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Abstract

This paperpresentsan apptoad to performingtime-critical collision detectionfor deformableobjects.Thede-
formableobjectsare representedy densemeshesndtheir deformationsare steeedby a coarsermesh(reduced
model)basedon explicit nite elementsTo achieve an interruptible algorithm,we usea sphee treeconstructed
using an adaptivemedial-axisapproximationof the densemesh.The boundingsphees are updatedusing the
coarsemeshthusbalancingcomputationabhccurcyandspeed.

Categoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.5 [ComputationalGeometryand ObjectModel-

ing]: Physically basednodeling

1. Intr oduction

Physically basedmodelingof deformableobjectsand col-
lision detectionhave beenextensiely researcheifferent
approachebave beenproposedo reproducehysically cor-
rect behaiors of deformableobjectsin real-time. Mostly,
they arebasecbn simpli cations of morecomple represen-
tationsor ontheuseof fastandstableintegrationtechniques
ontheir governingequationsMore recently differentlevels
of resolutionof the physical model, reducedmodels have
beenusedto speediup the simulation.

In collision detection,most effort has beenfocusedon
solving the collision detectionproblem for rigid bodies.
Most of the proposedechniquegacklethe problemin two
phasesThe rst phaseabroadphase culls out pairsof ob-
jectsthatcannotpossiblybe interacting.The secondphase,
anarrow phase carriesoutmoredetailedintersectiorcalcu-
lations.To accelerat¢hecollision queriesthisnarrav phase
mostoften usespre-computediatastructureghat are hier-
archicalrepresentationsf the objects.To ensurereal-times
ratesthroughouthe simulation,it is desirableto useatime-
critical systemwhich can interruptthe collision detection
procesgo t atime budget.Unfortunatelythesetechniques
cannotbeapplieddirectly in casesvherethe objectsarede-
formable,sincethe datastructuremeedto be updatedafter
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every deformation Theupdateprocesss normallyslov and

constitutesa major bottleneckfor real-time computations.
Real-timecollisiondetectiorfor deformablebjectss there-

fore agrowing researclarea.

1.1. Contrib utions and outline

We presenfanapproactio performingtime-criticalcollision

detectionfor deformableobjects.To ourknowledge,all pre-
vious collision detectionalgorithmsthat usedan interrupt-
ible, or justin time, systemwerefocusedonrigid bodiesand
noneof themon deformableobjects.Our approachs based
on [JP04 sincewe alsousea reducedmodelto updatethe
hierarcly tree.However they do not considera fully inter

ruptible systemand someartifactsarisedueto the useof a
simpleboundingvolumegeneratar

The main ideabehindour approachs to tradeaccurag
for speedin orderto guaranteehat collision processings
alwaysperformedin lessthanor equalto a stipulatedcriti-
cal time First we createa deformablemodelbasedon two
differentresolutionrepresentationsthe rst resolutionis a
densetriangularmeshthat we usefor graphicalrendering
andthe seconds a coarsemesh(reducedmode) usedfor
deformationsThe coarsemeshusesinner tetrahedronso
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explicit nite elementsanbeused.Thedenseneshfollows
the deformationsof the coarsemeshby usingrigid links.
Next, we producemultiple approximationsof the objects
realsurfaceusingaspherehierarcly. Our collisiondetection
algorithmchecksfor intersectiondbetweersuchhierarchies
until it exceedsthe given critical time. The spherehierar
chiesarenot updatedusingthe verticesof the surfaceof the
object,but ratherthe verticesof thereducedmodel,thusre-
ducingthetime to updatethe hierarchies.

The restof the paperis organizedas follows. Section2
givesanovervien of somerelatedworksin deformableob-
jectsandcollisiondetectionThen,in Section3, we describe
how we simulatedeformationsby usingtwo differentreso-
lution meshesln Sectiord we presenbur approacho han-
dling collision detectionbetweendeformableobjectsusing
aninterruptiblemechanismfollowedby experimentsandre-
sultsin Sections. Finally, someconclusionandfutureplans
arediscussedh Section6.

2. Relatedwork

In generaltherearetwo typesof deformableobjectsin com-
puter graphics:geometrically-base@nd physically-based
Geometrically-basedeformableobjectschangetheir shape
by moving somecontrol points or by calculatingimplicit
functions(e.g. Free Form Deformationmodels[FdPT97]).
Physically basedmodels use physical laws and material
propertiesto model the object. Among the best known
arethe mass-springlampers[KAMO0O], boundaryelement
[JP99 and nite element{OH99, MDMJO02] methods.The
latterarethemostaccuratebut interactvity canbelostif the
objectshave alargenumberof primitives.To handlethis,we
canusemultiresolutiormodeld(i.e., asetof reducednodels)
to achieve real-timesimulations.Delunneet al. [GDBO01]]
use spaceand time adaptve samplingto achieze dynamic
real-timedeformationsKondoandKanai[KK04] simulated
densemeshesisingan underlyingreducedphysical model.
A similar approachasbeenproposedn [CGC®02].

A signi cant amountof researcihasbeenfocusedn rigid
body collision detection.Most of the resultingtechniques
needto be modi ed for deformableobjects(pleasereferto
[JTTO1, TKH"04] for recentsurweys). The generalprocess
is dividedin a broadphaseto cull out noninteractingpairs
of bodiesandin a narrov phasethat traverseshierarchical
representationsf the objectsto nd intersectingregions.
In generaltheserepresentationaremadeof boundingvol-
umessuch as orientedboundingboxes (OBB) [GLM96],
k-dops[KHM "9§], including their specialcase,the 6-dop
axis-alignedboundingboxes(AABBs) [vdB97], andsphere
trees[Hub96 BOO04]. For rigid body time-critical collision
detection sphereshave alsobeenusedto generateapprox-
imateresponseso contact§DOO00]. Time-critical collision
detectionalsoknown asgracefuldegradation was rst pro-
posedby Hubbard[Hub95. The objectsarerepresentethy
spheretreesand collisions are testedin round-robinorder,

progressiely increasingthe level of accurag until the in-
terruptiblemechanisnstopsthe processafter a giventime.
Later, thisapproachvasextendedo improvethemechanism
for collision schedulingcontactmodellingandcollision re-
sponsgDO00]. Klein and ZachmannKz03] proposedan
averagecaseapproachADB-trees)to abortthe traversalof
thehierarcly in atime-criticalframewvork. They considetthe
probability that a pair of boundingvolumescontainsinter
sectionvolumes.To date,theseapproachesave only been
usedfor collision detectiorbetweerrigid bodies.

In collision detectionfor deformableobjects,the hierar
chiesmustbe updatedat eachtimestepthat the objectde-
forms. This updateprocesscan be very slow andthusthe
simulationmaynotmeetreal-timedemandsvVandenBergen
comparedAABBs and OBBs [vdB97] for deformableob-
jects and determinedthat AABBs are the bestoption. He
alsoshowvedthat,althoughthehierarchiesanalsoberehuilt,
updatingis almostten times fasterthan retuilding. Lars-
sonandAkenine-MollefLAMO01] comparediifferentmeth-
odsfor the hierarcly updatingprocessdasedon bottom-up
andtop-down stratgjies. They foundthatthesemethodde-
pendonthenumberof deepnodesprocessedasedon this,
they proposedan hybrid methodthat usesboth stratgies.
Mezgeret al. [MKEO3] speededip the processby updat-
ing the hierarcly aftera few time stepsandthenonly those
branchesvhoseprimitives that have moved fartherthana
given distance Recently an approacho updatethe hierar
chiesby meansof a reducedmodelhasbeenproposedby
Jamesand Pai [JP04. Alternatively, hardware accelerated
collision detectionmethodshave shavn promisingresults
[MLD "02, GLMO04]. However, accuray is still limited due
to the non- oating point precisionandthe sizeof theframe
buffer memory Othertechniquesasedon spatialhashing
have shavn goodresultssTHM " 03].

3. Deformable Model Approach

In this section,we presentour dynamicmodelfor the sim-
ulation of objectdeformationslt is basedon two meshes:
a densemeshcomposedf a large numberof trianglesand
usedfor graphicalrendering.The verticesof this meshare
repositionedat eachtime-stepto simulatecomplex defor
mations.Thesenew positionsof the verticesare steerecoy
a coarsemesh,reducedmode| seeFigurel1. This reduced
modelcanbeary physicallybasecklasticmodel.In ourcase,
we have implementedan explicit nite elementmodel as
proposedby O'Brien and Hodgins[OH99] and useda 4th
orderRunge-Kittaintegrationscheme.

3.1. Linking the coarseand densemeshes

The procedureto link the denseand the coarsemeshess
donein an off-line process.Supposehat the densemesh
has P=(ps; p2;:::; pN)T verticeson its surface.Next, con-
sideronly theverticesonthesurfaceof thecoarsdetrahedral
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Figure 1: Top left gure showsa densemeshwhosedefor
mationsare steeedby a coarsermeshtopright. Rigidlinks
are usedto link bothmesheshottom.

of the model.Note thatM < N. Sincethe densemeshver
ticesaresteeredy thereducecoordinatesywe canestablish
thatP= f(Q).

For eachp; we nd its threeclosestreducedcoodinates
Jo;d1;92- Theideais to nd arigid link betweenthe ver
tex p; anda point O weightedby the threeclosestreduced
coordinatesseeFigure2. Therigid link will never vary its
lengthbut its origin, O, andits orientationchange The ori-
entationchangewvith respecto thereducedctoordinatesg;,
(i= 0;1;2). Thesechangesreexecutedfollowing precom-
putedweightsin theundeformedeferenceaxis. To compute

Dense triangular

m&d\\ p :

Coarse tetrahedral
mesh

Figure 2: Thelengthof therigid link remainsconstantbut
its orientationandorigin changesto adaptto thenew shape
of thedeformableobject.

theorigin of therigid link, O, we use:

O= goao+ quai+ gaz 1)
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wherea; representshe weightof eachof the threereduced
coordinatesTheseweightsareobtainedusingthedistances,
in theundeformedton guration, betweerthereducedcoor
dinatesandits givenvertex in the densemesh seeFigure2.
Let thedistancedegivenby

di=kgij pko i=012 (2
Thereforetheweightscanbe computedasfollows:
ap= ﬂTd;chz; 1= ﬂTdQT?Z; az= ﬂ—crd;:'(ijl’i 3)

Theseweightsare constantandthey arenot recomputed
during the simulation.Whenthe verticesof the tetrahedral
coarsemeshchangetheir position(i.e. whena deformation
occurs) only the new origin of the rigid link needsto be
recomputedollowing Equationl.

To keepthe magnitudeof therigid link constantwith re-
spectto the threereducedcoordinateswe continueas fol-
lows: let n bethenormalof theplanespannedby thereduced
coordinatesi.e.

n=(dui d) £ (d2i o) 4

andset
a= (i Go)E (5)
seeFigure 3. De ne a x ed and undeformedbasisconsti-

Dense triangular

mesh\

p Rigid Link

a=(qr-go) XN

Figure 3: Therigid link joins eat vertex of the surface
denseameshto thetetrahedal coarsemesh.

tutedby thevectors:
f=n  e=(pin; E=a (6

Let the magnitudeof the projectionsof the rigid link onto

theseaxesbe kPriky, i = 0;1;2 (e.g. kPriks is the projec-

tion of therigid link ontothe n axis). The sign, x;, of these
projectionds givenby:

i = d tPr

' ke kszI’i kzl

Thus,we have thattherigid link is de ned as:

i=01,2 (@)

2
R = & xPri: (8)
i=0
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3.2. Steeringthe densemesh

When the vertices of the coarsemesh are repositioned,
meaningthattherehasbeena deformationwe usetherigid
links to updatetheverticesof thedensemesh Usingthenew
positionsof the reducedcoordinatesye recomputethe ori-
gin of therigid link Onav usingEquationl, wherethevalues
of a; have beencomputedoff-line. To updatethe orienta-
tion of therigid links, we usethe new reducedcoordinates
to computethe new referenceaxis aswe did for €'. De ne
thenormalizedaxisasele;ormeg HENCE therigid link in the
new basisis givenby:

2 )
Ri(ne) = A XikPri k2€lieformed =012 (9
i=0

Notethatx; andkPrik, have beencomputedff-line. There-
fore, the new position of the vertex, p, is computedusing
the new origin andthe new orientationof therigid link as
follows:

Prew = Onew* Ri(new) (10)

4. Collision handling

A time-critical collision detectionmechanism‘checksfor
collisions betweensuccessielly tighter aproximationsof
the objects' real surfaces”[Hub96]. We use hierarchiesof
spheresknown assphee-trees asapproximatedaepresenta-
tionsof theobjects Therearesomeadwantageso usinghier-
archiesof spheresit is easyandfastto testfor intersections
betweenthem;they areinvariantto rotationsandtherefore
they canbe efciently updated;and mostimportantly they
caneasilybe adaptedo provide approximatecontactmod-
elling and collision responsen an interruptible algorithm
[DOO0Q].

4.1. Spheretreeconstruction

There exist several methodsto constructa sphere-tree
[Hub96 BOO04]. The idea is to construct hierarchiesof
spheresin which eachlevel of the hierarcly representsa
tighter t to the object. Guibaset al. [GNRZ02] classi ed
thesehierarchiesas being either layered or wrapped In
a layeredhierarcly the spheresalways enclosetheir child
sphereswhile in a wrappedhierarcly this is not necessar
ily true sinceregions of the child spherescan be outside
of their enclosingparentsphere;Although less consera-
tive,thewrappedhierarcly is alwaystighterthanthelayered
hierarcly. We construct,in an off-line processa wrapped
hierarcly basedon an adaptivemedial axis approximation
[BOO04]. The medial axis approximationof the objectrep-
resentsits skeletonand it is usedto place the spherehi-
erarchieson the surface of the object. The medial axis is
updatedj.e. adapted duringthe sphere-tregonstructiorto
ensurea higherdegreeof accurayg. Additionally, we usethe
datastructureproposedn [DOO0Q] to achieve fasthierarcly
traversalsandlow memorystorage.

4.2. Interruptible approachfor collision handling

Traditionalhierarcly traversalfor collision detectionis per
formed using a depth- rst seach [TKH"04][vdB97]. The
generalalgorithmcanbe summarizedasdepictedin Figure
4. In this searchmethodthe hierarcly treesareexaminedin

traverse( O, a)
if nooverlap(0,a) then
return;
endif
if aand0 areleavesthen
return primitivestestsfor aandO
else
for all childrenof a[i] andO
traverse(@li], 0)
endfor
endif

Figure 4: Pseudocodef traditional traveisal algorithm.

verticaldirections goingdown to theleavesfor eachsearch.
SeeFigure5. If the procesds suddenlyinterrupted,mary

branchesfrom the root to the leaf, may remainuntested,
leadingto missedcollisions. For example,supposehatthe

hierarchieof Figure5 collidesatthe (4;€) and(12;m) leaf

spherepairs.If the processs interruptedat the fourth path
search(i.e. (1; f)), the collision betweenthe (12;m) leaf

spherepair will have never beentested,and even worse,
the spherepair parentgests((0; d),(3;d)) will bemissedas
well. Therefore depth- rst searchis certainlynot anoption

for time-critical processingunlessthe searchis cappedat a

givendepth.

Insteadof the traditional traversal, we proposeto use
a breadth- rst seach to frame our algorithm. This search
techniquetraversesthe hierarcly horizontally progressing
successiely throughtighter approximationsof the object.
Therefore,if the allocatedbudgettime expires, at leastthe
algorithmwould have testedcollisionsbetweerapproxima-
tions of the objectwithout missingary branch.In Figure6,
if the processs interruptedat the fourth path search then
we would have testedall the brancheslthoughnotreaching
the leaf spherepairs. Hence,we useapproximationof the
objectsurfaceto computethe collision responsedrigure 7
summarizeour proposedalgorithm: Thereareseveral key
aspectsn our traversalalgorithm:

2 |t containsan entity called pair, wherewe storespheres
to betestedfor overlapping.The orderin which we store
thespheredn theentity changesluringthetraversal.This
allows usto traversethe hierarcly in a steppedandopti-
mizedway. SeeFigure6.

2 |t hastwo FIFO (FirstInput FirstOutput)lists. PAIRLIST
storesthe pairs of spheresto be testedfor collision
and COLLISIONLIST storesthe colliding pairs of leaf
spheres.
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Hierarchy 1

Hierarchy 2

TRAV ERSAL : Top down to the leaves

N > _ Smpah No collision
\K@)Nocolliéon
%‘
£
Collision y § No collision
No collision

Figure 5: Exampleof a traditional hierarchy traversal for collision detection

TRAV ERSA L: Horizontal direction

N‘*

Collision

.. @ @b @

pairList

. Switch
- the storing
order

9

@,

NP W|IN|P|2|o|T|O
olQ|lT|o|T|O00|Y

Figure 6: Exampleof a horizontalhierarchy traversal

2 Thealgorithmchecksateachspherecollisiontestthatthe
allocatedtime is notexhaustedlf thisis the casethenthe
processs interrupted

Ideally, if the procesds notinterrupted we usethe spheres
in the pairs of COLLISIONLIST to computethe force re-
sponsed\otethatwe donotreachtheprimitives(e.g.facets)
on the surface. We are trading accurag for speed.How-
ever, if theprocesss interruptedhenwe usePAIRLIST and
COLLISIONLIST to approximatethe force responseswWe
assumetherefore that untestedspherepairsin PAIRLIST
arecolliding.

4.3. Collision response

To computetheapproximateatontactforce we usedpenalty
techniqueshasedon the proportional penetrationdistance
betweenthe colliding spheresasin [DO0Q]. Eachsphere
containsinformation aboutthe penetratiorwith respectto
the correspondingolliding sphereandthe direction of the
forcerepulsionvector We computethe penetratiorfor each
pair of spheresin COLLISIONLIST (and eventually in
PAIRLIST if the processds interrupted).The corresponding
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repulsionvectorfor the spheress given by the vectorsbe-
tweenthe centerof thespheres.e.

_ _02i O1 .
kOzi Oiko’

The direction repulsionvectoris given by j n andn. Ad-

ditionally, eachsphereis relatedto a setof closestvertices
in the coarsemesh.The sphereconsideredo be colliding

apply their storedcontactforce to the closestcoarsevertex,

asin a classicalboundaryconditionof nite elemetmeth-
ods.Eachcoarsevertex averagesherecevedforcesto cause
deformations.Finally, at the end of the simulation cycle,

the ner meshfollow the deformationsof the coarsemesh
throughtherigid links asdescribedn Section3.2.

11

4.4. Hierar chy update

Our hierarcly updateis basedon recentresearctby James
andPai [JP04] in which updatesare performedusinga set
of coordinate®f areducednodelinsteadof the verticesof
the renderedanddensemesh.Thereare however somekey
factorsthat makes our updateproposaldifferent. They as-
sumedthat eachspherecontainedat leasta setof polygons
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traverse(0,a)
Pair p;
p.1=0;// rootobjectl
p.2=a;// rootobject2
List pairList;
List collisionList;
pairList.add(p);
while ( pairList.isNotEmpty()AND. notTimeCiritical())
p = pairList.getFirstElement();
pairList. RemeeFirstElement();
if (p.Owerlaps())
if (p.2.isLeaf)
if (p.1l.isLeaf)
collisionList.add(p );
else
Pair pB;
pB.1=p.2;
pB.2=p.1;
pairlList.add(pB );
endif
else
forall p.2.children;
Pair pB;
pB.1=p.2.childrenli];
pB.2=p.1;
pairList.add(pB );
endfor
endif
endif
endwhile

Figure 7: Pseudocodef interruptibletraversal algorithm.

with associatedertex points. This leadsto large bounding
spheredor objectswith long thin triangles.The sphere-tree
hierarcly generatothatwe use[BO04] avoidsthis situation
sincesphereganbeplacedonthesurfaceof thetrianglesen-
suringcompletecoverageand a higherdegreeof accurag,
asshawn in Figure 8. To updatethe positionandradiusof

Figure 8: Putting sphees on the surfaceof the triangles
avoidslarge boundingsphees.

the spheresve usethe setof closestverticesin the coarse
mesh,V;, obtainedin a pre-processingtage.The new posi-
tion centeris updatedby addingthe averagedisplacemens
of the verticesin V; to the original center Resultsarebetter

for alargernumberof verticesin V;, howeverincreasinghis
numbermay leadto slower updategates.The diameterof
thespheress updatedusinganheuristicasfollows: we take
the distancefrom the centerof a given sphereto eachof its
associatedoarseverticesat the undeformecton guration.
At eachdeformation thesedistanceshangel et the maxi-
mum ratio betweerthe new andthe original distancedel .
Hence thenew radiusis givenby rnev = | foriginal -

5. Results

In our testswe useda Pentium4 CPU, 3.00GHz with 1.00
GB RAM underawindows XP systemThegraphicscardis
aNVIDIA GeForce6800GT. The densesurfacemeshwas
simpli ed underaquadraticerrormetricsapproacfGH97].
A tetrahedralizatiorfrom the simpli ed surface meshwas
obtainedusingNetGenSch97].

To testour algorihtmwe have simulatedthe interaction
of two virtual objects.They deformfollowing the dynamic
modeldescribedsection3. We have run the simulationsev-
eraltimesandeachone hashada differenttime budgetal-
locatedto its collision detectionmodule.Eachsimulation
startswith identicalinitial conditions(e.g. samephysicalpa-
rameters sameobject positions). The collision processof
eachsimulationis interruptedat different instants.Figure
9 shaws four simulationswhosecollision detectionmech-
anismsare interrupted.Simulationsin Figure 9.a,b,cuse
spheregcoloredin red)in themiddleof thesphere-tredier
archy to computecontactresponsesyhile simulationin Fig-
ure9.d, having a largerbudgetof time for the collision pro-
cess,usesleaf spheresDifferenttypesof interactionshave

a) b)

Figure 9: Red sphees are usedto computecontact re-
sponsest different critical times: a) 0.0001sey. b) 0.001
se. ¢) 0.01se. d) 0.1se.

beentestedandthe correspondingesultsaresummarizedn
Table 1. Notice that for all the interactionswhenthe criti-
caltime is smallthe COLLISIONLIST is empty i.e. thecolli-
sionprocesss interruptedbeforeit canstoreary leafsphere

°c TheEurographic#ssociation2005.



C.Mendoza& C. O'Sullivan/ An Interruptible Algorithmfor Collision DetectionbetweerDeformableObjects

Critical  Dragon Dragon FPS Bunry Bunry PFS Bunry-Dragon  Bunry-Dragon PFS
time pairList  collisionList (Dragons) pairList  collisionList  (Bunnies) pairList collisionList (Bunry-Dragon)
0.0001 3 0 60 3 0 52 3 0 56
0.001 17 0 60 25 0 48 21 0 51
0.01 30 0 42 44 0 37 33 0 42
0.1 41 6 35 61 11 30 52 12 33
1 1345 30 25 1405 36 22 1387 28 23

Table 1: Resultf interactions.
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