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Abstract

This paperpresentsan approach to performingtime-critical collision detectionfor deformableobjects.Thede-
formableobjectsare representedbydensemeshesandtheir deformationsaresteeredbya coarsermesh(reduced
model)basedon explicit �nite elements.To achievean interruptiblealgorithm,weusea sphere treeconstructed
usingan adaptivemedial-axisapproximationof the densemesh.Theboundingspheresare updatedusing the
coarsemesh,thusbalancingcomputationalaccuracyandspeed.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.5 [ComputationalGeometryandObjectModel-
ing]: Physicallybasedmodeling

1. Intr oduction

Physically basedmodelingof deformableobjectsand col-
lision detectionhave beenextensively researched.Different
approacheshavebeenproposedto reproducephysicallycor-
rect behaviors of deformableobjectsin real-time.Mostly,
they arebasedonsimpli�cations of morecomplex represen-
tationsor ontheuseof fastandstableintegrationtechniques
on their governingequations.More recently, differentlevels
of resolutionof the physical model, reducedmodels, have
beenusedto speedup thesimulation.

In collision detection,most effort hasbeenfocusedon
solving the collision detectionproblem for rigid bodies.
Most of theproposedtechniquestackletheproblemin two
phases.The�rst phase,a broadphase, culls out pairsof ob-
jectsthatcannotpossiblybe interacting.Thesecondphase,
anarrowphase, carriesoutmoredetailedintersectioncalcu-
lations.To acceleratethecollisionqueries,thisnarrow phase
mostoften usespre-computeddatastructuresthat arehier-
archicalrepresentationsof theobjects.To ensurereal-times
ratesthroughoutthesimulation,it is desirableto usea time-
critical systemwhich can interrupt the collision detection
processto �t a time budget.Unfortunately, thesetechniques
cannotbeapplieddirectly in caseswheretheobjectsarede-
formable,sincethedatastructuresneedto beupdatedafter

everydeformation.Theupdateprocessis normallyslow and
constitutesa major bottleneckfor real-timecomputations.
Real-timecollisiondetectionfor deformableobjectsis there-
foreagrowing researcharea.

1.1. Contrib utions and outline

Wepresentanapproachto performingtime-criticalcollision
detectionfor deformableobjects.To ourknowledge,all pre-
vious collision detectionalgorithmsthat usedan interrupt-
ible,or just in time, systemwerefocusedonrigid bodiesand
noneof themon deformableobjects.Our approachis based
on [JP04] sincewe alsousea reducedmodelto updatethe
hierarchy tree.However they do not considera fully inter-
ruptiblesystemandsomeartifactsarisedueto the useof a
simpleboundingvolumegenerator.

The main ideabehindour approachis to tradeaccuracy
for speedin order to guaranteethat collision processingis
alwaysperformedin lessthanor equalto a stipulatedcriti-
cal time. First we createa deformablemodelbasedon two
differentresolutionrepresentations:The �rst resolutionis a
densetriangularmeshthat we usefor graphicalrendering
andthe secondis a coarsermesh(reducedmodel) usedfor
deformations.The coarsermeshusesinner tetrahedronsso
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explicit �nite elementscanbeused.Thedensemeshfollows
the deformationsof the coarsemeshby using rigid links.
Next, we producemultiple approximationsof the object's
realsurfaceusingaspherehierarchy. Ourcollisiondetection
algorithmchecksfor intersectionsbetweensuchhierarchies
until it exceedsthe given critical time. The spherehierar-
chiesarenot updatedusingtheverticesof thesurfaceof the
object,but rathertheverticesof thereducedmodel,thusre-
ducingthetime to updatethehierarchies.

The restof the paperis organizedas follows. Section2
givesanoverview of somerelatedworks in deformableob-
jectsandcollisiondetection.Then,in Section3, wedescribe
how we simulatedeformationsby usingtwo differentreso-
lution meshes.In Section4 we presentourapproachto han-
dling collision detectionbetweendeformableobjectsusing
aninterruptiblemechanism,followedbyexperimentsandre-
sultsin Section5.Finally, someconclusionsandfutureplans
arediscussedin Section6.

2. Relatedwork

In general,therearetwo typesof deformableobjectsin com-
putergraphics:geometrically-basedandphysically-based.
Geometrically-baseddeformableobjectschangetheir shape
by moving somecontrol points or by calculatingimplicit
functions(e.g.FreeForm Deformationmodels[FdPT97]).
Physically basedmodels use physical laws and material
propertiesto model the object. Among the best known
arethe mass-springdampers,[KAM00], boundaryelement
[JP99] and�nite element[OH99,MDMJ02] methods.The
latterarethemostaccurate,but interactivity canbelost if the
objectshavealargenumberof primitives.To handlethis,we
canusemultiresolutionmodels(i.e., asetof reducedmodels)
to achieve real-timesimulations.Debunneet al. [GDB01]
usespaceand time adaptive samplingto achieve dynamic
real-timedeformations.KondoandKanai[KK04] simulated
densemeshesusinganunderlyingreducedphysicalmodel.
A similarapproachhasbeenproposedin [CGC¤02].

A signi�cant amountof researchhasbeenfocusedin rigid
body collision detection.Most of the resultingtechniques
needto be modi�ed for deformableobjects(pleaserefer to
[JTT01, TKH¤04] for recentsurveys). The generalprocess
is divided in a broadphaseto cull out non interactingpairs
of bodiesandin a narrow phasethat traverseshierarchical
representationsof the objectsto �nd intersectingregions.
In general,theserepresentationsaremadeof boundingvol-
umessuch as orientedboundingboxes (OBB) [GLM96],
k-dops[KHM ¤98], including their specialcase,the 6-dop
axis-alignedboundingboxes(AABBs) [vdB97], andsphere
trees[Hub96, BO04]. For rigid body time-critical collision
detection,sphereshave alsobeenusedto generateapprox-
imateresponsesto contacts[DO00]. Time-critical collision
detection,alsoknown asgracefuldegradation, was�rst pro-
posedby Hubbard[Hub95]. Theobjectsarerepresentedby
spheretreesandcollisionsare testedin round-robinorder,

progressively increasingthe level of accuracy until the in-
terruptiblemechanismstopsthe processafter a given time.
Later, thisapproachwasextendedto improvethemechanism
for collision scheduling,contactmodellingandcollision re-
sponse[DO00]. Klein andZachmann[KZ03] proposedan
averagecaseapproach(ADB-trees)to abortthetraversalof
thehierarchy in atime-criticalframework.They considerthe
probability that a pair of boundingvolumescontainsinter-
sectionvolumes.To date,theseapproacheshave only been
usedfor collisiondetectionbetweenrigid bodies.

In collision detectionfor deformableobjects,the hierar-
chiesmustbe updatedat eachtimestepthat the objectde-
forms. This updateprocesscan be very slow and thus the
simulationmaynotmeetreal-timedemands.VandenBergen
comparedAABBs and OBBs [vdB97] for deformableob-
jects and determinedthat AABBs are the bestoption. He
alsoshowedthat,althoughthehierarchiescanalsoberebuilt,
updatingis almost ten times fasterthan rebuilding. Lars-
sonandAkenine-Möller[LAM01] compareddifferentmeth-
odsfor the hierarchy updatingprocessbasedon bottom-up
andtop-down strategies.They foundthatthesemethodsde-
pendon thenumberof deepnodesprocessed.Basedon this,
they proposedan hybrid methodthat usesboth strategies.
Mezgeret al. [MKE03] speededup the processby updat-
ing thehierarchy aftera few time stepsandthenonly those
brancheswhoseprimitives that have moved fartherthan a
given distance.Recently, an approachto updatethe hierar-
chiesby meansof a reducedmodelhasbeenproposedby
Jamesand Pai [JP04]. Alternatively, hardware accelerated
collision detectionmethodshave shown promisingresults
[MLD ¤02, GLM04]. However, accuracy is still limited due
to thenon-�oating point precisionandthesizeof theframe
buffer memory. Other techniquesbasedon spatialhashing
haveshown goodresults[THM ¤03].

3. Deformable Model Approach

In this section,we presentour dynamicmodelfor the sim-
ulation of objectdeformations.It is basedon two meshes:
a densemeshcomposedof a largenumberof trianglesand
usedfor graphicalrendering.The verticesof this meshare
repositionedat eachtime-stepto simulatecomplex defor-
mations.Thesenew positionsof theverticesaresteeredby
a coarsermesh,reducedmodel, seeFigure1. This reduced
modelcanbeany physicallybasedelasticmodel.In ourcase,
we have implementedan explicit �nite elementmodel as
proposedby O'Brien andHodgins[OH99] anduseda 4th
orderRunge-Kuttaintegrationscheme.

3.1. Linking the coarseand densemeshes

The procedureto link the denseand the coarsemeshesis
done in an off-line process.Supposethat the densemesh
hasP=(p1; p2; :::; pN)T verticeson its surface.Next, con-
sideronly theverticesonthesurfaceof thecoarsetetrahedral
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Figure 1: Top left �gur e showsa densemeshwhosedefor-
mationsaresteeredbya coarsermesh,topright. Rigid links
areusedto link bothmeshes,bottom.

mesh:Q=(q1;q2; :::;qM). Thesearethereducedcoordinates
of the model.Note that M < N. Sincethe densemeshver-
ticesaresteeredby thereducedcoordinates,wecanestablish
thatP= f (Q).

For eachpi we �nd its threeclosestreducedcoordinates
q0;q1;q2. The idea is to �nd a rigid link betweenthe ver-
tex pi anda point O weightedby the threeclosestreduced
coordinates,seeFigure2. The rigid link will never vary its
lengthbut its origin, O, andits orientationchange.Theori-
entationchangeswith respectto thereducedcoordinates,qi ,
(i = 0;1;2). Thesechangesareexecutedfollowing precom-
putedweightsin theundeformedreferenceaxis.To compute

p

q0

q1

q2

Dense triangular 
mesh

Coarse tetrahedral
          mesh

d1

d0

d2
O

Rigid
Link

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

theorigin of therigid link, O, weuse:

O = q0a0 + q1a1 + q2a2 (1)

wherea i representstheweightof eachof thethreereduced
coordinates.Theseweightsareobtainedusingthedistances,
in theundeformedcon�guration,betweenthereducedcoor-
dinatesandits givenvertex in thedensemesh,seeFigure2.
Let thedistancesbegivenby

di = kqi ¡ pk2 i = 0;1;2: (2)

Thereforetheweightscanbecomputedasfollows:

a0 = d1+ d2
å i di

; a1 = d0+ d2
å i di

; a2 = d1+ d0
å i di

: (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
recomputedfollowing Equation1.

To keepthemagnitudeof therigid link constantwith re-
spectto the threereducedcoordinates,we continueasfol-
lows:let n bethenormalof theplanespannedby thereduced
coordinates,i.e.

n = (q1 ¡ q0) £ (q2 ¡ q0) (4)

andset

a = (q1 ¡ q0) £ n; (5)

seeFigure3. De�ne a �x ed andundeformedbasisconsti-

q2

Dense triangular 
mesh Rigid Link

q1

q0

n

a=(q1-q0) x n

Figure 3: The rigid link joins each vertex of the surface
densemeshto thetetrahedral coarsemesh.

tutedby thevectors:

e0 = n; e1 = (q0 ¡ q1); e2 = a: (6)

Let the magnitudeof the projectionsof the rigid link onto
theseaxesbe kPrik2, i = 0;1;2 (e.g. kPr1k2 is the projec-
tion of the rigid link onto then axis).Thesign,xi , of these
projectionsis givenby:

xi =
ei ¢Pri

keik2kPrik2
; i = 0;1;2: (7)

Thus,wehave thattherigid link is de�ned as:

Rl =
2

å
i= 0

xiPri : (8)
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3.2. Steeringthe densemesh

When the vertices of the coarsemesh are repositioned,
meaningthattherehasbeena deformation,we usetherigid
links to updatetheverticesof thedensemesh.Usingthenew
positionsof thereducedcoordinates,we recomputetheori-
gin of therigid link Onew usingEquation1, wherethevalues
of a i have beencomputedoff-line. To updatethe orienta-
tion of the rigid links, we usethe new reducedcoordinates
to computethe new referenceaxis aswe did for ei . De�ne
thenormalizedaxisasei

def ormed. Hence,therigid link in the
new basisis givenby:

Rl (new) =
2

å
i= 0

xikPrik2ei
def ormed i = 0;1;2: (9)

Notethatxi andkPrik2 havebeencomputedoff-line. There-
fore, the new position of the vertex, p, is computedusing
the new origin andthe new orientationof the rigid link as
follows:

pnew = Onew + Rl (new) (10)

4. Collision handling

A time-critical collision detectionmechanism“checksfor
collisions betweensuccessivelly tighter aproximationsof
the objects' real surfaces”[Hub96]. We usehierarchiesof
spheres,known assphere-trees, asapproximatedrepresenta-
tionsof theobjects.Therearesomeadvantagesto usinghier-
archiesof spheres:it is easyandfastto testfor intersections
betweenthem;they areinvariant to rotationsandtherefore
they canbe ef�ciently updated;andmostimportantly, they
caneasilybeadaptedto provide approximatecontactmod-
elling and collision responsein an interruptiblealgorithm
[DO00].

4.1. Sphere tr eeconstruction

There exist several methods to construct a sphere-tree
[Hub96, BO04]. The idea is to construct hierarchiesof
spheresin which eachlevel of the hierarchy representsa
tighter �t to the object.Guibaset al. [GNRZ02] classi�ed
thesehierarchiesas being either layered or wrapped. In
a layeredhierarchy the spheresalways enclosetheir child
spheres,while in a wrappedhierarchy this is not necessar-
ily true since regions of the child spherescan be outside
of their enclosingparentsphere;Although less conserva-
tive,thewrappedhierarchy is alwaystighterthanthelayered
hierarchy. We construct,in an off-line process,a wrapped
hierarchy basedon an adaptivemedialaxis approximation
[BO04]. The medialaxis approximationof the object rep-
resentsits skeleton and it is usedto place the spherehi-
erarchieson the surfaceof the object. The medial axis is
updated,i.e. adapted, duringthesphere-treeconstructionto
ensureahigherdegreeof accuracy. Additionally, weusethe
datastructureproposedin [DO00] to achieve fasthierarchy
traversalsandlow memorystorage.

4.2. Interruptible approachfor collision handling

Traditionalhierarchy traversalfor collision detectionis per-
formed using a depth-�rst search [TKH ¤04][vdB97]. The
generalalgorithmcanbesummarizedasdepictedin Figure
4. In thissearchmethodthehierarchy treesareexaminedin

traverse( O, a )
if nooverlap(0,a) then

return;
endif
if aand0 areleavesthen

return primitivestestsfor aand0
else

for all childrenof a[i] and0
traverse(a[i], 0)

endfor
endif

Figure4: Pseudocodeof traditional traversalalgorithm.

verticaldirections,goingdown to theleavesfor eachsearch.
SeeFigure5. If the processis suddenlyinterrupted,many
branches,from the root to the leaf, may remainuntested,
leadingto missedcollisions.For example,supposethat the
hierarchiesof Figure5 collidesat the(4;e) and(12;m) leaf
spherepairs.If the processis interruptedat the fourth path
search(i.e. (1; f )), the collision betweenthe (12;m) leaf
spherepair will have never beentested,and even worse,
thespherepair parentstests((0;d),(3;d)) will bemissedas
well. Therefore,depth-�rst searchis certainlynot anoption
for time-criticalprocessing,unlessthesearchis cappedat a
givendepth.

Insteadof the traditional traversal, we proposeto use
a breadth-�rst search to frame our algorithm.This search
techniquetraversesthe hierarchy horizontally, progressing
successively throughtighter approximationsof the object.
Therefore,if the allocatedbudgettime expires,at leastthe
algorithmwould have testedcollisionsbetweenapproxima-
tionsof theobjectwithout missingany branch.In Figure6,
if the processis interruptedat the fourth pathsearch,then
wewouldhave testedall thebranchesalthoughnot reaching
the leaf spherepairs.Hence,we useapproximationsof the
objectsurfaceto computethe collision responses.Figure7
summarizesour proposedalgorithm: Thereareseveralkey
aspectsin our traversalalgorithm:

² It containsan entity calledpair, wherewe storespheres
to betestedfor overlapping.Theorderin which we store
thespheresin theentitychangesduringthetraversal.This
allows us to traversethehierarchy in a steppedandopti-
mizedway. SeeFigure6.

² It hastwo FIFO(First InputFirstOutput)lists.PAIRLIST
stores the pairs of spheresto be tested for collision
and COLLISIONLIST storesthe colliding pairs of leaf
spheres.
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Figure5: Exampleof a traditionalhierarchy traversal for collisiondetection
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Figure6: Exampleof a horizontalhierarchy traversal

² Thealgorithmchecksateachspherecollision testthatthe
allocatedtime is notexhausted.If this is thecasethenthe
processis interrupted.

Ideally, if theprocessis not interrupted,we usethespheres
in the pairsof COLLISIONLIST to computethe force re-
sponses.Notethatwedonotreachtheprimitives(e.g.facets)
on the surface.We are trading accuracy for speed.How-
ever, if theprocessis interruptedthenweusePAIRLIST and
COLLISIONLIST to approximatethe force responses.We
assume,therefore,that untestedspherepairs in PAIRLIST
arecolliding.

4.3. Collision response

To computetheapproximatedcontactforceweusedpenalty
techniquesbasedon the proportionalpenetrationdistance
betweenthe colliding spheresas in [DO00]. Eachsphere
containsinformation aboutthe penetrationwith respectto
the correspondingcolliding sphereandthe directionof the
forcerepulsionvector. We computethepenetrationfor each
pair of spheresin COLLISIONLIST (and eventually in
PAIRLIST if theprocessis interrupted).Thecorresponding

repulsionvectorfor the spheresis given by the vectorsbe-
tweenthecenterof thespheresi.e.

n =
O2 ¡ O1

kO2 ¡ O1k2
: (11)

The direction repulsionvector is given by ¡ n and n. Ad-
ditionally, eachsphereis relatedto a setof closestvertices
in the coarsemesh.The spheresconsideredto be colliding
apply their storedcontactforceto theclosestcoarsevertex,
as in a classicalboundaryconditionof �nite elemetmeth-
ods.Eachcoarsevertex averagesthereceivedforcesto cause
deformations.Finally, at the end of the simulation cycle,
the �ner meshfollow the deformationsof the coarsemesh
throughtherigid links asdescribedin Section3.2.

4.4. Hierar chy update

Our hierarchy updateis basedon recentresearchby James
andPai [JP04], in which updatesareperformedusinga set
of coordinatesof a reducedmodelinsteadof theverticesof
the renderedanddensemesh.Therearehowever somekey
factorsthat makes our updateproposaldifferent.They as-
sumedthateachspherecontainedat leasta setof polygons
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traverse( 0, a )
Pair p;
p.1= 0; // rootobject1
p.2= a; // rootobject2
List pairList;
List collisionList;
pairList.add(p );
while ( pairList.isNotEmpty().AND. notTimeCritical())

p = pairList.getFirstElement();
pairList.RemoveFirstElement();
if ( p.Overlaps())

if ( p.2.isLeaf)
if ( p.1.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.children[i];
pB.2= p.1;
pairList.add(pB );

endfor
endif

endif
endwhile

Figure7: Pseudocodeof interruptibletraversalalgorithm.

with associatedvertex points.This leadsto large bounding
spheresfor objectswith long thin triangles.Thesphere-tree
hierarchy generatorthatweuse[BO04] avoidsthissituation
sincespherescanbeplacedonthesurfaceof thetrianglesen-
suringcompletecoverageanda higherdegreeof accuracy,
asshown in Figure8. To updatethe positionandradiusof

Spheres
on the
surface
of the 
triangles

Figure 8: Putting spheres on the surfaceof the triangles
avoidslargeboundingspheres.

the sphereswe usethe setof closestverticesin the coarse
mesh,Vi , obtainedin a pre-processingstage.Thenew posi-
tion centeris updatedby addingthe averagedisplacemens
of theverticesin Vi to theoriginal center. Resultsarebetter

for a largernumberof verticesin Vi , however increasingthis
numbermay leadto slower updatesrates.The diameterof
thespheresis updatedusinganheuristicasfollows:we take
thedistancefrom thecenterof a givensphereto eachof its
associatedcoarseverticesat the undeformedcon�guration.
At eachdeformation,thesedistanceschange;Let themaxi-
mumratio betweenthenew andtheoriginal distancesbel .
Hence,thenew radiusis givenby rnew = l roriginal .

5. Results

In our testswe useda Pentium4 CPU,3.00GHz with 1.00
GB RAM underawindowsXP system.Thegraphicscardis
a NVIDIA GeForce6800GT. Thedensesurfacemeshwas
simpli�ed underaquadraticerrormetricsapproach[GH97].
A tetrahedralizationfrom the simpli�ed surfacemeshwas
obtainedusingNetGen[Sch97].

To test our algorihtmwe have simulatedthe interaction
of two virtual objects.They deformfollowing the dynamic
modeldescribedsection3. We have run thesimulationsev-
eral timesandeachonehashada differenttime budgetal-
locatedto its collision detectionmodule.Eachsimulation
startswith identicalinitial conditions(e.g. samephysicalpa-
rameters,sameobject positions).The collision processof
eachsimulation is interruptedat different instants.Figure
9 shows four simulationswhosecollision detectionmech-
anismsare interrupted.Simulationsin Figure 9.a,b,cuse
spheres(coloredin red)in themiddleof thesphere-treehier-
archy to computecontactresponses,while simulationin Fig-
ure9.d,having a largerbudgetof time for thecollision pro-
cess,usesleaf spheres.Differenttypesof interactionshave

a) b)

c) d)

Figure 9: Red spheres are used to computecontact re-
sponsesat different critical times:a) 0.0001seg. b) 0.001
seg. c) 0.01seg. d) 0.1seg.

beentestedandthecorrespondingresultsaresummarizedin
Table1. Notice that for all the interactionswhenthe criti-
cal time is smalltheCOLLISIONLIST is empty, i.e. thecolli-
sionprocessis interruptedbeforeit canstoreany leafsphere
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Critical Dragon Dragon FPS Bunny Bunny PFS Bunny-Dragon Bunny-Dragon PFS
time pairList collisionList (Dragons) pairList collisionList (Bunnies) pairList collisionList (Bunny-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

Table1: Resultsof interactions.

in the list. Whenwe increasethe critical time allowed, the
COLLISIONLIST startsstoringelementswhichwill providea
moreaccurateresponse.However, thenumberof elementsin
the PAIRLIST increasesdramatically, meaningthat thenon-
testedcollision spherespairs increased.This supposesthat
our approachis memoryconsuming.Moreover, the frames
persecond(FPS)increaseasweallocatelesstimeto thecol-
lision process.Hence,wecanpro�t from thisextra timeand
useit in otherprocesses,e.g.thetime-stepof theintegration
schemecanbemodi�ed.

6. Conclusion

In this paperwe introduceanapproachto performingtime-
critical collision detectionfor deformableobjects.To our
knowledge,previous fully-interruptible collision detection
methodswerefocusedon rigid bodiesandnoneof themto
deformablebodies.Our approachis well suitedfor appli-
cationsthat do not requirehigh precisionbut that needto
keepa constantframerate.Moreover, insteadof interrupt-
ing the collision detectionprocessusingcritical times,the
samealgorithm could be useful for acceleratingcollisions
usinglevel-of-detailasa metric.Thus,we caninterrupt,for
example,collisionsoccuringfartherawayandthereforehigh
levelsof visualaccuracy duringthecollisionswould not be
needed(motivatingtheuseof largerboundingspheres).We
have also improved BD-treesby using an adaptive medial
axisapproximationandby usingheuristicsto associatever-
ticesof thereducedmodelto spheresthatdonotencloseany
vertex.

There are somelimitations of this approach.Storing a
setof primitives(in our case,a setof verticesof the tetra-
hedralmesh)representsa high level of memoryconsump-
tion. Additionally, our interruptiblemechanismis basedon
a breadth-�rst searchthat keepsa list of possiblepairs of
colliding spheres.For hierarchieswhoselevelshave a large
numberof nodes,thestoragein the lists maybevery high.
Futurework includesthe evaluationof the accuracy of our
approachfor large deformationsandforce computationus-
ing reducedmodels.
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