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Abstract

This paperdescribesa real-timetechniquefor generatingrealistic
andcompellingsoundsthatcorrespondto themotionsof rigid ob-
jects.By numericallyprecomputingtheshapeandfrequenciesof an
object's deformationmodes,audiocanbesynthesizedinteractively
directlyfrom theforcedatageneratedby astandardrigid-bodysim-
ulation.Usingsparse-matrixeigen-decompositionmethods,thede-
formationmodescanbecomputedef�ciently evenfor largemeshes.
This approachallows us to accuratelymodelthesoundsgenerated
by arbitrarilyshapedobjectsbasedonly ona geometricdescription
of theobjectsandahandfulof materialparameters.Wevalidateour
methodby comparingresultsfrom a simulatedsetof wind chimes
to audiomeasurementstakenfrom a realset.

CR Categories: I.3.5 [Computer Graphics]: Computational
Geometry and Object Modeling—Physically based modeling;
I.3.7 [Computer Graphics]: Three-DimensionalGraphics and
Realism—Animation;I.6.8 [SimulationandModeling]: Typesof
Simulation—Animation;H.5.5[InformationInterfacesandPresen-
tation]: SoundandMusic Computing—Signalanalysis,synthesis,
andprocessing

Keywords: Soundmodeling,physicallybasedmodeling,sim-
ulation, surfacevibrations,dynamics,animationtechniques,�nite
elementmethod,modalsynthesis,modalanalysis.

1 Intr oduction

Oneof the centralgoalsfor the �eld of computergraphicsis the
compellingportrayalof realisticsyntheticenvironments.However,
generatingconvincing animationsof scenessuchasthat shown in
�gure 1 requiresdepictingnot only thevisualaspectsof thescene,
but its audiocomponentsaswell. While constructinga soundtrack
by handoftenprovidesafeasibleoptionfor animationsthataregen-
eratedoff line, interactive applicationsincreasinglyrely on physi-
cally basedsimulationtechniquesto generateanimatedmotionsin
real-timeandtheseapplicationsrequiremethodsfor generatingthe
correspondingaudioin real-timeaswell.

Oneclassof simulationmethodthat hasfound widespreaduse
in real-timeapplicationsis rigid-body simulations. Becauserigid
bodiesaremadeup of incompliantmaterials,they experienceonly
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Figure1: A syntheticenvironmentcontaininga setof simulated
wind chimes.Both themotionof thechimesandthecorresponding
audiocanbecomputedat interactive speeds.

small-amplitudedeformationsduring interactionswith their envi-
ronment. Explicitly discardingthesesmall deformationsallows
rigid-body simulatorsto model a system's remainingdegreesof
freedomef�ciently . However, althoughvisually insigni�cant, it is
thevibrationof thesesmall-amplitudedeformationsthatgenerates
thesoundsheardfrom theseobjects.

This paperdescribesa real-timetechniquefor generatingreal-
istic andcompellingsoundsthatcorrespondto themotionsgener-
atedby rigid-body simulationmethods. Precomputingthe shape
andfrequenciesof an object's deformationmodesallows that ob-
ject's vibrationalresponseto contactforcesto be ef�ciently com-
putedat runtime. The vibrational responseis then useddirectly
to computethe correspondingaudio. Our techniquecomputesan
object's deformationmodesnumericallyby performingan eigen-
decompositionof thesystemmatricesfrom a �nite elementmodel
of the object. This approachallows us to accuratelymodel the
soundsgeneratedby arbitrarily shapedobjectsbasedon a geomet-
ric descriptionof theobjectanda handfulof materialparameters.
Thediagramin �gure 2 providesanoverview of thisprocess.

2 Backgr ound

Thetechniquepresentedin this paperis closelyrelatedto previous
methodsdevelopedby vandenDoel,Kry, andPai. Theconceptof
usingthevibrationalmodesof anobjectfor generatingsoundwas
originally introducedto thegraphicscommunityin [van denDoel
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Figure2: Thisdiagramillustratesboththepreprocessingstepsthat
areusedto constructtheaudio/visualmodelfor anobject,andthe
processesthat subsequentlygeneratesoundandmotion from this
descriptionat interactive speeds.

andPai, 1996] and [van denDoel andPai, 1998]. They showed
thattheanalyticallycomputedvibrationalmodesof simply shaped
objects,suchassquareplatesor cylindrical rods,couldbeusedto
generatesoundmapsover theobjectsurfaces.They constructeda
systemthat computedrealisticcontactsoundswhenan interactive
userindicateda point on thesurfacesof themodeledobjects.Be-
causethemapsweregeneratedfrom the modeshapes,thesystem
correctlycapturedthevariationsthatarisewhenobjectsarestruck
atdifferentlocations.Morerecently, [vandenDoeletal.,2001] de-
scribeda methodthatusesrecordeddatato constructsoundmaps
over thesurfaceof anobject.In additionto allowing auserto inter-
actively generatesoundsby tappingtheobjectsurfaces,they used
contactforcesfrom a real-timerigid-bodysimulationto excite the
sampledmodes.

Our work builds on the ideasof thesetwo previousmethodsby
extendingtherangeof objectsthatcanbemodeledto includeones
that areneithersimpleshapesnor available to be measured.The
analyticallycomputedmodesusedin [vandenDoelandPai, 1996]
and [van den Doel and Pai, 1998] are the continuousequivalent
of the numericallycomputeddiscretizedmodesdescribedin Sec-
tion 3.1 of this paper. Numericalcomputationallows determining
themodesfor essentiallyarbitraryshapesasopposedto a few sim-
ple shapes,and it makes fewer assumptionsabout the underling
differentialequations.Ourmethodfor driving thesoundgeneration
from a rigid-bodysimulationis essentiallyidenticalto themethod
usedin [vandenDoel et al., 2001], but we have found thatuseful
resultscanbegeneratedusing“off-the-shelf” rigid-bodysimulators
andthata specialcontactmethodis notnecessarilyrequiredunless
onewishesto producerubbingor scrapingsounds.

Anotherrelatedmethodfor generatingsoundhasbeendescribed
in [O'Brien et al., 2001]. Their approachusesa nonlinear�nite
elementmethodto explicitly model the responseof an object to
externalforces.Audio is generatedby analyzingthecomputedsur-
facebehavior and then applying a set of �lters to the computed
motionfor extractingfrequency componentsthatfall within theau-
dible range.Unlike themethoddetailedin thispaperandtheprevi-

ouslydescribedmethodsof vandenDoelandhiscolleagues,theuse
of a nonlinear�nite elementmethodallows themto modelsounds
that arisefrom nonlinearbehaviors suchas buckling. The main
limitation of their methodis that it requireslargeamountsof com-
putation.In contrast,ourmethodcanaccuratelymodelonly sounds
producedby linearphenomena,but it cancomputethesesoundsin
real-time.

In additionto theabovephysicallymotivatedworkonsoundgen-
eration,other prior work in the graphicscommunityhasfocused
on soundpropagationand heuristicapproachesto soundgenera-
tion. Producingsynchronizedsoundtracksfor animationswasad-
dressedin [TakalaandHahn,1992] and [Hahnet al., 1995]. For
modelingtearingcloth, [TerzopoulosandFleischer, 1988] gener-
atedsoundtracksby playinga pre-recordedsoundwhenever a con-
nectionin a springmeshfailed. Work describedin [Savioja et al.,
1997] focusedon creatingvirtual musicalperformancesin virtual
spacesusingphysicallyderivedmodelsof musicalinstrumentsand
acousticray-tracingfor spatializationof thesoundsources.Other
researchershave developedmethodsfor correctlymodelingre�ec-
tionsandtransmissionswithin thesonicenvironment [Funkhouser
et al., 1998; Funkhouseret al., 1999; Min andFunkhouser, 2000;
Tsingoset al., 2001].

The methoddescribedin this paperis also relatedto previous
work in thegraphicscommunityon modelingdeformableobjects.
The idea of decouplingan object's rigid-body behavior from it' s
elasticdeformationwas proposedin [Terzopoulosand Fleischer,
1988] asanef�cient methodfor modelingdeformableobjects.This
ideawasextendedin [PentlandandWilliams,1989] by usingmodal
analysisfor modelingdeformableobjects,althoughinsteadof ac-
tually usingtheobject'svibrationalmodesthey approximatedthem
with arbitrarylinearandquadraticdeformation�elds.

Outsidethe �eld of computergraphics,anextensive amountof
researchonsoundmodelinghasbeenconductedin thedigital sound
andmusiccommunities.Therethefocushasbeenprimarily on ac-
curatelymodelingthesoundsgeneratedby musicalinstruments,in-
cludingthe�ne subtletiesthatdistinguishhigh-qualityinstruments.
A comprehensive review of the work that hasbeendonein those
areascanbefoundin [Cook,2002].

3 Methods

Themechanicaldynamicsof asolid physicalobjectcanbedecom-
posedinto two components:idealizedrigid-bodymotionsandelas-
tic deformations.An objectis referredto asbeingrigid, or incom-
pliant, if its responseto typical interactionsincludesonly negligi-
ble deformations.For example,whena persontapsthe sideof a
drinking glassit �e xesslightly but the amplitudeof this deforma-
tion is small enoughto be unobservable by sight. However, this
small deformationmay be observableby hearing. In particular, if
theelasticpropertiesof theglassaresuchthat thesmalldeforma-
tion inducedby thetapresultsin vibrationsat frequenciesbetween
approximately20 and20; 000Hz, thenthesmallpressure�uctua-
tionscausedby theoscillatingdeformationwill beheardassound.
For furtherinformationonthephysicalprocessof soundgeneration
wereferthereaderto [Kinsler etal., 2000].

3.1 Modal Anal ysis

Our methodfor modeling the soundsgeneratedby rigid objects
makes useof a well studiedtechniqueknown asmodal analysis.
This sectionpresentsa brief overview of modalanalysisandpro-
vides the framework for describingour methods. We refer the
readerto [Cook et al., 1989] for additionalinformationon modal
analysis.

A physicalsystemthat hasbeendiscretizedusinga �nite ele-
ment,�nite differencing,or othersimilar methodcanbeexpressed
in thefollowing generalform:

�

( � ) + � ( � ; _
� ) + � ( •

� ) = � (1)
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where � is the vectorof nodedisplacements,an overdotindicates
a derivative with respectto time,

�

and � arenonlinearfunctions
thatrespectively determinetheinternalforcesdueto nodedisplace-
mentsand nodevelocities, � mapsnodeaccelerationsto node
momenta,and � representsany other(e.g. external)forces. Typi-
cally, the forcesdeterminedby

�

areinternalelasticforcesand �

determinesdampingforces.
In general,equation(1) is nonlinear, however if we assumethat

the displacementsaresmall thenwe may linearizeaboutthe sys-
tem's restcon�gurationgiving:

�

� + �

_
� + �

•
� = � (2)

where
�

, � , and � arerespectively known asthesystem's stiff-
ness,damping,andmassmatrices.For thephysicalsystemscorre-
spondingto solid objects,all threematricesarereal andsymmet-
ric. Both

�

and � arepositive semi-de�nite,and � is positive
de�nite. Linearizingin this fashionis consistentwith our goal of
modelingthe small-amplitude,high-frequency vibrationsin solid
objectsthat producesound. Unfortunately, the linearizedsystem
cannotmodeltherotationalcomponentsof rigid-bodymotion. We
will put this issueasidefor now, but later we will returnto it and
show how the rigid-body modescanbe decoupledfrom all other
modes.

Oncewe have the linearizedsystem,thenext stepin themodal
analysisis to performa seriesof manipulationsthatwill diagonal-
ize equation(2). To facilitate this process,we will �rst assume
that � = � 1

�

+ � 2 � for some� 1 and � 2 . Expressingthe
dampingmatrix asa linear combinationof the stiffnessandmass
matricesis known asRaleighdamping.Although this assumption
simpli�es diagonalizationwhile still producinggoodresults,it is
not strictly necessary. A moregeneralassumption,known aspro-
portionaldamping,that expressesthe dampingmatrix asa linear
combinationof powers of the stiffnessand massmatriceswould
alsobediagonalizedby theprocessdescribedbelow but theequa-
tions would be morecumbersome.Additionally, even if for some
reason� mustbearbitrary, thenother, slightly morecomplicated,
methodsareavailablefor decouplingequation(2) [Andersonetal.,
1999; Bai et al., 2000].

Replacing� with � 1
�

+ � 2 � gives:

�

( � + � 1 _
� ) + � (� 2 _

� + •
� ) = � : (3)

Since� is symmetricandpositivede�nite, it maybedecomposed
usinga Cholesky factorizationsothat � = ���

T . If we introduce
anothervariable, � = �

T
� , andthenrewrite equation(3) in terms

of � afterpre-multiplyingby �

� 1 we thenhave:

�

� 1 �

�

� T ( � + � 1 _� ) + (� 2 _� + •� ) = �

� 1
� : (4)

The real and symmetricmatrix �

� 1 �

�

� T can be decomposed
into �

� 1 �

�

� T = � � �

T where � is the orthogonalma-
trix whosecolumnsarethe eigenvectorsof �

� 1 �

�

� T and� is
the diagonalmatrix of eigenvalues. Introducinganothervariable,

� = �

T
� , and pre-multiplying by �

T transformsequation(4)
into:

� ( � + � 1 _� ) + (� 2 _� + •� ) = �

T
�

� 1
� (5)

whichcanberearrangedto give:

� � + (� 1 � + � 2 �

) _� + •� = 	 (6)

where	 = �

T
�

� 1
� .

At this point theoriginal linearsystemof equation(3) hasbeen
diagonalizedinto a setof decoupledoscillators. The i ' th row of
equation(6) is thescalarsecond-orderdifferentialequation:

� i zi + (� 1 � i + � 2) _zi + •zi = gi (7)

where� i is the i ' th entry of the diagonalmatrix � . Equation(7)
may be solved by numericalintegrationor it may be solved more
ef�ciently usingtheanalyticsolution:

zi = c1et! +
i + c2et! �

i (8)

wherec1 andc2 arearbitrary (complex) constants,and ! i is the
complex frequency givenby

! �
i =

� (� 1 � i + � 2) �
p

(� 1 � i + � 2)2 � 4� i

2
: (9)

The absolutevalue of the imaginarypart of ! i is the frequency
(in radians/second,not Hertz)of themode,andtherealpart is the
mode's decayrate.

The decoupledsystemof equation(6) is not an approximation
of theoriginal linearsystemin equation(3), it is exactly thesame
asthe original linear system. Of coursethe linear systemwasan
approximationof theoriginal nonlinearone,but any problemthat
couldbesolvedusingequation(3) couldalsobesolvedwith equa-
tion (6).

Thecolumnsof �

� T
� arethevibrationalmodesof theobject

beingmodeled. (See�gure 3.) Eachmodehasthe propertythat
a displacementor velocity over the object that is a scalarmulti-
ple of the modewill producean accelerationthat is alsoa scalar
multiple of the mode. This propertymeansthat themodesdo not
interactwith eachother, which is why decouplingthesysteminto a
setof independentoscillatorswaspossible.Theeigenvaluefor each
modeis theratioof themode's elasticstiffnessto themode's mass,
andit is thesquareof themode's naturalfrequency (in radiansper
second).In generalthe eigenvalueswill be nonzero,but for each
freebodyin thesystemtherewill besix zeroeigenvaluesthatcor-
respondto thebody's six rigid-bodymodes.Therigid-bodyeigen-
valuesarezerobecausearigid-bodydisplacementwill notgenerate
any elasticforces.

3.2 Rigid Bod y Simulation

As discussedpreviously, therigid-bodymodesfor anobjectdo not
interactwith theobject's deformationmodesprovided theamount
of elasticdeformationexperiencedby the object is small.1 Addi-
tionally, small-amplitudeelasticdeformationswill not signi�cantly
effect the rigid-body collisions betweenobjects. Theseobserva-
tionsallow usto modeltherigid-bodybehavior of theobjectsin al-
mostthesamewayasif wewerenot interestedin generatingaudio.
Theonly changethatmustbemadeto therigid-bodysimulationis
thatinformationaboutcontactforcesmustbegatheredandexported
to anotherprocessthatwill generatetheaudio. Of course,hearing
theresultsof therigid-bodysimulation,in additionto seeingthem,
mayrevealpreviously unnoticedinadequaciesof thesimulator, but
wehave not foundthis to beaproblemwith thesimulationengines
wehave workedwith.

We have implementedour systemusingtwo existing rigid-body
simulationenginesthatwerenotoriginally designedfor generating
audio.Our choiceof engineswasmotivatedby whatsystemswere
readilyavailableandhow well they wereableto modelthescenar-
ios we wishedto test. The �rst is a commercialsoftwarepackage,
Vortex, soldby Critical MassLabs. Thesecondsystemwe areus-
ing hadbeenpreviouslywrittenby OkanArikan,agraduatestudent

1Actually, the requirementwasthatall displacementsbesmall, includ-
ing displacementscorrespondingto the rigid-bodymodes.The translation
modesareinherentlylinear so they cannotinteractwith the elasticmodes
regardlessof their magnitude,but for a rapidly rotatingbody therewill be
somecouplingbetweentherotationmodesandtheelasticones.Unlessthe
objectis rotatingvery rapidly or experiencinglarge angularaccelerations,
thecouplingbetweenrotationandelasticmodeswith frequenciesin theau-
dible rangewill benegligible, sowe ignorethis interaction.
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notinvolvedin thisproject.No specialchangesweremadeto either
packageothertheninstrumentingthemto allow reportingcollision
forces.

3.3 Deformation Model

Oncethe task of modeling the rigid-body modeshasbeendele-
gatedto a rigid-body simulator, the remainingelasticdeformation
modescanbeusedfor generatingaudio.Becauseweareinterested
in modelingsoundsfrom incompliantobjects,wecanusethemodal
decompositionmethodsdescribedin Section3.1 to computetheir
behavior ef�ciently . However beforewe canperforma modalde-
composition,we must �rst selecta deformablemodelingmethod
thatcanbeusedto generatethe

�

, � , and � matrices.
The methodwe are using for modeling deformablebehavior

is the tetrahedral�nite elementmethod describedby [O'Brien
andHodgins,1999] for modelingfracturepropagation,andsubse-
quentlyusedin [O'Brien etal.,2001] for modelingnonlinearaudio
generation.As discussedby O'Brien, Cook,andEssl,a varietyof
methodscouldbeused,includingspring/masssystemsor �nite dif-
ferencesmethods.We selectedthis �nite elementmethodbecause
theirpreviousresultsshow thatit is accurateenoughfor generating
compellingaudio.

Computingthe global stiffnessandmassmatricesproceedsby
�rst computingindividual 12 � 12 stiffnessandmassmatricesfor
eachelementand then assemblingthe resultsto form the global
matrices. From [O'Brien andHodgins,1999] the nonlinearnode
forcesaregivenby:

f [ i ]a = �
vol
2

4X

j =1

p[ j ]a

3X

k =1

3X

l =1

� j l � ik � k l (10)

wheref [ i ]a is the a' th componentof the force exertedon the i ' th
nodeof the element,vol is the volume of the element,p are the
nodepositions,� is the elementbasismatrix, and � is the stress
tensorwithin the element.Detailsfor computing� and� appear
in [O'Brien andHodgins,1999].

Theelementstiffnessmatrix, � , is computedby takingthepar-
tialsof � andevaluatingthemat zerodisplacement:

k[ ij ]ab =
@f [ i ]a

@p[ j ]b

�
�
�
� �

=
�

rest

(11)

= �
vol
2

(�� ia � j b + �� ib � j a + �
3X

k =1

� ik � j k � ab ) (12)

where� is theKroneckerdelta,and� and� arethematerial'sLamé
constants.2 This is theexactly thesamematrix thatwould have re-
sulted if Cauchy's in�nitesimal strain had beenusedin placeof
Green's strain,however with Cauchy's strainthepartialswould be
constantwith respectto nodepositionso that it would not matter
wherethey wereevaluated.

Theelementmassmatrix, � is computedby takingthesecond
partialsof thekinetic energy within theelementwith respectto the
nodevelocities,which turnsout to beconstantwith respectto node
positionandvelocity:

� [ ij ]ab =
@2 �

@_p[ i ]a @_p[ j ]b
(13)

=
� vol
20

(1 + � ij )� ab (14)

2Unfortunately, thesymbol� is conventionallyusedbothto indicateone
of thesystemeigenvaluesandthe�rst Laméconstant.In thispaperit should
beclearfrom context (andthepresenceor absenceof a subscript)whatthe
symbolis referringto.

where� is thekineticenergy within theelement,anoverdotrepre-
sentsa derivative with respectto time (i.e. _p arenodevelocities),
and� is thematerial'sdensity.

Theglobalstiffnessandmassmatrices,
�

and � , arebuilt by
assemblingthe elementmatrices. Assumingthat we areworking
with three-dimensionalobjects,eachof theglobalmatriceswill be
3N � 3N whereN is the numberof nodesin the �nite element
mesh.Eachentryin eachof the12 � 12 elementmatricesis accu-
mulatedinto thecorrespondingentryof theglobalmatrix.

Sinceeachnodein atetrahedralmeshwill shareanelementwith
only a smallnumberof theothernodes,theglobalmatriceswill be
verysparse.This sparsenessmeansthataneigendecompositionof

�

canbeperformedef�ciently usingsparsematrixalgorithms.Un-
fortunately, theCholesky decompositiontendsto generatea dense

� matrix even when � is originally sparse,andasa resultcom-
puting �

� 1 maybecostlyand �

� 1 �

�

� T will bedensi�ed.
Densematrix algorithmscanbeusedfor systemsup to approx-

imately1000nodes,but beyondthatwe suggestusinganalternate
massmatrix that doesnot generatea denseCholesky decomposi-
tion. Thealternatemassmatrix, known asa lumpedmassmatrix,
simplyshiftsthesumof eachrow ontothediagonal:

�

lump ed
[ij ]ab =

� vol
4

� ij � ab : (15)

Becausethe elementmassmatricesarediagonal,the global mass
matrix will be aswell, and its Cholesky decompositionwill also
bediagonal: � will bea diagonalmatrix whoseentriesaresimply
thesquareroot of theentriesof thelumped � . For smallsystems
generatedby coarsemeshes,the errorsintroducedby masslump-
ing maybesigni�cant. However, asthemeshgets�ner theerrors
introducedby lumpingquickly becomeinsigni�cant [Cook et al.,
1989]. Luckily, thelargesystemscorrespondingto �ne meshesare
preciselytheonesthatrequirethesparsesolversfacilitatedby mass
lumping. Our implementationincludesboth denseandsparsede-
compositionroutinesandwe usewhichever is appropriateto the
sizeof a particularsystem.For densedecompositions,we usethe
routinesfrom LAPACK [Andersonetal., 1999], andfor sparsede-
compositionswe usethe TRLan package[Wu andSimon,1999].
Themethodusedfor eachof ourexamples,alongwith computation
timesandthenumberof nodes,is listedin table1.

Theuseof Raleighdampingwasanothersimpli�cation thatwe
madeto facilitatedecouplingequation(2). In [O'Brien andHod-
gins, 1999] they useda nonlinearstiffness-proportionaldamping
term basedon the strain rate with parameters� and  . Raleigh
dampingis equivalentto a linearizationof this dampingtermwith
theadditionalconstraintthat �

� = �
 , andtheRaleighparameter� 1

shouldbe set to this ratio to generateequivalent results. O'Brien
andHodginsdid notdiscussamassproportionaldampingterm,but
setting� 2 to a non-zerovaluewould be equivalent to including a
(� � 2 _di m i ) dampingforceoneachnode.

Evenwith sparsematrixmethods,computingasystemdecompo-
sitionstill requiresasigni�cant amountof time,soit is worthnoting
thatcertainchangesmaybemadewithout recomputingthedecom-
position. The dampingparameters,� 1 and� 2 , have no effect on
thedecomposition,sotheonly work involvedwhenchangingthem
is re-evaluatingequation(9). Changingthematerial's densitydoes
not changethe modeshapes,it only scalesthe eigenvaluesby the
inverseof the scalefactorappliedto the density. Similarly, scal-
ing theLamé constantsboth by the samescalefactor(i.e. so that
theratio between� and� is preserved)only scalestheeigenvalues
by thesameratio. Changingtheratio betweentheLamé constants,
changingtheshapeof theobject,or modifying themeshall require
recomputingthedecomposition.

3.4 Sound Generation

Onceall of thecomputationalmachinerydescribedabove is avail-
able, the actualprocessof computingaudiomatchingthe motion
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Figure3: Thetop shows a multi-exposureimagefrom ananima-
tion of abowl falling ontoahardsurfacewith thepathof thebowl' s
centertracedby a yellow curve. Only the bowl is sounding.The
two bottomrows show a sideandtop view of thebowl alongwith
threeof thebowl' s �rst vibrationalmodes.(Themodesselectedfor
theillustrationarethe�rst threenon-rigidoneswith distincteigen-
valuesthatareexcitedby a transverseimpulseto thebowl' s rim.)

from a rigid-bodysimulationis bothstraightforward to implement
andcomputationallyef�cient:

1. A rigid-bodysimulationis setup for thedesiredscenario.

2. For eachobjectin thesimulation,thesystemmatricesareas-
sembledanddecomposedinto theirvibrationalmodes(i.e. the
columnsof �

� T
� ).

3. For eachobjectin thesimulation,only thecolumnsof �

� T
�

correspondingto jIm( ! i )j in therange3:18: : : 3;180Rad=s
(20:::20;000Hz) areretained,therestarediscarded(or if the
sparsemethodis used,never computed).

4. As the rigid body simulationruns, collision forcesare pro-
jectedontotheretainedmodes.Theresponseof eachmodeis
modeledusingequation(8).

5. Eachmoderesponseis scaledaccordingto how it movesthe
objectssurfaceandthescaledresponsesarethensummedto-
gether.

6. Finally, theresultis outputto thecomputer's audiodevice.

In practice,not all of the modesin the audiblerangeneedto
be retained. As discussedin [van den Doel et al., 2001], high-
quality resultscan easily be obtainedusing only the �rst 800 or
fewer modes.

A mode's responseto a projectedimpulse is given by equa-
tion (8) with

c1 =
2� tgi

! +
i � ! �

i

(16)

c2 =
2� tgi

! �
i � ! +

i

(17)

where� t is the interval over which theprojectedforce is applied,
andt is time relative to whenthe impulsewasapplied. Substitut-
ing thesevaluesof c1 andc2 into equation(8), recallingthatonly

modeswith jIm( ! i )j in the range3:18: : : 3;180Rad=s areused,
andthensimplifying yields

zi =
2� tgi

jIm( ! i )j
et Re( ! i ) sin(t jIm(! i )j) : (18)

Evaluatingequation(18) for every audiosampleis inef�cient.
By notingthate! ( t + s) = e! t e! s , thevalueof theoscillatorat one
audiosamplecanbecomputedfrom thepreviousvalueusingonly a
singlecomplex multiply. Additionally, asa modeis excitedat sub-
sequenttimesby differentcontactforces,theadditionalexcitations
canbemodeledby simply addingthenew valueto theoscillator's
currentvalue.Becausethecostof modelingadditionalimpulsesis
essentiallyzero,the forcesfrom therigid-bodysimulationmaybe
convolvedwith a Gaussiankernelto modeltheeffect of soft colli-
sions,or with a noisefunctionto modelsmall-scaleroughnessthat
is below the resolutionof the rigid-body simulator [van denDoel
etal., 2001]. Our resultsweregeneratedusingtheformer.

A methodfor modelingthe couplingbetweenvibrationsin an
objectandvibrationsin thesurroundingair is describedin [O'Brien
et al., 2001]. Unfortunately, their methodis too slow for real-time
use. We computean approximatecoupling coef�cient for each
modeby summingtheamountof normaldisplacementgeneratedby
thatmodeover the surfaceof the objectmultiplied by the mode's
frequency. The couplingcoef�cient for eachmodemultiplies the
resultcomputedby thatmode's oscillatorandthesumof thescaled
oscillatorsis the �nal soundgeneratedby the system. A result
of this simpli�cation is all objectsare treatedasomni-directional
sources.

4 Results and Discussion

We have built a systemthat implementsthe methodsdescribed
above andusedit to generatea numberof demonstrative examples.
Table1 lists theparametersthatwereusedin eachof theexamples,
and the video tapeaccompanying this papercontainsanimations
thatexhibit thesoundsandmotionsproduced.

To test how well the computedresultsmatchreal objects,we
generatedthewind chimesshown in �gure 1. Thesechimeswere
modeledbasedon measurementsfrom a real setof chimes. Each
tube is a hollow cylinder 1:25cm in radiuswith a nominal wall
thicknessof 1mm. Themeasuredlengthsof thechimesarelisted
in table2. We computedthemodaldecompositionfor eachchime
usingreferenceparametersfor aluminum. The resultingbasefre-
quenciesmatchedmeasuredonesto within 2% error. However, the
realchimeswereslightly outof tune,sowe tunedthesimulatedset
by adjustingthetubelengthssothatthey werewithin � 1Hz of the
correct(D scale)tuning.

Figure3 shows a bowl model that wasusedfor two of the ex-
amples.Themodaldecompositionof thebowl wascomputedonce
with materialparametersfor aluminumandagainwith materialpa-
rametersfor wood (oak). Two animationswerecreated,bothwith
the samerigid-body motion but with the two soundtracksgener-
atedfrom the two differentmodaldecompositions.The resulting
audio (refer to video tape)capturesthe generalcharacteristicsof
bothmaterialsaswell asdetailssuchasthesoundproducedasthe
bowl rolls on its edge. Figure 3 also illustratesthe mode-shapes
for threeof thebowl' s vibrationalmodesby showing theresultsof
applyingthemodeasadisplacementoverthebowl' soriginalshape.

An examplegeneratedusinga morecomplex modelconsistsof
bunny �gurines falling througha chute. (See�gure 4.) Both the
bunny andthe shelves in the chutegeneratesoundswhenstruck.
The shelvesaremadeof plastic,metal,andwood. The bunny is
ceramic. The tetrahedralbunny modelwasgeneratedby meshing
theregionbetweenthesurfaceof theStanfordBunny modelandan
interioroffsetsurfaceto createahollow �gure with �nite thickness
walls, as shown on the right side of �gure 4. The right side of
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Example Figure � (P a) � (P a) � 1 � 2 � (Kg = m 3 ) BaseFreq. (Hz) Decay Num. Nodes Method Precompute

Chime(D3) 1 4:98 � 1010 2:57 � 1010 1 � 10� 7 0 2700 587:4 0:6 18796 Sparse 2h 24min

Bowl #1 3 4:98 � 109 2:57 � 109 1 � 10� 7 30 2700 551:3 15:6 387 Dense 4min12sec

Bowl #2 – 5:00 � 108 1:00 � 108 8 � 10� 6 50 750 216:7 22:4 387 Dense 4min12sec

Bunny (Ceramic) 4 3:99 � 109 2:05 � 109 1 � 10� 6 10 2700 855:9 19:5 37114 Sparse 4h 40min

PlasticShelf 4 2:49 � 1010 1:28 � 1010 1 � 10� 6 50 2700 488:9 29:7 361 Sparse 30sec

Aluminum Shelf 4 4:98 � 1010 2:56 � 1010 1 � 10� 7 0 2700 691:5 0:9 361 Sparse 30sec

WoodShelf 4 5:00 � 108 1:00 � 108 8 � 10� 6 50 750 154:6 28:8 361 Sparse 30sec

Bunny (Metal) – 4:99 � 1010 2:56 � 1010 1 � 10� 7 0 2700 855:9 19:5 37114 Sparse 4h 40min

Blocks 5 5:00 � 108 1:00 � 108 8 � 10� 6 50 550 1596:2 428:1 1160 Dense 5h 28min

Boxes 5 5:00 � 108 1:00 � 108 8 � 10� 6 50 550 159:1 49:0 1160 Dense 5h 28min

TheEnd(T) 6 1:49 � 109 7:70 � 108 2 � 10� 7 30 2700 247:7 15:2 71 Dense 42sec

Table1: This tablelistsparametersthatwereusedfor eachexampleobject,theresultingfrequency anddecayfor theobject'sprimarymode,
thenumberof nodesin thetetrahedralmesh,themethodusedfor themodaldecomposition,andtheamountof time requiredto computethe
decomposition.Oncethemodeldecompositionhasbeencomputed,all of theabove examplescangenerateaudioin real-time.For “Chimes”
and“The End,” theinformationlistedis for theD3 tubeandtheletterT.

Ideal Measured Computed Adjusted
Note Freq. Length Freq. Freq. Length Freq.

D3 587.33 .505 585.8 589.17 .5061 587.40

E3 659.26 .475 656.0 665.03 .4770 659.27

G3 783.99 .435 781.8 787.01 .4366 784.06

A4 880.00 .410 877.5 884.70 .4115 879.36

B4 987.77 .388 982.5 984.75 .3878 987.32

D4 1174.66 .353 1167.0 1186.88 .3548 1174.67

Table2: Thenotesandidealfrequencieslistedindicatethevalues
speci�ed by the manufacturerof the real wind chimes. The mea-
suredvaluesweretakenfrom therealwind chimes.Thecomputed
frequenciesarewhatourmodelproducedusingtheparametersfrom
table1 andthemeasuredlengths.Theadjustedvaluesindicatethe
lengthandresultingfrequency of thesimulatedchimesaftertuning.
Lengthsarein metersandfrequenciesin Hertz.

�gure 4 alsoshows theresultsof projectinga pair of impulsesonto
theretainedmodesof thebunny model.

Theblocksandboxesshown in �gure 5 illustratehow scalecan
effect theresultingaudio.Both theboxesandblocksaregeometri-
cally similar: hollow cubeswith awall thicknessof 5% theirwidth.
However, theboxesare10� thesizeof theblocks. While thedif-
ferentscalesaresubtly revealedby therigid-bodymotions(by the
rate of accelerationwith respectto the object sizes),the sounds
producedby thetwo setsof objectsaredistinctly different,andthe
differenceprovidesaclearcueasto thesizeof theobjects.

As we discussedpreviously, similarities exist betweenthe ap-
proachwe have presentedhereandthatpresentedin [vandenDoel
et al., 2001]. Themaindifferencebetweenthetwo methodsis that
we synthesizeaudio from only geometryand materialproperties
whereastheir systemmakes useof extensive measurementsof a
givenobject's responseto impacts.Eachof thesemethodspresents
distinctadvantages:by relying on recordeddatatheir methodmay
easilymatcha givenobject,but our methodis applicablewhenno
realobjector no robotic measuringdevicesareavailable. Onedi-
rectionthatmightbeworthpursuingwouldbeusingtheirmeasured
datafor a givenobjectto infer materialparametersthatcouldthen
be appliedto the geometryof a different object. This approach
might allow audiomodelsfor anentiresetof cookingpots,for ex-
ample,to be generatedfrom measurementsof a singlepot in the
set. It might alsoallow usto determinethesoundmadeby a novel
bell design,basedondatafrom bellsof similarmaterials,beforewe
actuallymake thebell. Basedon thegoodcorrespondencebetween
our syntheticchimesandthephysicalset,we areoptimisticabout
this directionof futurework.

Figure4: The left sideof this �gure shows an imagefrom ani-
mationof severalbunniesfalling throughachute.Both thebunnies
andtheshelvesaresounding.Theimagesontheright show in order
from top to bottom:theexteriorof thebunny model,acut-awayre-
vealingthewall thicknessandhollow interior, modalresponseto an
impulseonthebunny'snose,andthemodalresponseto animpulse
onthebunny'sback.Theimpulseresponsesaregreatlyexaggerated
for illustration.

Althoughtheresolutionof themeshcanaffect theresultingau-
dio, we have foundthateven very coarsemeshesmaybeusedfor
generatingacceptableresults.Themeshesusedfor eachof thelet-
tersshown in �gure 6 areverycoarse,yet theresultingaudiois still
acceptable.We have foundthat low meshresolutiontendsto shift
frequencieshigherandmay adda “hollow” quality to the sound.
Thefrequency shiftingmaybepartiallycompensatedfor by simply
modifyingthematerialparameters(e.g. raisingthedensity)to com-
pensate,soit will only beaproblemif oneis attemptingto matcha
particularobject(aswe werefor thewind chimes).

Although the modal decompositionsmay requireup to a few
hoursof computation,this work needsonly to be doneoncefor
a given objectandaudiocan thenbe generatedinteractively. By
precomputingthemodaldecompositionandstoringit with anob-
ject, the approachwe have presentedcould easily be applied to
interactive applicationssuchasvideo gamesthat alreadyemploy
rigid-bodysimulationmethods.Additionally, becauseour method
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Figure 5: The top imagesshow a stack of 5cm blocks being
knocked over. The imageson the bottomshow a stackof 50cm
boxesbeingknocked over. Only the blocksandboxesaresound-
ing. Otherthanthe10� scale,bothmodelsareidentical.Theplots
below eachsequenceshow the frequency contentof the resulting
audio,indicatinga signi�cant differencein the sounds.(The hor-
izontal axis rangesfrom 0 to 5000Hz, the vertical axesareauto-
scaledindependently.)

requiresonly a geometricmodelanda handfulof materialparam-
eters,the extra effort requiredto generatedthe audiomodel of a
givenobjectis minimal.
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Figure6: Selectframesfrom ananimationof thewords“The End”
falling onto a hard surface. Both the lettersand the surfaceare
sounding.
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