof this methodfor mod-
eling deformableobjectswhich areadequatelylescribedn [22).

We selectedhis particularmethodbecausét is reasonablyast,
reasonablyaccurateeasyto implement.andtreatsobjectsassolids
ratherthanshells.However, the soundgeneratiorprocesss largely
independenbf the methodusedto generatehe objectmotion. So
longasit ful lls afew basiccriteria,anothemethodfor simulating
deformableobjectscouldbe selectednstead.Thesecriteriaare

« Tempoal Resolution— Vibrations at frequenciesas high
asabout20,000Hz generateaudiblesounds. If the simula-
tion usesan integration time-steplarger than approximately
10 ® s, thenit will not beableto adequatelynodelhigh fre-
queng vibrations.

« DynamicDeformationModeling— Most of the soundsthat
anobjectgenerateasit movesarisefrom vibrationsdrivenby
elasticdeformation.Thesevibrationswill notbepresentwith
techniqueghat do not model deformation(e.g. rigid body
simulators). Similarly, thesevibrationswill not be present
with inertia-lesgechniques.

« SurfaceRepesentation— Becausehe surfacesof the ob-
jects are wherevibrationstransitionfrom the objectsto the
surroundingmedium,the simulationtechniquemust contain
someexplicit representationf the objectsurfaces.

* PhysicalRealism— Simulationtechniquesusedfor phys-
ically basedanimationmustproducemotion thatis visually
acceptabldor the intendedapplication. Generatingsounds
from the motion will reveal additional aspectsof the mo-
tion thatmay not have beenvisibly apparentso a simulation
methodusedto generateaudio mustcomputemotion thatis
accurateenoughto soundacceptablén additionto looking
acceptable.

Thetetrahedralnite elementmethodwe areusingmeetsall of
thesecriteria, but so do mary other methodsthat are commonly
usedfor physically basedanimation. For example, a massand
springsystemwould be suitableprovided the exterior facesof the
systemwerede ned.

3.2 Surface Vibrations

Oncewe have a methodfor computingthe motion of the objects,
thenext stepin theprocessequiresanalyzingthesurfaces motions
to determinehaw it will affectthe pressurén thesurroundinguid.
Let bethesurfaceof themoving object(s)andlet ds beadiffer-
ential surfaceelementin  with unit normal” andvelocity . If

we negglectviscousshearforcesthentheacoustigoressurep, of the
uid adjacentodsis givenby

p=z *": 2

wherez = ¢ isthe uid' sspeci ¢ acoustiampedanceFrom[19],
the density of air at 20°C under one atmosphereof pressureis

= 1:21kg=m?, and the acousticwave speedis ¢ = 343m=s,
givingz = 415Pa sm.

Representinghe pressureeld over requiressomeform of
discretizationWe will assumehatatriangulatecapproximatiorof

exists (denoted ) andwe will approximatethe pressureeld
asbeingconstanbver eachof thetrianglesin

Eachtriangleis de ned by threenodes. The position, , and
velocity, _, of eachnodeare computedby a physicalsimulation
methodasdiscussedn Section3.1 We will referto thenodesof a
giventriangleby indexing with squarebraclets. For example, [
is the positionin world coordinatesf the triangle's secondnode.
Thesurfaceareaof eachtriangleis givenby

a=ji( o w) (g u)ii=2; )

andits unit normalby

Aol w (e om),
2a '

The averagepressuraver the triangleis computedby substituting

thetriangle's normalandaveragevelocity, , into Equation(2) so

that 1

RS

3 il
i=1

(4)

N (5)

The variablep tells us how the pressureover a given triangle
uctuates,butwe areonly interestedn uctuationsthatcorrespond
to frequenciesn the audiblerange. Frequenciegbove this range
will needto beremoredorthey will causealiasingartifacts® Lower

1We assumehatthe simulationtime-stepis smallerthanthe audiosam-
pling period. This is the casefor our exampleswhich usedan integration
time-stepbetweenl0 ®sand10 7s.
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Figure4: One-dimensionahccumulationbuffer usedto account
for travel time delay

frequenciewill notcausealiasingproblemsbut they will interact
with later computationgo createother dif culties. For example,
anobjectmoving at a constantratewill generatea large, constant
pressuren front of it. The correspondingonstantermwill shav
up asanincorvenientoffsetin the nal audiosamples.More im-
portantly it mayinteractwith lattervisibility computationso create
unpleasanartifacts.To remove undesirablérequeng components,
we make useof two lters thatareappliedto the pressurevariable
ateachtrianglein

First,alow-passlter is appliedto p to remave highfrequencies.
The low-pass lter is implementedusinga normalizedkernel,K ,
built from awindowedsincfunctiongivenby

Ki = sinc(i t) win(i=w) ;i2][ w;:::;w] (6)
sing(t) = SN fmaxt) ft’“ax H @)
win(uy = R ERLWRZ L ®)

wheref nax is the highestfrequeng to beretained, t is thesim-
ulation time-step,andw is the kernels half-width. The low-pass
Itered pressureg, is obtainedby corvolving p with K andsub-
samplingtheresultdown to audiorate.

The second Iter is a DC-blocking lter thatwill remove ary
constantcomponeniand greatly attenuatdow-frequeng ones. It
works by differentiatinga signalandthenre-integgratingthe signal
usinga“lossy integrator” The nal lItered pressurep, afterappli-
cationof the DC-blocking lter is givenby

=1 g 1); 9)

where is alossconstanbetweerzeroandone,g is thelow-pass
ltered pressureandthe subscriptsndex time ataudiorate.

For the examplespresentedn this paper f max was22,050Hz
andwe sub-sampledo an audiorateof 44,100Hz. The low-pass
Iter kernel’s half-width was threetimesthe wavelengthof f max
(w = d3=(fmax t)e). Thevalueof wasselectedy trial and
errorwith = 0:1yielding goodresults.

B 1+ (G

3.3 Wave Radiation and Propagation

Oncewe know the pressuredistribution over the surface of the
objectswe mustcomputehow the resultingwave propagatesut-
ward towardsthe listener The mostdirectway of accomplishing
this task would involve modelingthe region surroundingthe ob-
jectswith Equation(1), andusingthe pressureeld over aspre-
scribedboundaryconditions. This approachwould leadto a cou-
pled solid/ uid simulation. Unfortunately the additional cost of
the uid simulationwould not be trivial. Instead,we canmale a
few simplifying assumptionsndusea muchmoreefcient solu-
tion method.

Huygens principle statesthat the behaior of a wavefront may
be modeledby treatingevery point on the wavefront asthe origin
of asphericawave, whichis equivalentto statingthatthe behaior
of acomplex wavefrontcanbe separatedhto the behaior of aset
of simpleroneq17]. Usingthis principle,we canapproximatehe
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Figure 5: Spectrumgeneratedby plucking the free end of a

clampedbar Predictedsaluesaretakenfrom [19].

result of propagatinga single pressurenvave outward from by
summingthe resultsof a mary simpler waves, eachpropagating
from oneof thetrianglesin

If we assumehatthe ernvironmentis anechoic(no re ections)
andwe ignoretheeffect of diffractionaroundobstaclesthenarea-
sonableapproximationfor the effect on a distantrecever of the
pressuravave generatedby atrianglein  is givenby

s= Paxr cos( ); (10)

I ]

where isthelocationof therecever, isthecenterof thetriangle,
is the anglebetweerthetriangle's surfacenormalandthe vector
,and x  isavisibility termthatis oneif anunobstructed
ray canbetracedfrom to andzerootherwise?® Thecoq ) is
aroughapproximatiorto the rst lobe of thefrequeng-dependent
beamfunctionfor a at plate[19].

Equation(10) is nearly identical to similar equationsthat are
usedin imagerenderingwith local lighting models,and the de-
cisionto ignorere ected anddiffractedsoundwavesis equivalent
to ignoring secondaryllumination. A minor differenceis thatthe
falloff term is inversely proportionalto distance,not to distance
squaredThesoundintensity measuredn enegy perunittime and
area,doesfalloff with distancesquaredput eardrumsand micro-
phonegeactto pressuravhichis proportionalto the square-rooof
intensity[32).

2The centerof a triangleis computedby averagingthe locationsof its
verticesandlow-pass ltering the resultusingthe sinc kernelfrom Equa-
tion (6). Likewise, the normalis obtainedfrom low-pass ltered vertex lo-
cations.The ltering is necessarpecause¢hepropagatiorcomputationgre
performedat audiorate, not simulationrate,andincorrectly sub-sampling
thetrianglecentersor normalswill resultin audiblealiasingartifacts.
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A moresigni cant differencearisesbecauseoundtravels sev-
eral ordersof magnitudeslower thanlight, andwe cannotassume
thatsoundpropagationis instantaneoudn uids suchasair, sound
doestravel rapidly enough(c = 343m=s) thatwe maynotdirectly
notice the delay exceptover large distancesput we do noticein-
directeffectseven at small distances For example,very smallde-
laysareresponsibldor both Dopplershifting andthegeneratiorof
interferencepatterns. Additionally, if we wish to computestereo
soundby using multiple recever locations,thendelaydifferences
betweerahumarnlistenersearsassmallas20 sprovideimportant
cuesfor localizingsoundg2].

To accountfor propagationdelay we male use of a one-
dimensionalaccumulationbuffer that storesaudio samples. All
entriesin the buffer are initially setto zero. Whenwe compute
s for eachof thetrianglesin  atagiventime, we alsocomputea
correspondingime delay

_ I
d c : (11)
The s valuesare thenaddedto the entriesof the buffer that cor
respondto the currentsimulationtime plus the appropriatedelay
(SeeFigure4.)

In generald will notbeamultiple of theaudiosamplingrate. If
wewereto roundto thenearesentryin theaccumulatiorbuffer, the
resultingaudiowould containartifactsakin to the“jaggies”thatoc-
curwhenscan-cowertinglines. Theseartifactswill manifesthem-
selesin theform of anunpleasanbuzzingsoundasif a sav-tooth
wave hadbeenaddedto the result. To avoid this problem,we add
the s valuesinto the buffer by convolving the contritution with a
narrav (two sampleside) Gaussiarand“splatting” theresultinto
theaccumulatiorbuffer.

As thesimulationadwancedorwardin time, valuesarereadfrom
theentryin theaccumulatiorbuffer thatcorrespondso the current
time. This valueis treatedas an audio samplethatis sentto the
outputsink. If sterecsoundis desiredve computethis propagation
steptwice, oncefor eachear

4 Results

We have implementedhedescribedechniquefor generatingaudio
andtestedthesystemon severalexamples.For all of theexamples,
two listenerlocationswere usedto producestereoaudio. The lo-
cationsare centeredaroundthe virtual viewpoint andseparatedby
20cm alonga horizontalaxis thatis perpendiculato the viewing
direction. The soundspectrashavn in thefollowing gures follow
the convention of plotting frequeng amplitudeusingdecibels,so
thattheverticalaxesarescaledogarithmically

Figure 1 shavs an imagetaken from an animationof a bowl
falling ontoa hardsurfaceanda spectrogranof theresultingaudio.
In this example,only the surfaceof the bowl is usedto generate
the audio,andthe oor is modeledasrigid constraint. The spec-
trogramrevealsthe bowl' s vibrationalmodesas darker horizontal
lines. Variationsin the degreeto which eachof the modesare ex-
cited occur becausdifferent partsof the bowl hit the surfaceon
eachbounce.

The bowl's shapeis arbitraryandthereis no knowvn analytical
solutionfor its vibrationalmodes. While being ableto modelar
bitrary shapess a strengthof the proposednethod,we would like
to verify its accurag by comparingits resultsto known solutions.
Figure 5 shavs the resultscomputedfor a rectangulatbar that is
clampedat oneendand excited by applyinga verticalimpulseto
the other The accompaying plot shavs the spectrumof the re-
sulting soundwith vertical lines indicating the mode frequencies
predictedby a well knowvn analyticalsolution[19]. Althoughthe

Figure6: A squareplate beingstruck (a) on centerand (b) off
center
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Figure7: Spectrumgeneratedy striking the squareplate shavn
in Figure6 in thecenter(top) andoff from center(right). Predicted
valuesaretakenfrom [12].

resultscorrespondreasonablywell, the simulatedresultsare no-
ticeably atter thanthe theoreticalpredictions. One possibleex-
planationfor the differenceis thatthe analyticalsolutionassumes
the barto be perfectlyelastic,while our simulatedbar experiences
internaldamping.

Figure 6 shawvs two trials from a simulationof a squareplate
(with nite thicknesskhatis held x edalongits borderwhile be-
ing struck by a weight. In the rst trial the weight hits the plate
on-centerwhile in the secondrial theweightlandsoff-centerhor
izontally by 25% of the plate's width andvertically by 17%. The
frequenciesgredictedby the analyticalsolution given by Flecher
and Rossind12] are overlaid on the spectraof the two resulting
sounds. As with a real plate, the on-centerstrike doesnot sig-
ni cantly excite vibrational modesthat have nodeslines passing
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Figure8: Thetopimageplotsacomparisorbetweerthespectraof
arealvibraphonebar (Measued), andsimulatedresultsfor a low-
resolution(Simulatedl) and high-resolutionmesh(Simulated2).
The vertical lines locatedat 1, 4, and 10 shawv the tuning ratios
reportedn [12)].
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throughthe centerof theplate(e.g. themodesindicatedby thesec-
ond andthird dashedred lines). The off-centerstrike doesexcite
thesemodesand a distinct differencecan be heardin the result-
ing audio. The simulations lower modesmatchthe predictedones
quite well, but for the highermodesthe correlationbecomegjues-
tionable. Poorresolutionof the highermodesis to be expectedas
they have alower signal-to-noiseatio andaremoreeasilyaffected
by discretizatiorandothererrorsources.

Thebarsin avibraphoneareundercutsothatthe rst threepar
tials aretunedaccordingto a 1:4:10 ratio. While this modi ca-
tion malestheinstrumentsoundpleasantthe changen trans\erse
impedancebetweenthe thin andthick portionsof the bar prevent
ananalyticalsolution. We rantwo simulationsof a 36cm long bar
with meshresolutionsof 1cm and2 cm, andcomparedhemto a
recordingof a real bar beingstruck. (The 1 cm meshis shavn in
Figure3.) To facilitate the comparisonthe simulatedaudiowas
warpedlinearlyin frequeng to alignthe rst partialsto thatof the
realbarat187Hz (F! 3), whichis equivalentto adjustingthe simu-
latedbar's densitysothatis matchegherealbar. Theresultsof this
comparisorareshavn in Figure8. Althoughboththesimulatedand
realbarsdiffer slightly from theidealtuning,they arequite similar
to eachother All threesoundsalsocontaina low frequeng com-
ponentbelon thebar's rst modethatis createdby theinteraction
with therealor simulatedsupports.

The resultof striking a pendulumwith a fastmoving weightis
shavn in Figure9. Becausef Dopplereffects,the pendulums pe-
riodic swingingmotionshouldmodulateéboththeamplitudeandthe
frequeng of thereceived sound. Becauseour techniqueaccounts
for both distanceattenuationandtravel delay it can modelthese
phenomenaTheresultingmodulationis clearlyvisiblein thespec-
trogram(particularlyin the line near500Hz) and canbe heardin
thecorrespondingudio.

Becausehis soundgenerationtechniquedoesnot make addi-
tional assumptiongbouthow wavestravel in the solid objects,it
canbeusedwith non-linearsimulationmethodgo generatesounds
for objectswhoseinternalvibrationsarenot modeledby thelinear
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wave equation. The nite elementmethodwe are usingemplo/s
a non-linearstrain metric that is suitablefor modelinglarge de-
formations. Figure 10 shavs framesfrom two animationof a ball
droppingontoasheet.In the rst one,the sheetis nearlyrigid and
theball rolls off. In the secondanimation the sheets highly com-
pliant andit undegoeslarge deformationsasit interactswith the
ball. Anotherexampledemonstratindgarge deformationss shavn
in Figure 11 wherea slightly bowed sheetis beingbentbackand
forthto createcrinkling sound.Animationscontainingtheaudiofor
these,andother exampleshave beenincludedon the proceedings
videotapeandDVD. Simulationstimesarelistedin Table 1.

5 Conclusions and Future Work

In this paperwe have describedh generatechniquefor computing
physicallyrealisticsoundshattakesadwantageof existing simula-
tion methodsalreadyusedfor physicallybasedanimation.We have
alsopresented seriesof exampleshatdemonstrat¢heresultsthat
canbeachievedwhenourtechniquds usedwith aparticular nite
elementbasedsimulationmethod.

One areafor future work is to combinethis soundgeneration
techniquewith other simulation methods. As discussedn Sec-
tion 3.1, it shouldbe possibleto generateaudio from most de-
formable body simulationmethodssuchas massand spring sys-
temsor dynamiccloth simulators.It mayalsobe possibleto gener
ateaudiofrom some uid simulationmethodssuchasthe method
developedby FosterandMetaxasfor simulatingwater[13].

Of the criteriawe listed in Section3.1, we believe thatthe re-
quired temporalresolutionis mostlikely to posedif culties. If
the simulationintegratorusestime-stepshat arelargerthanabout
10 ° s, the higherfrequencief the audiblespectrumwill notbe
sampledadequatelysothat, at best,the resultingaudiowill sound
dull andsoggy Unfortunately smalltime-stepgesultin slow sim-
ulations,and as a resulta signi cant amountof researchhasfo-
cusedon nding waysto allow numericalintegratorsto take larger
stepswhile remainingstable. In generalthe larger time-stepsare
achieved by removing the high-frequeng componentsrom the
motions being computed. While remaving thesehigh-frequeng
componentswill at somepoint createvisually objectionablearti-
facts,it is likely thatsoundquality will be adwerselyaffected rst.

Rigid bodysimulationsarealsoexcludedby our criteriabecause
they do not modelthe deformationgthat drive mostof the vibra-
tions that producesound. This limitation is particularly unfortu-
natebecauseigid bodysimulationsarewidely used particularlyin
interactive applications.Becauseahey aresocommonlyused,de-
velopinggeneramethodgor computingsoundsfor rigid bodyand
large time-stepsimulationmethodsis animportantareafor future
work.

Although our soundpropagationmodel is relatively cheapto
compute,it is also quite limited. Re ected and diffractedsound
transportoften play a signi cant role in determiningwhatwe hear
in anenvironment. To drav an analogywith imagerendering,our
currentmethodis roughlyequialentalocalilluminationmodeland
addingre ection anddiffractionwould beequialentto steppingup
to global illumination. In someways global soundcomputations
would actuallybe more complex thanglobalillumination because
onecannotassumehatwavespropagatenstantaneouslyOtherre-
searcherbaveinvestigatedechniquegor modelingacoustiae ec-
tions, for example[14], andcombiningour work with theirswould
probablybeuseful.

Our listenermodel could also be improved. As currently im-
plementeda listenerrecevespressuravavesequallywell from all
directions.While this behaior is idealfor anomni-directionaimi-
crophonehumanearsandmostrealmicrophonedehae quitedif-
ferently Oneolviouseffectis thatthehumanheadactsasablocker
sothathigh frequeny soundsrom the sidetendto be heardbetter
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Figure9: The spectrogranproducedby a swingingbar afterit is
struckby aweight.

by thatearwhile low frequenciedliffract aroundthe headandare
heardby both ears. Other more subtleeffects,suchasthe pattern
of re ections off of the outerear alsocontribute to allowing usto

localizethesoundswve hear Otherresearchersave takenextensive

measurement® determinehow soundsareaffectedasthey entera

humarear andusedthecompileddatato build head-relatettansfer
functiong[2, 16]. Filtersderivedfrom thesetransferfunctionshave

beenusedsuccessfullfor generatinghree-dimensionalpatialized
audio.We arecurrentlyworking on addingthis functionalityto our

existing system.

Our primarygoalin this work hasbeento generatea tool thatis
usefulfor generatingaudio. However, we have alsonoticedthatthe
audioproducedy a simulationmakesanexcellentdehuggingtool.
For example,we have obsered that symptomsof a simulationgo-
ing unstableoften canbe heardbeforethey becomevisible. Other
commonsimulationerrors,suchasincorrectcollisionresponseare
also evidencedby distinctively odd sounds. As physically based
animationcontinuego becomesnorecommonlyused,soundgen-
erationcould becomeusefulnot only for its own sale but alsoas
standardool for working with anddehuggingsimulations.
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