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Abstract
Thispaperpresentsan approach to handlingcollision betweendeformableobjectsusingtetrahedral decomposi-
tion. Thetetrahedral volumetricmodelis oftenusedto simulatedeformableobjectsthat handlecutsand splits.
Interaction betweensuch objectsin a complex environmentis still an openproblemin interactive simulation.
Thispaperis mainlyfocusedon obtaininga fastcomputationof a reliablepenaltyresponse. Themethodconsists
in usingan approximateddistancemapto computea penaltybasedresponse. We proposeto computethe dis-
tancesto the boundaryusinga modi�ed “Closest Point” algorithm derivedfrom Fast Marching. Thepresented
algorithm,inspiredby the[FL01] , hastheadvantage of computingrapidly the“ClosestPoint” in thevolumetric
tetrahedral meshwithoutanyuseof an additionalcomputationgrid. Fromtheresultingdistancemapa response
is computedusinga new “segment-in-object”responsethatoffersmorereliableresultsthanthe“point-in-object”
generally usedin previousworks.Usingthis collision model,simulationat interactiveratecanbeconsidered in
anenvironmentcomposedof objectsthat canbedeformedandcut.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.7 [ComputerGraphics]:Animation,I.3.5 [Com-
puterGraphics]:Physicallybasedmodelling

1. Intr oduction

It is well known that real-time physically basedanima-
tion needsef�cient collision detectionas well as an ac-
curatepenaltyresponseto it. Complex environments,such
as thoseneededfor virtual surgical operations,requiread-
vancedphysical modelsfor many objectsand robust inte-
gration methodsto computethe motion interactively. The
time dedicatedto the collision detectionand the collision
responsecomputationshouldbe reducedasmuchaspossi-
ble.Many ef�cient solutionsexist for rigid bodiesbut colli-
sionbetweendeformableobjectsis still aproblem.All clas-
sical assumptionson the rigid shape(convexity, heavy pre-
computations)cannot be madeanymore,andthe methods
cannot beadaptedor requireslow updateprocesses.In ad-
dition to deformableobjects,whichonly involvehomeomor-
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phic changes,cutting handlingimplies topologicalchanges
thatmake thecollisionproblemmorecomplex.

For suchdeformableobjects,the context of this paperis
focusedon a penaltybasedresponsededucedfrom the as-
sumptionthat 3D objectoverlapsat a given time which is
known asa staticapproachor 3D intersectionmethod.This
approachhas the well-known drawback that collision be-
tweentwo thin partsof objectscan be missed.Yet it can
be toleratedin many situationsby consideringa coherence
betweentheshapesandthetime-steps.We choosethis con-
text becauseit is fasterthanacontinuousmethodor thanthe
contacttimedetermination.

In the context of collision detection,most solutionsare
only basedon primitives (spheres,triangles,tetrahedrons).
Thesesolutionsareef�cient but actuallydo not suf�ce for a
reliableresponse(we call thesepureprimitive basedmeth-
ods “local” models).Actually, a reliable responserequires
informationfrom thewholeobject(i.e. the“global model”)
suchasdistance�elds and/orvolumeintersection[KLM02].
We proposea compromisemethodthat takesadvantageof
primitives for the detectionbut without lossof knowledge
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from the object for the responsecomputation(we call this
compromisea “semi-global”model).

This compromisecanbe obtainedwith a tetrahedralde-
compositionof objects.Thiskind of objectsareoftenusedin
Finite ElementMethodsfor instance,andcanbeconsidered
for mass-springsystems.Many toolsexist for theirhandling
(the examplesin this paperare obtainedfrom the Gmesh
program[GR]). In thispaper, thedetectionphaseconsistsin
tetrahedronoverlapswhile theresponseis deducedfrom the
computationof an approximationof the penetrationdepth.
Therequireddistance�eld mustbeobtainedrapidly at each
time stepsincethe distancemapchangesduring the defor-
mationof theobjects.Thecontext of thisworkcanbeclosely
relatedto [FL01] in which a fastmarchinglevel-setmethod
is usedto compute,andupdate,the distance�eld of a de-
formabletetrahedralvolume,andto [THM� 03] in whichthe
objectsarerepresentedwith only onelayerof tetrahedrons.

The main contribution of this paperis to proposea very
fastapproximationof thedistance�eld calculation.Thegain
is obtainedby removing the intermediatecomputationgrid
requiredfor the fast marchingmethod.Thus, the compu-
tation of the distance�eld canbe madeat eachtime step.
The secondimportantnovel point of this paperis that the
responseis built from a segment-in-volume approachand
not only from a point-in-volume approach(like in [FL01]
or in [THM� 03] for example).Consideringonly intruding
pointsfor the responseis fastbut it often leadsto an inco-
herentresponseinvolving visibleartifactsin animation.That
is why tetrahedronsthat overlapby edgeshave to be taken
into accountfor theresponse.Furthermore,asegment-based
responseis abetterconvey of theentirevolumeintersection.

Thepaperis composedasfollows: Section2 presentsthe
previousworks in thecontext of penaltybasedmethods.In
Section3 thewholemethodis overviewedincludingthecol-
lision detectionprocesswe adopt.Section4 detailsthe ap-
proximatedfast-marchingalgorithmto computethedistance
�eld it is followedin Section5 by thecomputationof there-
sponseforce.Section6 illustratesthe resultswith complex
animationsof deformableobjects.

2. Background

Threecasesof collision betweendeformableobjectscanbe
considered:object-vs-object,object-vs-tissueandtissue-vs-
tissue.Whenobjectshavea thickness,a responseto thecol-
lision canbe computedfrom an intersectionmeasure.The
mostusedintersectionmeasuresaretheintersectingvolume
andtheminimal translationdistancethatseparatestwo over-
lappingobjects,alsocalledPenetrationDepth(PD).

Many collision modelsexist, andthegeneralapproaches
arehereclassi�edin threecatergories.The�rst oneis based
on a global view of the objects,the secondone considers
objectsasasumof primitiveelementswhile thelastonetries
to combinethe advantagesof the two previous approaches

usingprimitive elementsandcomputinga global collision
response.Thepresentedwork is in this third category.

2.1. Global collision methods

We classi�ed in this �rst category thecollision modelsthat
treatobjectsasentitiesandnotonly asabunchof primitives.
Ef�cient collision detectionbetweengeometricobjectscan
befoundin [LMP94] [Cam97]. They arebasedon topology
andadjacency informationto rapidly computewhethertwo
objectsintersect.As thecomputationisbasedonincremental
computation,they canbecombinedwith a temporalcoher-
encesystemthatinitializesthenew searchfrom theprevious
frameresults.

Oncethecollisionis detected,aPDcanbecomputedwith
[vdB99] or [KLM02] (for example).Thesealgorithmsonly
work on convex objects.To handlenon-convex objects,an
additionalstepis neededto breaktheobjectin convex pieces
like in [EL01]. This stepwould be too expensive in a real-
timecontext.

A little apart,methodsbasedon the intersectionvolume
canbe found.The intersectionvolumeis generallyconsid-
eredasa betterbut slower measureof penetration[OH99].
It is betterbecausethe entire interpenetrationzone is in-
volvedandthusit canbeconsideredmorephysicallyconsis-
tant.It is slower becausevolumemeasureis computedwith
"brute-force" approaches(explicit reconstructionor voxel
basedapproach).Thesemethodsperformverypoorlyexcept
for somerecentgraphicshardware acceleratedsolution as
in [HTG03]. Thesediscreetmodelshandlethe deformable
objectsin a straightforward mannerandarewell suitedfor
GPUbasedimplements.

2.2. Local collision methods

We classi�ed in this secondcategory collision modelsthat
treat objectsas union of elementaryprimitives.The colli-
siondetectionandthecollision responseareperformedus-
ing aperprimitivecollision testwithoutany needof “extra”
information.

In [DMC02] spheresareusedand the responseis com-
puted by summingthe independantcontributions of each
coupleof spheresin collision. The responsedoesnot de-
pendon the spherepositionsin the object,andoverlapsof
thespheresin theobjectcangive incoherentresponses.Up-
datinga sphereapproximationof a deformablevolumeob-
ject caninducecostlycomputations.

In [GRLM03] theauthorspresentagraphicshardwareac-
celeratedmethodto detectcollision of objectscomposedof
surfacetriangles.Building a responsefrom thesurfaceele-
mentsonly is complicated.

A local model dedicatedto tetrahedronsis found in
[THM� 03]. The collision detectionandresponsearebased
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Figure 1: In gray (yellow), the intersectingfaces.In light
gray (purple) thewholeintersectionthat hasto bedetected
to havea realisticdeformation.

onapoint-in-tetrahedron testwhichmeansthatno response
is producedwhenobjectsintersectonly by edges.To reduce
thenumberof intersectionteststhecollision is restrictedto
only onelayerof tetrahedrons(thatgivesa thick surfacefor
theobjectboundaries).

Suchlocalmodelsseemto besuitedfor collisionbetween
deformableobjectsbecauseno assumptionaboutthe shape
is made.But computinga responsefrom sucha local model
is generallylesssimplesincearobustpenetratingmeasureis
dif�cult to construct.

2.3. Semiglobal methods

Finally weclassi�edin this third categorythecollisionmod-
els thatcombineadvantagesof bothglobalandlocal meth-
ods.Thesemethodsgenerallymixetherobustnessof a“real”
penetrationdepthcomputationfor responsewith a primitive
overlaptestthatdoesnotneedtopologyassumption.

Figure 1 shows the differencebetweena local collision
systemanda semi-globalone.The gray bandis the result
of a local collision. A responsebasedon it doesnot pro-
ducerealisticdeformationbehavior becausethefull Contact
Area (in light gray) andall intersectingmechanicalpoints
areneeded.This pictureis from [SL00] wherethefull con-
tactareais computedby categorizingfor eachfacewhether
it is insideor outsideof theotherobject.In the ideaof cat-
egorizingwhich elementsof theobjectareinsideor outside
theintersectionarea,[BWK03] introducesacollisionsystem
for tissues.

A semi-globalapproachbasedon tetrahedronsto handle
thecollision in astaticenvionmentcanbefoundin [Gei00].
For eachintrudingpoint, thePD is computedby �nding the
facethatprobablycrossesduringthe last time-step.Thelo-
calizationof thefaceis doneby navigatingthroughthetetra-
hedralmeshfollowing the line betweencurrentpoint posi-
tion andthepreviouspointposition.

Tetrahedron overlap test

Lazy Fast Marching

Collision response 

Integration

Figure2: Pipelineof collision

The work in [FL01] is alsoa semi-globalmethod.Each
tetrahedronof an object storesthe distanceto the mesh
boundaryon its four nodes.Thesedistancesarecomputed
with theFastMarchingmethod[Jam96] andareinterpolated
to approximatethe whole depthmapof the object.An in-
tersectiontestis donelocally betweenpairsof tetrahedrons
andtheapproximateddepthmapis usedto computethere-
sponse.We proposea fasterapproximationof this distance
�eld.

3. Overview of the method

Thecollisionmodelis dividedin threesteps(Figure2).

The�rst oneis collisiondetection.Thecollisiondetection
usesanoverlaptestof thetetrahedronslike in [FG03]. Many
choicescan be madeto acceleratethe primitive-primitive
testwith a broadphase.With deformableobjects,thedetec-
tion accelerationis generallybasedon techniquesasvoxels
grids,hash-table[THM� 03] or sweepandprune[CLMP95].
Thesetechniquescanbe alsocombinedwith somesimple
BoundingVolumeHierarchies(BVH) like AABB [vdB97].
Thekey pointof thoseaccelerationmethodsis thatthey have
to beupdatedquickly enoughduringobjectdeformations.

Thebroadphaseis outsidethetopic of this paperandwe
chooseastraightforwardmethodbasedonavoxel grid.Each
tetrahedronis roundedby a sphereandplacedin thegrid to
fastrejectthenon-overlappingtetrahedrons.

Thelasttwo stepsof thecollision pipelinearedetailedin
the next two sections.A "Lazy FastMarching" stepis fol-
lowedby thecomputationof thepenaltybasedresponsethat
preventsfurtherpenetration.This penaltyis computedwith
a classicalpoint-in-objectstrategy or with a more precise
segment-in-objectstrategy. An argumentaboutpoint vsseg-
mentresponsein the context of rigid body stackingcanbe
foundin [GBF03].

4. The FastMar ching method

TheFastMarchingis afastalgorithmintroducedby [Jam96]
to solve theEikonalequation.Distancemapcomputationis
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ALIVE NARROW BAND

DEAD SELECTED FOR UPDATE

Figure 3: A stepof Fast Marching on an orthogonalized
grid. A point is extractedfrom the heapand its neighbors
areupdated.

asuchEikonalequationandanincreasingnumberof papers
seemto useit. We �rst describetheFastMarchingto com-
puteaninnerdistance�eld like in [FL01] andthenour new
algorithm.

4.1. FastMar ching to computea depth map

Let us describethe FastMarchingmethodaspresentedin
[FL01] to computethe distancebetweeneachtetrahedron
nodeof avolumetricobjectto theboundaryof theobject.

The native method is designedfor an orthogonalgrid
(Figure. 3). Each point has a distance value d and a
state(ALIVE, NARROW_BAND or DEAD). Initially the
pointsthat arepart of the boundaryaremarked asALIVE
and their value is set to 0. Neighborhoodsare marked
as NARROW_BAND and their value is computedfrom
the ALIVE points using a �nite differencescheme(see
[Jam96]).

After this initialization stepthe algorithmiteratively ex-
tracts the next point from a min-heap.This point has its
statuschangedto ALIVE, meaningit hasbeen�x ed. For
eachnot ALIVE neighborof this extractedpoint, the sta-
tus is changedto NARROW_BAND andthedistanced is
updated.

Theupdateprocedureusesa �nite differenceschemede-
signedto work on an orthogonalgrid. To computethe dis-
tanceon a volumetricmesh [FL01] proceedsin thefollow-
ing way:

� all pointsof a3dgrid aremarkedasDEAD;
� objectsurfaceis rasterizedin thisgridandformstheinitial

ALIVE points;
� thedepthmapis computedvia FastMarchingon the3D

grid;

Figure4: Anobject(thedisc)andits FastMarchingcompu-
tationgrid. It canbeseenthatsomepartsof thecomputation
grid areuselessasthey areoutsideof themeshobject.

� the tetrahedrons'nodesreadtheir d value from the grid
with interpolation.

Thegrid resolutionhasto besetarbitrarily andis a trade
off betweenspeedand precision.In addition, the distance
is computedfor the entiregrid without taking into consid-
erationwhetherthe point is insideor outsideof the object,
resultingin unnecessarycomputations.This canbecomea
problemif the shapeevolves a lot and the grid hasto be
adaptedin consequence.For thesereasons,theuseof astan-
dardFastMarchingto computethedepthmapon volumet-
ric meshis not a fully satisfactory solution.We presenta
novel approachthatdirectlyusestheexistingmeshstructure
to computethedistance.

4.2. ClosestFeatureFastMar ching

Thekey of FastMarchingef�ciency residesin theusageof
aDikjstra's likegraphtraveling leadingto aO(nlogn) com-
plexity with n the numberof points.Two solutionsto re-
move this grid and obtain fastercomputationof the depth
maphave beenconsidered,keepingin mind this graphtrav-
elingapproach.

The straightforward solutionis to usethe FastMarching
extensionto unstructuredtriangulationpresentedin [RJ98]
but theUpdateFunctionis muchmorecomplex andsuffers
from degeneracies.So we usea "ClosestPoint" principle
basedonFastMarching.Thisnew approachsharesthesame
ideaas[MB] or [Tsa02] wherethe ClosestPoint is propa-
gatedinsteadof thedistance.

In our approach,which we called ClosestFeature Fast
Marching, eachtetrahedron's nodestoresits closestbound-
ary's feature(point,line, triangle).Theboundarynodeshave
theirdistancevaluesetto 0, aremarkedasALIVE, andhave
their closestfeaturesetto themselves.The algorithmitera-
tively selectsthe ALIVE point with the leastdistanceand
updatesits neighborsusingits f feature.Theneighborhood
of apoint is givenby theincidentedges.Theupdatefunction
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ALIVE

DEAD

NARROW BAND

SELECTED FOR UPDATE

Figure 5: TheClosestFeature FastMarching directlycom-
putesthedistanceusingthemesh.

is:

nf = (nd > dist(nx; f ))?f : nf

nd = (nd > dist(nx; f ))?dist(nx; f ) : nd

wheren is a nodeat nx positionandat a nd distanceto the
closestfeatureboundaryn f .

The algorithmmay fail to report the closestfeatureand
mayselecta fartherone.The resultis anoverestimationof
thedistancebut we do not �nd this problematicastheerror
doesnot propagateand the distance�eld still hasthe cor-
rect shape(i.e. it vanishedon the objectboundary)for our
objective: computingapenaltyresponse.

We have implementedtwo versionsof thealgorithm.The
�rst oneCFFM (for ClosestFeature Fast Marching) saves
the closestfeature(point, edge,face)while the secondone
CPFM (for ClosestPoint FastMarching) only usesthedis-
tanceto thenodesof theboundary. TheCPFMhasa larger
errorbut it improvesthecomputationspeed.

4.3. Results

Thepresentedalgorithmwereimplementedfor the2 and3D
cases.Computationtime are shown in Figure 6. It can be
seenthat increasingthenumberof nodeshasa linear in�u-
enceon computationtime.Otherexemplesof distance�eld
computedon 3D meshwith up to 300000 tetrahedronsare
showedin Figure7.

In additionwe comparethe CFFM classalgorithmwith
our implementsof a grid basedFastMarchingandmeasure
the computationtime, the maximal error (maximal differ-
encebetweenexactvalueandcomputedvalue)andmedian
error (sumof all error over the numberof node).This test
framework uses2D trianglemeshesdumpedfrom a tissue
simulationwhereobjectsare deformedand cut in various
separatedpartsof non-convex shapes.
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Figure6: Computationtime(in ms)to approximatedistance
�eld with CPFMonobjectof increasingsize.

Figure 7: The 3D distance�eld of large objects (horse,
pawn, imprison) composeof 300000tetrahedrons is com-
putedwith CPFMin 0.1s.

Eachtestwasmadewith meshof differentresolutionfrom
200to 4000tetrahedronsnode,they permitto concludethat:

� When the samenumberof tetrahedronnodesis equiva-
lent to thenumberof grid cells,grid basedapproachesare
fasterthanCPFM.

� ClosestPointapproacheshaveamuchlowermedianerror
thannumericmethods.

The advantageof the presentedmethodis its hability to
computegooddistanceapproximationthatdirectly depends
on meshresolution.This hasa specialinterrestaslow reso-
lution meshes(� 1000nodes)asthe onesusedin realtime
simulators.OnsuchsitutationtheCFFM/CPFM algorithms
areboth fasterthanthe othertestedapproachesandbene�t
from areducederror.

It additionnalymakes the cutting unproblematic.If the
meshis cuttedin multiple part, it makesno differencefor
thepresentedalgorithmwhile a grid basedapproachwould
needare�tting strategy andaconnectivity trackingto handle
thedifferentsseparatedparts.

4.4. Partial updateof distance�eld

In previousexamples,thedistance�eld is computedfor the
wholeobjectleadingto abig numberof unnecessarycompu-
tationif usedfor collision response.We implementa partial
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Figure 8: A diskis deformedandcut.Left sideis computed
usingtheCPFM algorithmwhile theright sideis computed
usingthe Fast Marching on a 100x100grid. Themeshand
thecomputeddistance�eld are drawnat the top with color
scale. On the bottomline we representmeshwith the com-
putationerror, clearer valuesmeansmoreerror.

Algorithm Time(ms) maxerror medianerror

EXACT 9.930
FM 20x20 0.288 0.326 0.085
FM 100x100 9.728 0.149 0.011
CFFM 0.630 0.02 8:10� 5

CPFM 0.196 0.12 0.008

Figure 9: Resultsof the differentsalgorithmsfor the disc
objectof 486nodes.

updateof thedistance�eld usingthefactthatcollisionsgen-
erally appendin the vicinity of the object surface.This is
doneby markingthecolliding tetrahedronsduringdetection
andstopthe CFFM loop whenall thesescolliding tetrahe-
dronshavetheirdistancecomputed.Thisdecreasesthecom-
putationtime andmakestheCPFMfor collision a really in-
expensivecomputationevenonverybig meshes.Thismakes
thesystemfastin thecommoncollisionsituationandrobust
to moreraredeepcollision.

5. The Collision Response

Thedetection,describedin Section3, returnspairsof over-
lapping tetrahedrons.From theseoverlappingtetrahedrons
we implement two strategies to computethe penalty re-
sponseforcesusingthepreviouslycomputeddepth-map.

The �rst strategy computesresponseforce for thePoints
in Objectssituationasin [HFL00] or [THM� 03]. Only gen-
eratingforceontheintrudingpointsleadsto unpleasantarti-
factsassomecolliding situationsdonotyield responseforce
andthuspenetrationwill notbestopped.To preventthosear-
tifactswe de�ne a responsebasedon a Segmentsin Object

Algorithm Time(ms) maxerror medianerror

EXACT 28.0
FM 20x20 0.600 0.34 0.098
FM 100x100 12.0 0.081 0.016
CFFM 5.0 0:002 3:10� 6

CPFM 2.3 0.06 0.001

Figure 10: Resultsof thedifferentsalgorithmsfor a rectan-
gular objectof 1000nodes.

force computation.In the following we presentthesetwo
strategies.

5.1. Point in Object response

Whena point p penetratesan object,the approximationof
thepenetratingdistanced valueis possibleasa linearcom-
binationof tetrahedronnodesx1::4 anddistancevaluesd1::4.
Let u = u1::3 be the barycentriccoordinatesof p. These
barycentriccoordinatesde�ne thepositionof thepoint p in
a framewhoseorigin coincideswith x4 andwhoseaxisco-
incideswith theedgesof t adjacentto x4. Thecoordinatesin
thisnew framearecomputedas:

u = G� 1[p� x4]

with thefollowing 3 by 3 matrix:

G = [p� x1; p� x2; p� x3]

To be in a tetrahedrona point hasto �ll up thefollowing
equations:u1 � 0;u2 � 0;u3 � 0 andu1 + u2 + u3 � 1

Linearinterpolationof d1::4 valuesis madein thefollow-
ing way:

d̃ = u1d1 + u2d2 + u3d3 + (1� u1 � u2 � u3)d4

To computetheforcedirectionwe usethegradientof the
distance�eld. This givesan intuitive directionfor thepoint
to exit theobject.In addition,asalinearinterpolationis used
insidethetetrahedron,theresultinggradientonlydependson
the nodesof the tetrahedronandnot on the intruding point
p.

Thisdirectionis computedfrom thed̃ formulaas:

r d =

0

B
B
@

¶d̃
¶x
¶d̃
¶y
¶d̃
¶z

1

C
C
A = G� 1

0

@
u1 � u4
u2 � u4
u3 � u4

1

A

With theseformulaswecancompute,for eachnodepene-
tratinganobjectcomposedof tetrahedrons,theapproximate
distanceto theboundary. Fromthisdistanceandits gradient
apenaltyis appliedto theintrudingpoint.
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This point-in-objectcomputationmay miss somecolli-
sion casesas on Figure 11 wherethe tetrahedronscollide
by edges.This leadsto unpleasantartifactson low resolu-
tion meshthat leadsus to introducethe segment-in-object
approach.

x1
x2

a

b

n3

n0

n2

n1

Figure 11: Two tetrahedronsoverlap, the segment[ab] in-
tersectsthe other tetrahedron on pointsx1 and x2. In such
situationa pointbasedapproach wouldnotgenerateanyre-
sponse.

5.2. Segmentin Object response

The responseforce received by a segment intersectinga
tetrahedronis computedwith thefollowing method.

For a line l intersectinga tetrahedront, the intersection
is de�ned by two line parametersl 1 andl 2. As the previ-
ously de�ned Point in Objectresponseis linear for a given
tetrahedron,theSegmentin objectresponsecanbecomputed
on thetwo intersectionpointsandthenintegratedalongthe
segmentto take into accountits length.Givena segmentin
parametricform:

x = a+ l (b� a)

thetwo endpointsareprojectedin thetetrahedronframe:

A = G� 1(a� t4) andB = G� 1(b� t4)

this givesthefollowing segmentequationin thetetrahedron
frame:

u = A+ l (B� A)

an intersectionbetweenthis line and the tetrahedronis
equivalent to test if for somel includedin [0;1] the cor-
respondingu �lls up the following equations:u1 � 0;u2 �
0;u3 � 0;u1 + u2 + u3 � 1.

Thesetestsgive us the two points(x1, x2) corresponding
to the parameters(l 1, l 2) that delimit the intersection.It
is theneasyto approximatethe distances( �d1, �d2) usingthe
Point in Tetrahedron formula.

Finally the distanceis integratedover the segment.This
integrationis directasit is equivalentto computingthearea
of a trapeze.

Figure 12: Multiple collision points:a toruscollideswith a
sphere. Thecomputedresponsesforcesareshown.

�d =
Z

l \ t
d =

1
2

( �d1 + �d2)jj x1x2jj

On the intersectionpoints (x1,x2) two penalty forces
(�!f1,�!f2) are computedfrom this �d penetrationmeasure.
Thesepenaltyforceshaveto betransferedto theobjectsme-
chanicalpoints.Theforcetransferis a little bit tricky aswe
usetheparametersl 1 andl 2 to weighthepenaltyforcere-
ceived on eachmechanicalpoint. In our examplethe seg-
mentextremitiesa andb wouldreceivesthefollowing force:

af = l 1 � �!f1 + l 2 � �!f2

bf = (1� l 1) � �!f1 + (1� l 2) � �!f2

6. Results

The collision model is implementedin an existing simula-
tion framework that includesa deformableobjectsmodel
with a tetrahedronbasedmass-springsystem.Collision be-
tweentetrahedralobjectsis handledwith our collision sys-
temwhile collisionbetweenatetrahedralobjectanda“trian-
gle” basedoneis handledby usingthepoint-in-tetrahedron
andthesegment-in-tetrahedron responsewhentrianglesin-
tersecttetrahedrons(Figure14).

6.1. Performanceanalysis

We comparedthepoint-in-objectandsegment-in-objectap-
proaches.In our context the segmentbasedresponsegives
a betterresponsewith lesssensibleartifactsanda reason-
ablecomputationtime increases(Figure16). The segment-
in-objectis,asexpected,slightly moretimeconsuming(Fig-
ure13) but it hasalsotheinterestingpropertyto re�ectspen-
etrationdepthaswell assizeof contactarea.In our simula-
tion we selecton or the other responsewith respectto the
meshdensity.

The lazy CPFM alsogreatly improve performancesand
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Figure 13: A torus (7000 tetrahedrons)breakson a cube.
Thisscenewassimulatedin 2 minutes,theall collision pro-
cesstook 28 secondswith point in object responseand 36
secondswhenweusethesegmentin objectresponse.

Figure14: Interactionbetweena non-tetrahedral objectand
a tetrahedral one. A deformablesphere falls ona tissuethat
breaksundertheweight.

makes the CPFM a really cheapcomputationcomparedto
therestof thecollisionpipe-line.

We alsomeasuredthe collision time with respectto the
numberof colliding tetrahedronsandfound it waslinearly
dependent.

6.2. Additional note

We noticed that tetrahedronwith their four nodeson the
boundaryareproblematicfor both simulationandcollision
response.Thisproblemwasaddressedin [MBTF03] wherea
meshingstrategy hasbeenpurposed.In our simulator, those
tetrahedronsaredetectedandhandledby a simplesubdivi-
sion.This increasesthenumberof tetrahedronsandcanbe-
comeaproblemwhenlargebreaksoccur, generatinga lot of
invalid tetrahedrons(likeexplosions).

7. Conclusion

In this paper we have presentedan interactive collision
modelfor volumetrictetrahedralobjects.Its novative points
area new ClosestFeature FastMarching algorithmto com-
putedistanceonavolumetricmesh,andasegment-in-object
basedresponsethatreducesthevisualartifacts.

Figure 15: Complex environment:elispoïdscomposedof
100 tetrahedronsare falling on a cube. They breakon the
cube'sedge.
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Figure16: Comparisonbetweenthetotal timespend(in ms)
with respectto thenumberof colliding points.Highestcurve
standsfor segmentresponse.

ComparingthepresentedClosestFeature FastMarching
with previous approachesshows it performsquite well in
speedasin precisionwhile theresponsebasedon the inter-
sectingsegmentincreasessimulationrealism.Theseresults
show that tetrahedronbasedcollision systemsareef�cient
enoughto beusedin real-timesimulation.To continuethis
work,bettercollisiondetectionandresponsehasto beinves-
tigatedasalot of responsecomputationareredudency. Voxel
grid canbe really inef�cient for detectionwhile the neigh-
borhoodrelationshipbetweentetrahedronscouldbeusedto
accelerateit. Removethoseredundency wouldmakethecol-
lision andtheresponseamuchmorecheapoperation.
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