Fromthe 2002ACM SIGGRAPHSymposiunon ComputerAnimation

Synthesizing Sounds from Rigid-Bod y Simulations

Jamed-. O'Brien

ChenShen

ChristineM. Gatchalian

EECS,ComputerScienceDivision
University of California, Berkeley

Abstract

This paperdescribesa real-timetechniquefor generatingealistic
andcompellingsoundghat correspondo the motionsof rigid ob-
jects.By numericallyprecomputingheshapeandfrequenciesf an
objects deformatiormodes audiocanbe synthesizednteractiely
directlyfrom theforcedatageneratedby astandardigid-bodysim-
ulation. Usingsparse-matrieigen-decompositiomethodsthede-
formationmodesanbecomputecef ciently evenfor largemeshes.
This approachallows usto accuratelymodelthe soundsgenerated
by arbitrarily shapedbjectshasednly on a geometriadescription
of theobjectsanda handfulof materialparameterswWe validateour
methodby comparingresultsfrom a simulatedsetof wind chimes
to audiomeasurementskenfrom arealset.

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;.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 modalsynthesismodalanalysis.

1 Introduction

Oneof the centralgoalsfor the eld of computergraphicsis the
compellingportrayalof realisticsyntheticervironments.However,
generatingcorvincing animationsof scenesuchasthatshavn in
gure 1 requiresdepictingnotonly thevisualaspectof thescene,
but its audiocomponentaswell. While constructinga soundtrack
by handoftenprovidesafeasibleoptionfor animationghataregen-
eratedoff line, interactve applicationsincreasinglyrely on physi-
cally basedsimulationtechniquego generateanimatedmotionsin
real-timeandtheseapplicationgequiremethoddor generatinghe
correspondingudioin real-timeaswell.

Oneclassof simulationmethodthat hasfound widespreaduse
in real-timeapplicationsis rigid-body simulations. Becauseigid
bodiesaremadeup of incompliantmaterials they experienceonly
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Figurel: A syntheticervironmentcontaininga setof simulated
wind chimes.Both the motion of the chimesandthe corresponding
audiocanbe computedht interactive speeds.

small-amplitudedeformationsduring interactionswith their ervi-
ronment. Explicitly discardingthesesmall deformationsallows
rigid-body simulatorsto model a systems remainingdegreesof
freedomefciently. However, althoughvisually insigni cant, it is
thevibration of thesesmall-amplitudedeformationghatgenerates
the soundsheardfrom theseobjects.

This paperdescribes real-timetechniquefor generatingreal-
istic and compellingsoundsthat correspondo the motionsgener
atedby rigid-body simulationmethods. Precomputinghe shape
andfrequencief anobjects deformationmodesallows that ob-
ject's vibrationalresponseo contactforcesto be ef ciently com-
putedat runtime. The vibrational responsés then useddirectly
to computethe correspondingudio. Our techniqguecomputesan
objects deformationmodesnumericallyby performingan eigen-
decompositiorof the systemmatricesfrom a nite elementmodel
of the object. This approachallows us to accuratelymodel the
soundgyeneratedby arbitrarily shapedbjectsbasedon a geomet-
ric descriptionof the objectanda handfulof materialparameters.
Thediagramin gure 2 providesanoverview of this process.

2 Background

Thetechniguepresentedn this paperis closelyrelatedto previous
methodsdevelopedby vandenDoel, Kry, andPai. The conceptof
usingthevibrationalmodesof anobjectfor generatingsoundwas
originally introducedto the graphicscommunityin [van denDoel
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Figure2: Thisdiagramillustratesboththepreprocessingtepshat
areusedto constructthe audio/visualmodelfor anobject,andthe
processeshat subsequentlygeneratesoundand motion from this
descriptionatinteractive speeds.

and Pai, 199 and[van denDoel and Pai, 1999. They shaved
thatthe analyticallycomputedvibrationalmodesof simply shaped
objects,suchassquareplatesor cylindrical rods,could be usedto
generatesoundmapsover the objectsurfaces. They constructech
systemthat computedrealisticcontactsoundswhenaninteractie
userindicateda point on the surfacesof the modeledobjects. Be-
causethe mapsweregeneratedrom the modeshapesthe system
correctlycapturecthe variationsthat arisewhenobjectsare struck
atdifferentlocations.Morerecently [vandenDoeletal.,2001 de-
scribeda methodthat usesrecordeddatato constructsoundmaps
overthesurfaceof anobject.In additionto allowing auserto inter-
actively generatesoundsby tappingthe objectsurfaces they used
contactforcesfrom a real-timerigid-body simulationto excite the
sampledmodes.

Our work builds on the ideasof thesetwo previous methodsby
extendingthe rangeof objectsthatcanbe modeledto includeones
that are neithersimple shapesor available to be measured.The
analyticallycomputedmodesusedin [vandenDoel andPai, 1999
and [van den Doel and Pai, 1999 are the continuousequialent
of the numericallycomputeddiscretizedmodesdescribedn Sec-
tion 3.1 of this paper Numericalcomputatiorallows determining
themodesfor essentiallyarbitraryshapessopposedo afew sim-
ple shapesand it males fewer assumptionsaboutthe underling
differentialequationsOur methodfor driving thesoundgeneration
from arigid-body simulationis essentiallyidenticalto the method
usedin [vandenDoel et al., 2001, but we have found thatuseful
resultscanbegeneratedising“off-the-shelf rigid-bodysimulators
andthata specialcontactmethodis not necessarilyequiredunless
onewishesto producerubbingor scrapingsounds.

Anotherrelatedmethodfor generatingsoundhasbeendescribed
in [O'Brien et al., 200]. Their approachusesa nonlinear nite
elementmethodto explicitly modelthe responseof an objectto
externalforces.Audio is generatedby analyzingthe computedsur
face behaior andthen applying a setof lters to the computed
motionfor extractingfrequeny componentshatfall within theau-
dible range.Unlike the methoddetailedin this paperandthe previ-

ouslydescribednethodf vandenDoelandhis colleaguestheuse
of anonlinear nite elementmethodallows themto modelsounds
that arise from nonlinearbehaiors suchas buckling. The main
limitation of their methodis thatit requireslarge amountsof com-
putation.In contrastpur methodcanaccuratelymodelonly sounds
producedyy linearphenomenahut it cancomputethesesoundsn
real-time.

In additionto theabove physicallymotivatedwork onsoundgen-
eration, other prior work in the graphicscommunity hasfocused
on soundpropagationand heuristicapproacheso soundgenera-
tion. Producingsynchronizedsoundtrackgor animationswvasad-
dressedn [TakalaandHahn,1993 and[Hahnetal., 1999. For
modelingtearingcloth, [Terzopoulosand Fleischey 1989 gener
atedsoundtrackdy playinga pre-recordedoundwhene&er a con-
nectionin a springmeshfailed. Work describedn [Savioja et al.,
1997 focusedon creatingvirtual musicalperformancesn virtual
spacesisingphysicallyderived modelsof musicalinstrumentsand
acousticray-tracingfor spatializationof the soundsources.Other
researcherbave developedmethodsfor correctlymodelingre ec-
tionsandtransmissionsvithin the sonicenvironment[Funkhouser
etal., 1998 Funkhouseetal., 1999 Min and Funkhouser200Q
Tsingosetal., 2001.

The methoddescribedn this paperis also relatedto previous
work in the graphicscommunityon modelingdeformableobjects.
The idea of decouplingan objects rigid-body behaior from it's
elasticdeformationwas proposedin [Terzopoulosand Fleischer
1989 asanef cient methodfor modelingdeformableobjects.This
ideawasextendedn [PentlancandWilliams, 1989 by usingmodal
analysisfor modelingdeformableobjects,althoughinsteadof ac-
tually usingthe objectsvibrationalmodesthey approximatedhem
with arbitrarylinearandquadraticdeformationelds.

Outsidethe eld of computergraphics,an extensve amountof
researclon soundmodelinghasbeenconductedn thedigital sound
andmusiccommunities.Therethe focushasbeenprimarily on ac-
curatelymodelingthesoundgieneratedby musicalinstrumentsin-
cludingthe ne subtletieghatdistinguishhigh-qualityinstruments.
A comprehense review of the work thathasbeendonein those
areascanbefoundin [Cook,2003.

3 Methods

Themechanicatlynamicsof asolid physicalobjectcanbedecom-
posednto two componentsidealizedrigid-bodymotionsandelas-
tic deformations An objectis referredto asbeingrigid, orincom-
pliant, if its responseo typical interactionsincludesonly negligi-
ble deformations. For example,when a persontapsthe side of a
drinking glassit e xesslightly but the amplitudeof this deforma-
tion is small enoughto be unobserable by sight. However, this
small deformationmay be obsenable by hearing. In particular if
the elasticpropertiesof the glassare suchthatthe small deforma-
tion inducedby thetapresultsin vibrationsat frequenciebetween
approximately20 and 20; 000Hz, thenthe small pressureuctua-
tions causeddy the oscillatingdeformatiorwill be heardassound.
For furtherinformationon the physicalproces®f soundgeneration
we referthereadetto [Kinsleretal., 2004.

3.1 Modal Analysis

Our methodfor modeling the soundsgenerateddy rigid objects
malkes useof a well studiedtechniqueknown as modal analysis.
This sectionpresents brief overviev of modalanalysisand pro-
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 methodcanbe expressed
in thefollowing generaform:
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where s the vectorof nodedisplacementsan overdotindicates
a derivative with respecto time, and arenonlinearfunctions
thatrespectrely determingheinternalforcesdueto nodedisplace-
mentsand node velocities, mapsnode accelerationgo node
momentaand representary other(e.g. external)forces. Typi-
cally, theforcesdeterminedoy  areinternalelasticforcesand
determineslampingforces.

In general.equation(1) is nonlineay however if we assumehat
the displacementsre small thenwe may linearizeaboutthe sys-
tem'srestcon gurationgiving:

+ _+ * = 2

where , ,and arerespectiely knonvn asthe systems stiff-

nessdamping,andmassmatrices.For the physicalsystemscorre-
spondingto solid objects,all threematricesarereal and symmet-
ric. Both and arepositive semi-de nite,and  is positive
de nite. Linearizingin this fashionis consistentwith our goal of

modelingthe small-amplitude high-frequeng vibrationsin solid
objectsthat producesound. Unfortunately the linearizedsystem
cannotmodeltherotationalcomponent®sf rigid-body motion. We
will put this issueasidefor now, but later we will returnto it and
shav how the rigid-body modescan be decoupledrom all other
modes.

Oncewe have the linearizedsystem the next stepin the modal
analysisis to performa seriesof manipulationghatwill diagonal-
ize equation(2). To facilitate this processwe will rst assume
that = 1 + ., forsome ; and . Expressingthe
dampingmatrix asa linear combinationof the stiffnessand mass
matricesis knowvn as Raleighdamping. Although this assumption
simpli es diagonalizatiorwhile still producinggoodresults,it is
not strictly necessaryA moregeneralassumptionknown aspro-
portional damping,that expresseshe dampingmatrix as a linear
combinationof pawers of the stiffnessand massmatriceswould
alsobe diagonalizedby the procesdlescribedelon but the equa-
tions would be more cumbersomeAdditionally, evenif for some
reason mustbearbitrary thenother slightly morecomplicated,
methodsareavailablefor decouplingequation(2) [Andersoretal.,
1999 Bai etal., 2004.

Replacing with 1 + >
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Since is symmetricandpositive de nite, it maybedecomposed
usinga Cholesly factorizationsothat = T.If weintroduce

anothewariable, = T , andthenrewrite equation(3) in terms
of afterpre-multiplyingby ! wethenhave:

gives:

1 T( +

1)+ (2t 0)= o 4)
The real and symmetricmatrix ~ * T
into 1! T = T where s the orthogonalma-
trix whosecolumnsarethe eigervectorsof ! Tand is
the diagonalmatrix of eigemvalues. Introducinganothervariable,

= T | andpre-multiplyingby T transformsequation(4)
(+ 1)+ (2_++)= T * (5)

into:
which canberearrangedo give:

can be decomposed

+(1 + 2 ) _+e= (6)

where = T 1|

At this point the original linear systemof equation(3) hasbeen
diagonalizednto a setof decoupledoscillators. Thei'th row of
equation(6) is the scalarsecond-ordedifferentialequation:

izt ( 11+ 2)z1+% =0 (7)

where ; is thei'th entry of the diagonalmatrix . Equation(7)
may be solved by numericalintegrationor it may be solved more
efciently usingtheanalyticsolution:
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wherec; andc, arearbitrary (comple) constantsand! ; is the
comple frequeng givenby

!i:(1i+2) pz(1i+2)2 4i: ©)

The absolutevalue of the imaginarypart of ! ; is the frequeny
(in radians/secondot Hertz) of the mode,andthereal partis the
modes decayrate.

The decoupledsystemof equation(6) is not an approximation
of the original linear systemin equation(3), it is exactly the same
asthe original linear system. Of coursethe linear systemwasan
approximationof the original nonlinearone,but ary problemthat
couldbe solvedusingequation(3) could alsobe solvedwith equa-
tion (6).

The columnsof arethe vibrationalmodesof the object
beingmodeled. (See gure 3.) Eachmodehasthe propertythat
a displacemenbr velocity over the objectthat is a scalarmulti-
ple of the modewill producean acceleratiorthatis alsoa scalar
multiple of the mode. This propertymeansthatthe modesdo not
interactwith eachother whichis why decouplingthe systeminto a
setof independentscillatorswaspossible Theeigevaluefor each
modeis theratio of themodes elasticstiffnessto themodes mass,
andit is the squareof the modes naturalfrequeng (in radiansper
second).In generalthe eigevalueswill be nonzero,but for each
freebodyin the systemtherewill besix zeroeigemwvaluesthatcor-
respondo thebody's six rigid-body modes.Therigid-body eigen-
valuesarezerobecausearigid-bodydisplacementill notgenerate
ary elasticforces.

T

3.2 Rigid Body Simulation

As discussegbreviously, therigid-body modesfor anobjectdo not
interactwith the object’s deformationmodesprovided the amount
of elasticdeformationexperiencedby the objectis small! Addi-
tionally, small-amplitudeslasticdeformationswill notsigni cantly
effect the rigid-body collisions betweenobjects. Theseobsera-
tionsallow usto modeltherigid-bodybehaior of theobjectsin al-
mostthesameway asif we werenotinterestedn generatingaudio.
Theonly changethatmustbe madeto therigid-body simulationis
thatinformationaboutcontacforcesmustbegatheredndexported
to anothemprocesghatwill generatehe audio. Of course hearing
theresultsof therigid-bodysimulation,in additionto seeingthem,
may reveal previously unnoticednadequaciesf the simulator but
we have notfoundthis to be a problemwith the simulationengines
we have workedwith.

We have implementedur systemusingtwo existing rigid-body
simulationengineshatwerenot originally designedor generating
audio. Our choiceof enginesvasmotivatedby whatsystemswvere
readily availableandhow well they wereableto modelthe scenar
ios we wishedto test. The rst is a commercialsoftware package,
Vortex, sold by Critical MassLabs. The secondsystemwe areus-
ing hadbeenpreviously writtenby OkanArikan, agraduatestudent

1Actually, the requirementvasthatall displacementse small,includ-
ing displacementsorrespondindo therigid-body modes. The translation
modesareinherentlylinear so they cannotinteractwith the elasticmodes
regardlesof their magnitude put for a rapidly rotatingbody therewill be
somecouplingbetweertherotationmodesandthe elasticones.Unlessthe
objectis rotatingvery rapidly or experiencinglarge angularaccelerations,
thecouplingbetweerrotationandelasticmodeswith frequenciesn theau-
diblerangewill benggligible, sowe ignorethis interaction.



notinvolvedin this project.No specialkchangesveremadeto either
packagenthertheninstrumentinghemto allow reportingcollision
forces.

3.3 Deformation Model

Oncethe task of modelingthe rigid-body modeshasbeendele-

gatedto arigid-body simulator the remainingelasticdeformation
modescanbe usedfor generatingaudio. Becauseave areinterested
in modelingsoundgrom incompliantobjectswe canusethemodal

decompositiormethodsdescribedn Section3.1to computetheir

behaior ef ciently. However beforewe canperforma modalde-

composition,we must rst selecta deformablemodelingmethod
thatcanbeusedto generatehe , ,and matrices.

The methodwe are using for modeling deformablebehaior
is the tetrahedral nite elementmethod describedby [O'Brien
andHodgins,1999 for modelingfracturepropagationandsubse-
quentlyusedin [O'Brien etal., 2001 for modelingnonlinearaudio
generation As discussedy O'Brien, Cook, andEssl,a variety of
methodsouldbeused,includingspring/massystemsr nite dif-
ferenceanethods.We selectedhis nite elementmethodbecause
their previousresultsshav thatit is accurateenoughfor generating
compellingaudio.

Computingthe global stiffnessand massmatricesproceedsoy
rst computingindividual 12 12 stiffnessand massmatricesfor
eachelementand then assemblinghe resultsto form the global
matrices. From [O'Brien and Hodgins, 1999 the nonlinearnode

forcesaregivenby:

4 x X
voIx
flija = - P 1a ik Kl (10)
j=1 k=1 1=1

wheref i}, is thea'th componenbf the force exertedon thei'th
nodeof the element,vol is the volume of the element,p arethe
nodepositions, is the elementbasismatrix, and is the stress
tensorwithin the element. Detailsfor computing and appear
in [O'Brien andHodgins,1999.

The elementstiffnessmatrix, , is computedby takingthe par

tialsof andevaluatingthemat zerodisplacement:
@iita
Kpi = — 11
[ij 1ab @[j]b t ( )
vol X
= 7( ia jbt b jat ik jk ab) (12)

k=1

where istheKroneclerdelta,and and arethematerialsLamé
constant£. This is the exactly the samematrix thatwould have re-
sultedif Cauchys in nitesimal strain had beenusedin place of
Greens strain,however with Cauchys strainthe partialswould be
constantwith respectto nodepositionso thatit would not matter
wherethey wereevaluated.

The elementmassmatrix, is computedby takingthe second
partialsof thekinetic enegy within the elementwith respecto the
nodevelocities,which turnsout to be constantvith respecto node
positionandvelocity:

@

N = = 13

[ij ]ab @.’Li]a@[.j]b ( )
vol

T(l + i) ab (14)

2Unfortunatelythesymbol is corventionallyusedbothto indicateone
of thesystenmeigevaluesandthe rst Lamé constantln this paperit should
be clearfrom contet (andthe presencer absencef a subscriptwhatthe
symbolis referringto.

where is thekinetic enegy within the elementanoverdotrepre-
sentsa derivative with respecto time (i.e. p arenodevelocities),
and isthematerials density
Theglobalstiffnessandmassmatrices, and , arebuilt by
assemblinghe elementmatrices. Assumingthat we are working
with three-dimensionabbjects,eachof the globalmatriceswill be
3N 3N whereN is the numberof nodesin the nite element
mesh.Eachentryin eachof thel2 12 elementmatricesis accu-
mulatedinto the correspondingntry of the globalmatrix.
Sinceeachnodein atetrahedrameshwill shareanelementwith
only a smallnumberof the othernodestheglobalmatriceswill be
very sparse This sparsenessieanghataneigendecompositiorof
canbeperformedef ciently usingsparsematrixalgorithms.Un-
fortunately the Cholesly decompositioriendsto generatea dense
matrix evenwhen is originally sparseandasa resultcom-
puting ! maybecostlyand ! T will bedensi ed.
Densematrix algorithmscanbe usedfor systemaup to approx-
imately 1000 nodes but beyondthatwe suggesusinganalternate
massmatrix that doesnot generatea denseCholesly decomposi-
tion. The alternatemassmatrix, knowvn asa lumpedmassmatrix,
simply shiftsthe sumof eachrow ontothediagonal:

vol

l[Li}m][;bEd = T ij ab: (15)
Becausehe elementmassmatricesare diagonal,the global mass
matrix will be aswell, andits Cholesly decompositiorwill also
bediagonal: will beadiagonalmatrix whoseentriesaresimply
the squareroot of the entriesof thelumped . For smallsystems
generatedy coarsemeshesthe errorsintroducedby masslump-
ing may be signi cant. However, asthe meshgets ner theerrors
introducedby lumping quickly becomeinsigni cant [Cooket al.,
1989. Luckily, thelarge systemsorrespondingo ne meshesre
preciselytheonesthatrequirethe sparsesolversfacilitatedby mass
lumping. Our implementatiorincludesboth denseand sparsede-
compositionroutinesand we usewhichever is appropriateto the
sizeof a particularsystem.For densedecompositionsywe usethe
routinesfrom LAPACK [Andersoretal., 1999, andfor sparsele-
compositionsve usethe TRLan package[Wu and Simon,1999.
Themethodusedfor eachof ourexamplesalongwith computation
timesandthe numberof nodesjs listedin table1l.

The useof Raleighdampingwasanothersimpli cation thatwe
madeto facilitatedecouplingequation(2). In [O'Brien andHod-
gins, 1999 they useda nonlinearstiffness-proportionatiamping
term basedon the strain rate with parameters and . Raleigh
dampingis equialentto alinearizationof this dampingtermwith
theadditionalconstrainthat— = —, andthe Raleighparameter 1

shouldbe setto this ratio to generateequivalentresults. O'Brien
andHodginsdid notdiscussamassproportionaldampingterm, but
setting » to a non-zerovalue would be equivalentto including a
( 2dim;) dampingforceon eachnode.

Evenwith sparsematrixmethodscomputingasystendecompo-
sitionstill requiresasigni cant amountof time, soit is worth noting
thatcertainchangesnaybe madewithoutrecomputinghedecom-
position. The dampingparameters, 1 and 2, have no effect on
thedecompositionsothe only work involvedwhenchangingthem
is re-evaluatingequation(9). Changingthe materials densitydoes
not changethe modeshapesit only scalesthe eigervaluesby the
inverseof the scalefactorappliedto the density Similarly, scal-
ing the Lamé constantsoth by the samescalefactor(i.e. sothat
theratiobetween and is presered)only scalesheeigevalues
by the sameratio. Changingtheratio betweerthe Lamé constants,
changinghe shapeof the object,or modifying themeshall require
recomputinghe decomposition.

3.4 Sound Generation

Onceall of the computationamachinerydescribedabove is avail-
able, the actualprocessof computingaudio matchingthe motion



Figure3: Thetop shavs a multi-exposureimagefrom ananima-
tion of abowl falling ontoahardsurfacewith thepathof thebowl's
centertracedby a yellow curve. Only the bowl is sounding. The
two bottomrows shav a sideandtop view of thebowl alongwith
threeof thebowl's rst vibrationalmodes.(Themodesselectedor
theillustrationarethe rst threenon-rigid oneswith distincteigen-
valuesthatareexcited by atranswerseimpulseto thebowl' srim.)

from arigid-body simulationis both straightforvard to implement
andcomputationallyef cient:

1. A rigid-bodysimulationis setup for thedesiredscenario.

2. For eachobjectin the simulation,the systemmatricesareas-
sembledanddecomposethto theirvibrationalmodegi.e. the
columnsof T ).

3. Foreachobjectin thesimulation,only thecolumnsof 7

correspondingo jim(! i)j in therange3:18:: : 3;180Rad=s

(20:::20,000Hz) areretainedtherestarediscardedor if the

sparsemethodis usednever computed).

4. As therigid body simulationruns, collision forcesare pro-
jectedontotheretainedmodes.Theresponsef eachmodeis
modeledusingequation(8).

5. Eachmoderesponsés scaledaccordingto how it movesthe
objectssurfaceandthe scaledresponsearethensummedo-
gether

6. Finally, theresultis outputto thecomputers audiodevice.

In practice,not all of the modesin the audible rangeneedto
be retained. As discussedn [van den Doel et al., 2007, high-
quality resultscan easily be obtainedusing only the rst 800 or
fewermodes.

A modes responseo a projectedimpulseis given by equa-
tion (8) with

0= 219 (16)
s s

2 tgi

1. [
o ol

C2 (17)

where t is theintenal over which the projectedforceis applied,
andt is time relative to whentheimpulsewasapplied. Substitut-
ing thesevaluesof ¢; andc; into equation(8), recallingthatonly

modeswith jim(! ;)j in therange3:18::: 3;180Rad=s areused,
andthensimplifying yields

2 tg| t

z = eRet D sin(tiim(! 1)j) - (18)

—jim(r)j

Evaluatingequation(18) for every audio sampleis inef cient.
By notingthate' (**$) = ¢ t¢' 5, thevalueof theoscillatoratone
audiosamplecanbecomputedrom thepreviousvalueusingonly a
singlecomplex multiply. Additionally, asa modeis excitedat sub-
sequentimesby differentcontactforces,the additionalexcitations
canbe modeledby simply addingthe new valueto the oscillator's
currentvalue. Becausehe costof modelingadditionalimpulsesis
essentiallyzero,the forcesfrom the rigid-body simulationmay be
convolvedwith a Gaussiarkernelto modelthe effect of soft colli-
sions,or with a noisefunctionto modelsmall-scaleoughnesshat
is belav theresolutionof therigid-body simulator [van denDoel
etal.,200]. Ourresultsweregeneratedisingtheformer

A methodfor modelingthe coupling betweenvibrationsin an
objectandvibrationsin thesurroundingair is describedn [O'Brien
etal., 200]. Unfortunately their methodis too slow for real-time
use. We computean approximatecoupling coefcient for each
modeby summingtheamounbf normaldisplacemengeneratethy
that modeover the surfaceof the objectmultiplied by the modes
frequeng. The couplingcoefcient for eachmodemultiplies the
resultcomputecby thatmodes oscillatorandthe sumof thescaled
oscillatorsis the nal soundgeneratedby the system. A result
of this simpli cation is all objectsaretreatedas omni-directional
sources.

4 Results and Discussion

We have built a systemthat implementsthe methodsdescribed
abore andusedit to generatea numberof demonstratie examples.
Tablel lists the parametershatwereusedin eachof theexamples,
and the video tape accompaying this papercontainsanimations
thatexhibit the soundsandmotionsproduced.

To testhow well the computedresultsmatchreal objects,we
generatedhe wind chimesshavn in gure 1. Thesechimeswere
modeledbasedon measurementsom a real setof chimes. Each
tubeis a hollow cylinder 1:25cm in radiuswith a nominalwall
thicknessf 1 mm. Themeasuredengthsof the chimesarelisted
in table2. We computedhe modaldecompositiorfor eachchime
usingreferenceparametergor aluminum. The resultingbasefre-
guenciesnatchedmeasureanesto within 2% error. However, the
realchimeswereslightly out of tune,sowe tunedthe simulatedset
by adjustingthetubelengthssothatthey werewithin  1Hz of the
correct(D scale)tuning.

Figure 3 shavs a bowl modelthat was usedfor two of the ex-
amples.The modaldecompositiorof the bowl wascomputedonce
with materialparameterfor aluminumandagainwith materialpa-
rameterdor wood (oak). Two animationswverecreated poth with
the samerigid-body motion but with the two soundtracksgener
atedfrom the two differentmodal decompositions.The resulting
audio (refer to video tape) capturesthe generalcharacteristicof
both materialsaswell asdetailssuchasthe soundproducedasthe
bowl rolls on its edge. Figure 3 alsoillustratesthe mode-shapes
for threeof the bowl' s vibrationalmodesby shaving the resultsof
applyingthemodeasadisplacementverthebowl' s originalshape.

An examplegeneratedisinga morecomplex modelconsistsof
bunry gurines falling througha chute. (See gure 4.) Both the
bunry andthe shelhesin the chutegeneratesoundswhen struck.
The sheles are madeof plastic, metal, andwood. The bunry is
ceramic. The tetrahedrabunry modelwasgeneratedy meshing
theregion betweerthe surfaceof the StanfordBunry modelandan
interior offsetsurfaceto createahollow gure with nite thickness
walls, as shavn on the right side of gure 4. The right side of



Example Figure || P a) (P a) 1 2 (Kg =m3) || BaseFreq. (Hz) | Decay || Num.Nodes Method  Precompute
Chime(D3) 1 4:98 10° 257 10 |1 10 7 0 2700 587:4 0:6 18796 Sparse  2h24min
Bowl #1 3 4:98 10° 257 10° |1 10 7 30 2700 551:3 15:6 387 Dense  4min12sec
Bowl #2 - 5:00 108 1:00 10®% |8 10 % 50 750 216:7 22:4 387 Dense  4min12sec
Bunry (Ceramic) 4 3:99 10° 205 10° |1 10 ¢ 10 2700 855:9 19:5 37114 Sparse  4h40min
PlasticShelf 4 2:49 10  1:28 10 |1 10 & 50 2700 488:9 29:7 361 Sparse 30sec
Aluminum Shelf 4 4:98 10° 2556 10 |1 10 7 0 2700 691:5 0:9 361 Sparse 30sec
Wood Shelf 4 5:00 108 1:00 108 |8 10 % 50 750 154:6 28:8 361 Sparse 30sec
Bunry (Metal) - 4:99 10° 2556 10 |1 10 7 0 2700 855:9 19:5 37114 Sparse  4h40min
Blocks 5 5:00 108 1:00 10® |8 10 % 50 550 1596:2 428:1 1160 Dense  5h28min
Boxes 5 5:00 108 1:00 10® |8 10 % 50 550 159:1 49:0 1160 Dense  5h28min
TheEnd(T) 6 1:49 10° 770 108 | 2 107 30 2700 247:7 15:2 71 Dense 42sec

Tablel: Thistablelists parameterthatwereusedfor eachexampleobject,theresultingfrequeny anddecayfor theobject's primarymode,
the numberof nodesin thetetrahedramesh the methodusedfor the modaldecompositionandthe amountof time requiredto computethe
decompositionOncethe modeldecompositiohasbeencomputedall of the abore examplescangenerateudioin real-time.For “Chimes”

and“The End; theinformationlistedis for the D3 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 AT75 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: Thenotesandidealfrequenciedistedindicatethe values
speci ed by the manufcturerof the real wind chimes. The mea-
suredvaluesweretakenfrom therealwind chimes.The computed
frequenciesrewhatourmodelproducedisingtheparameterfrom

table1 andthe measuredengths.The adjustedvaluesindicatethe
lengthandresultingfrequeng of thesimulatecchimesaftertuning.
Lengthsarein metersandfrequenciesn Hertz.

gure 4 alsoshaws theresultsof projectinga pair of impulsesonto
theretainedmodesof the bunry model.

Theblocksandboxesshavn in gure 5 illustratehow scalecan
effecttheresultingaudio. Both the boxesandblocksaregeometri-
cally similar: hollow cubeswith awall thicknessof 5% theirwidth.
However, theboxesare10 thesizeof the blocks. While the dif-
ferentscalesaresubtly revealedby therigid-body motions(by the
rate of acceleratiorwith respectto the object sizes), the sounds
producedby thetwo setsof objectsaredistinctly different,andthe
differenceprovidesa clearcueasto thesizeof theobjects.

As we discussedreviously, similarities exist betweenthe ap-
proachwe have presentedhereandthatpresentedn [vandenDoel
etal., 200]. The maindifferencebetweerthe two methodss that
we synthesizeaudio from only geometryand material properties
whereastheir systemmales use of extensive measurementef a
givenobjectsresponséo impacts.Eachof thesemethodgresents
distinctadwantagesby relying on recordeddatatheir methodmay
easilymatcha given object,but our methodis applicablewhenno
real objector no robotic measuringdevices are available. Onedi-
rectionthatmightbeworth pursuingwould beusingtheir measured
datafor a given objectto infer materialparametershatcouldthen
be appliedto the geometryof a different object. This approach
might allow audiomodelsfor anentiresetof cookingpots,for ex-
ample,to be generatedrom measurementsf a single pot in the
set. It mightalsoallow usto determinethe soundmadeby a novel
bell design basedn datafrom bellsof similar materialspeforewe
actuallymake thebell. Basedonthe goodcorrespondendeetween
our syntheticchimesandthe physicalset,we are optimistic about
this directionof future work.

Figure4: Theleft sideof this gure shavs animagefrom ani-
mationof severalbunniesfalling througha chute.Both thebunnies
andtheshelesaresounding.Theimagesontheright shav in order
from top to bottom: the exterior of thebunry model,a cut-avay re-
vealingthewall thicknessandhollow interior, modalresponséo an
impulseonthebunry's nose andthe modalresponséo animpulse
onthebunry'sback.Theimpulseresponsearegreatlyexaggerated
for illustration.

Althoughtheresolutionof the meshcanaffect the resultingau-
dio, we have found that even very coarsemeshesnay be usedfor
generatingacceptableesults. The meshesusedfor eachof thelet-
tersshavnin gure 6 arevery coarseyettheresultingaudiois still
acceptableWe have found thatlow meshresolutiontendsto shift
frequencieshigherand may add a “hollow” quality to the sound.
Thefrequeny shifting maybe partially compensatetbr by simply
modifyingthematerialparameterge.g. raisingthedensity)to com-
pensatesoit will only beaproblemif oneis attemptingo matcha
particularobject(aswe werefor thewind chimes).

Although the modal decompositionsnay requireup to a few
hoursof computation,this work needsonly to be doneonce for
a given objectand audio canthen be generatednteractvely. By
precomputinghe modaldecompositiorand storingit with an ob-
ject, the approachwe have presenteccould easily be appliedto
interactive applicationssuchas video gamesthat alreadyemploy
rigid-body simulationmethods.Additionally, becauseur method



Figure5: The top imagesshav a stackof 5cm blocks being
knoclked over. The imageson the bottomshawv a stackof 50cm
boxesbeingknocked over. Only the blocksandboxesare sound-
ing. Otherthanthe10 scale bothmodelsareidentical. Theplots
belov eachsequenceshav the frequenyg contentof the resulting
audio, indicatinga signi cant differencein the sounds.(The hor
izontal axis rangesfrom 0 to 5000Hz, the vertical axes are auto-
scaledndependently

requiresonly a geometricmodelanda handful of materialparam-
eters,the extra effort requiredto generatedhe audio modelof a
givenobjectis minimal.
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Figure6: Selectframesfrom ananimationof thewords“The End”
falling onto a hard surface. Both the lettersand the surface are
sounding.
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