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Abstract

This paperpresentsan approac to handlingcollision betweerdeformableobjectsusingtetrahedial decomposi-
tion. Thetetrahedal volumetricmodelis oftenusedto simulatedeformableobjectsthat handlecutsand splits.
Interaction betweensud objectsin a comple ervironmentis still an openproblemin interactive simulation.
This paperis mainlyfocusedon obtaininga fastcomputatiorof a reliable penaltyresponseThemethodconsists
in usingan approximateddistancemapto computea penaltybasedresponseWe proposeto computethe dis-
tancesto the boundaryusinga modi ed “Closest Point” algorithm derivedfrom Fast Marching. The presented
algorithm,inspired by the[ FLO1], hasthe advantae of computingrapidly the “ClosestPoint” in the volumetric
tetrahedal meshwithoutany useof an additional computatiorgrid. Fromtheresultingdistancemapa response
is computedisinga new “segment-in-objectresponsehat offers more reliableresultsthanthe“point-in-object”
geneally usedin previousworks.Using this collision model,simulationat interactiverate can be consideedin
an ervironmentcomposeaf objectsthat canbedeformedandcut.

Cateoriesand SubjectDescriptorgaccordingto ACM CCS) 1.3.7 [ComputerGraphics]:Animation,1.3.5 [Com-

puterGraphics]:Physically basednodelling

1. Intr oduction

It is well known that real-time physically basedanima-
tion needsefcient collision detectionas well as an ac-
curatepenaltyresponseo it. Complex environments,such
asthoseneededor virtual sumgical operationsyequiread-
vancedphysical modelsfor mary objectsand robust inte-

gration methodsto computethe motion interactvely. The
time dedicatedto the collision detectionand the collision

responseomputationshouldbe reducedasmuchaspossi-
ble. Many ef cient solutionsexist for rigid bodiesbut colli-

sionbetweerdeformableobjectsis still aproblem.All clas-
sical assumption®n the rigid shape(corvexity, heary pre-
computationsxan not be madearymore, and the methods
cannot be adaptecdr requireslow updateprocessedn ad-
dition to deformableobjects which only involve homeomor
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phic changescutting handlingimplies topologicalchanges
thatmake the collision problemmorecomplex.

For suchdeformableobjects,the context of this paperis
focusedon a penaltybasedresponsaleducedrom the as-
sumptionthat 3D objectoverlapsat a given time which is
known asa staticapproactor 3D intersectionmethod.This
approachhas the well-known drawvback that collision be-
tweentwo thin partsof objectscan be missed.Yet it can
be toleratedin mary situationsby consideringa coherence
betweerthe shapesandthetime-stepsWe choosehis con-
text becausét is fasterthana continuousnethodor thanthe
contacttime determination.

In the context of collision detection,mostsolutionsare
only basedon primitives (spherestriangles,tetrahedrons).
Thesesolutionsareef cient but actuallydo notsufce for a
reliableresponsdéwe call thesepure primitive basedmeth-
ods‘“local” models).Actually, a reliable responseequires
informationfrom the whole object(i.e. the “global model”)
suchasdistanceelds and/orvolumeintersectiorf KLM02].
We proposea compromisemethodthat takes advantageof
primitivesfor the detectionbut without loss of knowledge
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from the objectfor the responsecomputation(we call this
compromisea “semi-global’model).

This compromisecan be obtainedwith a tetrahedrable-
compositiorof objects Thiskind of objectsareoftenusedn
Finite ElementMethodsfor instanceandcanbe considered
for mass-springystemsMany toolsexist for their handling
(the examplesin this paperare obtainedfrom the Gmesh
program[GR]). In this paperthedetectiorphaseconsistin
tetrahedroroverlapswhile theresponsés deducedrom the
computationof an approximationof the penetratiordepth.
Therequireddistanceeld mustbeobtainedrapidly ateach
time stepsincethe distancemap changeguring the defor
mationof theobjects Thecontet of thiswork canbeclosely
relatedto [FLO1] in which afastmarchinglevel-setmethod
is usedto compute,and update the distanceeld of a de-
formabletetrahedral/olume,andto [THM 03] in whichthe
objectsarerepresentedvith only onelayerof tetrahedrons.

The main contribution of this paperis to proposea very
fastapproximatiorof thedistanceeld calculation.Thegain
is obtainedby remaving 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
responses built from a segment-in-wlume approachand
not only from a point-in-volume approach(like in [FLO1]
orin [THM 03] for example).Consideringonly intruding
pointsfor the responsas fastbut it often leadsto aninco-
herentresponsénvolving visible artifactsin animation.That
is why tetrahedronghat overlapby edgeshave to be taken
into accounfor theresponsef-urthermorea sggment-based
responsés a bettercornvey of theentirevolumeintersection.

Thepaperis composedasfollows: Section2 presentshe
previous worksin the context of penaltybasedmethodsin
Section3 thewholemethodis overvievedincludingthecol-
lision detectionprocessave adopt.Section4 detailsthe ap-
proximatedast-marchinglgorithmto computethedistance
eld it is followedin Section5 by the computatiorof there-
sponsedorce. Sectioné illustratesthe resultswith complex
animationof deformableobjects.

2. Background

Threecasef collision betweendeformableobjectscanbe
consideredobject-vs-objectpbject-vs-tissuandtissue-vs-
tissue Whenobjectshave athicknessaresponseo thecol-
lision canbe computedfrom an intersectionmeasureThe
mostusedintersectiormeasuresretheintersectingzolume
andtheminimaltranslationrdistancehatseparatesvo over
lappingobjects,alsocalledPenetratiorDepth(PD).

Many collision modelsexist, andthe generalapproaches
arehereclassi edin threecategories.The rst oneis based
on a global view of the objects,the secondone considers
objectsasa sumof primitive elementsvhile thelastonetries
to combinethe advantagesf the two previous approaches

using primitive elementsand computinga global collision
responseThe presenteavork is in this third category.

2.1. Global collision methods

We classi edin this rst cateyory the collision modelsthat
treatobjectsasentitiesandnotonly asabunchof primitives.
Ef cient collision detectionbetweengeometricobjectscan
befoundin [LMP94] [Cam97. They arebasedntopology
andadjaceng informationto rapidly computewhethertwo

objectsintersectAs thecomputations basednincremental
computationthey canbe combinedwith a temporalcoher

encesystenthatinitializesthenew searchfrom theprevious
frameresults.

Oncethecollisionis detecteda PD canbecomputedvith
[vdB99 or [KLMO02] (for example).Thesealgorithmsonly
work on convex objects.To handlenon-cowex objects,an
additionalstepis neededo breaktheobjectin convex pieces
like in [ELO1]. This stepwould be too expensve in areal-
time contet.

A little apart,methodsbasedon the intersectionvolume
canbe found. The intersectionvolumeis generallyconsid-
eredasa betterbut slower measureof penetratiof OH99,.
It is betterbecausehe entire interpenetratiorzoneis in-
volvedandthusit canbeconsidereanorephysically consis-
tant. It is slower becausevolumemeasurdas computedwith
"brute-force" approachegexplicit reconstructionor voxel
basedapproach)Thesemethodgerformvery poorly except
for somerecentgraphicshardware acceleratedolution as
in [HTGO03. Thesediscreetmodelshandlethe deformable
objectsin a straightforvard mannerandarewell suitedfor
GPUbasedmplements.

2.2. Local collision methods

We classi ed in this secondcategory collision modelsthat
treat objectsas union of elementaryprimitives. The colli-
siondetectionandthe collision responsere performedus-
ing aperprimitive collision testwithout any needof “extra”
information.

In [DMCO02] spheresare usedand the responsds com-
puted by summingthe independantontrikutions of each
couple of spheredn collision. The responsedoesnot de-
pendon the spherepositionsin the object,and overlapsof
the spheresn the objectcangive incoherentesponsedJp-
datinga sphereapproximationof a deformablevolume ob-
jectcaninducecostly computations.

In [GRLMO3] theauthorspresentagraphicshardwareac-
celeratednethodto detectcollision of objectscomposef
surfacetriangles.Building a responsdrom the surfaceele-
mentsonly is complicated.

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

onapoint-in-tet@ahedon testwhich meanghatno response
is producedvhenobjectsintersecbonly by edgesTo reduce
the numberof intersectiorteststhe collision is restrictedto
only onelayer of tetrahedrongthatgivesa thick surfacefor
theobjectboundaries).

Suchlocalmodelsseento besuitedfor collisionbetween
deformableobjectsbecauseno assumptioraboutthe shape
is made But computinga responsdrom suchalocal model
is generallylesssimplesincearobustpenetratingneasures
dif cult to construct.

2.3. Semiglobal methods

Finally we classi edin thisthird cateyory thecollision mod-
elsthat combineadvantagef both globalandlocal meth-
ods.Thesamethodgenerallymixetherobustnes®f a“real”
penetratiordepthcomputatiorfor responsevith a primitive
overlaptestthatdoesnot needtopologyassumption.

Figure 1 shaws the differencebetweena local collision
systemand a semi-globalone. The gray bandis the result
of a local collision. A responsebasedon it doesnot pro-
ducerealisticdeformatiorbehaior becaus¢hefull Contact
Area (in light gray) andall intersectingmechanicalpoints
areneededThis pictureis from [SLOQ wherethefull con-
tactareais computecby cateyorizing for eachfacewhether
it is insideor outsideof the otherobject.In theideaof cat-
egorizingwhich elementsf the objectareinsideor outside
theintersectiorarea| BWKO03] introducesacollisionsystem
for tissues.

A semi-globalapproactbasedon tetrahedrongo handle
thecollisionin a staticervionmentcanbefoundin [Gei0Q.
For eachintruding point, the PD is computedby nding the
facethatprobablycrossegluringthe lasttime-step.Thelo-
calizationof thefaceis doneby navigatingthroughthetetra-
hedralmeshfollowing the line betweencurrentpoint posi-
tion andthe previous point position.
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Tetrahedron overlap test
Lazy Fast Marching

Collision response
Integration

Figure 2: Pipelineof collision

The work in [FLO1] is alsoa semi-globalmethod.Each
tetrahedronof an object storesthe distanceto the mesh
boundaryon its four nodes.Thesedistancesare computed
with theFastMarchingmethod Jam9¢ andareinterpolated
to approximatethe whole depthmap of the object. An in-
tersectiorntestis donelocally betweerpairsof tetrahedrons
andthe approximatedlepthmapis usedto computethe re-
sponseWe proposea fasterapproximationof this distance

eld.

3. Overview of the method
Thecollision modelis dividedin threesteps(Figure?2).

The rst oneis collisiondetectionThecollisiondetection
usesanoverlaptestof thetetrahedronskein [FG03. Many
choicescan be madeto acceleratethe primitive-primitive
testwith abroadphaseWith deformableobjectsthedetec-
tion accelerations generallybasedon techniquessvoxels
grids,hash-tabl¢ THM 03] or sweepandprune[CLMP95.
Thesetechniquescan be also combinedwith somesimple
BoundingVolumeHierarchiedBVH) like AABB [vdB97].
Thekey pointof thoseacceleratioomethodss thatthey have
to be updatedjuickly enoughduringobjectdeformations.

Thebroadphaseis outsidethetopic of this paperandwe
choosestraightforvardmethodbasednavoxel grid. Each
tetrahedrons roundedby a sphereandplacedin the grid to
fastrejectthe non-overlappingtetrahedrons.

Thelasttwo stepsof the collision pipelinearedetailedin
the next two sections A "Lazy FastMarching" stepis fol-
lowedby the computatiorof the penaltybasedesponseghat
preventsfurther penetrationThis penaltyis computedwith
a classicalpoint-in-objectstratgy or with a more precise
sgment-in-objecstratgy. An agumentaboutpointvs sey-
mentresponseén the contet of rigid body stackingcanbe
foundin [GBFO03.

4. The FastMar ching method

TheFastMarchingis afastalgorithmintroducedcby [Jam96¢
to solwve the Eikonal equation Distancemapcomputations
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@ NARROW BAND
O SELECTED FOR UPDATE

@ ALIVE
O DEAD

Figure 3: A stepof Fast Marching on an orthogonalized
grid. A point is extractedfrom the heapand its neighbos
are updated.

asuchEikonalequationandanincreasinghumberof papers
seemto useit. We rst describethe FastMarchingto com-
puteaninnerdistanceeld likein [FLO1] andthenour new
algorithm.

4.1. FastMar ching to computea depth map

Let us describethe Fast Marching methodas presentedn
[FLO1] to computethe distancebetweeneachtetrahedron
nodeof avolumetricobjectto the boundaryof the object.

The native methodis designedfor an orthogonalgrid
(Figure. 3). Each point has a distancevalue d and a
state(ALIVE, NARROW_BAND or DEAD). Initially the
pointsthat are part of the boundaryaremarkedasALIVE
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
[Jam9§).

After this initialization stepthe algorithmiteratively ex-
tractsthe next point from a min-heap.This point hasits
statuschangedio ALIVE, meaningit hasbeen x ed. For
eachnot ALIVE neighborof this extractedpoint, the sta-
tusis changedo NARROW_BAND andthedistanced is
updated.

Theupdateprocedurausesa nite differenceschemede-
signedto work on an orthogonalgrid. To computethe dis-
tanceon a volumetricmesh [FLO1] proceedsn thefollow-
ing way:

all pointsof a3d grid aremarkedasDEAD;
objectsurfaceis rasterizedn thisgrid andformstheinitial
ALIVE points;

the depthmapis computedvia FastMarchingon the 3D
grid;

Figure 4: Anobject(thedisc)andits FastMarching compu-
tationgrid. It canbeseerthatsomepartsof thecomputation
grid are uselessasthey are outsideof the meshobject.

the tetrahedronshodesreadtheir d value from the grid
with interpolation.

Thegrid resolutionhasto be setarbitrarily andis atrade
off betweenspeedand precision.In addition, the distance
is computedfor the entire grid without taking into consid-
erationwhetherthe point is inside or outsideof the object,
resultingin unnecessargomputationsThis can becomea
problemif the shapeevolves a lot and the grid hasto be
adaptedn consequencé-or thesereasonstheuseof a stan-
dardFastMarchingto computethe depthmapon volumet-
ric meshis not a fully satisictory solution. We presenta
novel approachhatdirectly usesheexisting meshstructure
to computethedistance.

4.2. ClosestFeature FastMar ching

Thekey of FastMarchingef ciency residesn the usageof
aDikjstra's like graphtraveling leadingto a O(nlogn) com-
plexity with n the numberof points. Two solutionsto re-
move this grid and obtain fastercomputationof the depth
maphave beenconsideredkeepingin mind this graphtrav-
elingapproach.

The straightforvard solutionis to usethe FastMarching
extensionto unstructuredriangulationpresentedn [RJ9§
but the UpdateFunctionis muchmorecomplex andsufers
from degeneraciesSo we use a "ClosestPoint" principle
basedn FastMarching.This newv approactsharegshesame
ideaas[MB] or [Tsa02 wherethe ClosestPointis propa-
gatedinsteadof thedistance.

In our approachwhich we called ClosestFeature Fast
Marching, eachtetrahedrors nodestoresits closestbound-
ary'sfeature(point, line, triangle). Theboundarynodeshave
theirdistancevaluesetto 0, aremarkedasALIVE, andhave
their closestfeaturesetto themseles. The algorithmitera-
tively selectsthe ALIVE point with the leastdistanceand
updatests neighborsusingits f feature.The neighborhood
of apointis givenby theincidentedgesTheupdateunction
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@ NARROW BAND

O ALIVE

O DEAD O SELECTED FOR UPDATE

Figure 5: TheClosestreature FastMarching directly com-
putesthedistanceusingthe mesh.

ng = (ng > dist(ny; 1)) ?f : ng

ng = (ng > dist(ny; f)) 2dist(nx; f) : ng

wheren is anodeat ny positionandat a ny distanceto the
closesfeatureboundaryns.

The algorithm may fail to reportthe closestfeatureand
may selecta fartherone. The resultis an overestimatiorof
the distancebut we do not nd this problematicasthe error
doesnot propagite andthe distance eld still hasthe cor
rectshape(i.e. it vanishedon the objectboundary)for our
objective: computinga penaltyresponse.

We have implementedwo versionsof thealgorithm.The
rst one CFFM (for ClosestFeatue Fast Marching) saves
the closestfeature(point, edge,face)while the secondone
CPFM (for ClosestPoint FastMarching) only usesthedis-
tanceto the nodesof the boundary The CPFM hasa larger
errorbut it improvesthe computatiorspeed.

4.3. Results

Thepresentedlgorithmwereimplementedor the2 and3D
cases.Computationtime are shovn in Figure 6. It canbe
seenthatincreasinghe numberof nodeshasa linearin u-
enceon computatiortime. Otherexemplesof distanceeld
computedon 3D meshwith up to 300 000 tetrahedronsire
shavedin Figure7.

In additionwe comparethe CFFM classalgorithm with
our implementsof a grid basedrastMarchingandmeasure
the computationtime, the maximal error (maximal differ-
encebetweenexactvalueandcomputedvalue)andmedian
error (sumof all error over the numberof node).This test
framevork uses2D triangle mesheslumpedfrom a tissue
simulationwhere objectsare deformedand cut in various
separateghartsof non-cowex shapes.
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Figure 6: Computatiortime (in ms)to approximatedistance
eld with CPFM on objectof increasingsize

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

Eachtestwasmadewith meshof differentresolutionfrom
200to 4000tetrahedronsode they permitto concludethat:

Whenthe samenumberof tetrahedromodesis equiva-
lentto thenumberof grid cells,grid basecapproacheare
fasterthanCPFM.

ClosestPointapproachebave amuchlower medianerror
thannumericmethods.

The adantageof the presentednethodis its hability to
computegooddistanceapproximatiorthatdirectly depends
on meshresolution.This hasa specialinterrestaslow reso-
lution mesheg 1000nodes)asthe onesusedin realtime
simulatorsOnsuchsitutationthe CFFM/CPFM algorithms
areboth fasterthanthe othertestedapproachesndbene t
from areducecerror.

It additionnalymalkes the cutting unproblematicIf the
meshis cuttedin multiple part, it makes no differencefor
the presentedhlgorithmwhile a grid basedapproachwould
needare tting strat@y andaconnectity trackingto handle
thedifferentsseparategarts.

4.4, Partial update of distance eld

In previous examplesthedistanceeld is computedor the
wholeobjectleadingto abig numberof unnecessargompu-
tationif usedfor collision responseWe implementa partial
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Figure 8: A diskis deformedand cut. Left sideis computed
usingthe CPFM algorithmwhile theright sideis computed
usingthe Fast Marching on a 100x100grid. Themeshand

the computedlistance eld are drawn at the top with color

scale On the bottomline we representmeshwith the com-

putationerror, clearer valuesmeansmore error.

Algorithm Time(m9 maxerror medianerror
EXACT 9.930

FM 20x20 0.288 0.326 0.085
FM 100x100 9.728 0.149 0.011
CFFM 0.630 0.02 810 °
CPFM 0.196 0.12 0.008

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

updateof thedistanceeld usingthefactthatcollisionsgen-
erally appendin the vicinity of the objectsurface.This is
doneby markingthe colliding tetrahedronsgluringdetection
andstopthe CFFM loop whenall thesescolliding tetrahe-
dronshavetheir distancecomputedThis decreasethecom-
putationtime andmakesthe CPFMfor collision areallyin-
expensve computatiorevenonverybig meshesThismakes
the systemfastin thecommoncollision situationandrobust
to moreraredeepcollision.

5. The Collision Response

The detectiondescribedn Section3, returnspairsof over
lapping tetrahedronsFrom theseoverlappingtetrahedrons
we implementtwo stratgies to computethe penalty re-
sponsdorcesusingthe previously computeddepth-map.

The rst stratgly computesesponsdorce for the Points
in Objectssituationasin [HFLOQ] or [THM 03]. Only gen-
eratingforceontheintrudingpointsleadsto unpleasanérti-
factsassomecolliding situationsgdo notyield responséorce
andthuspenetratiowill notbestoppedTo preventthosear
tifactswe de ne aresponséasedon a Sgmentsn Object

Algorithm Time(mg maxerror medianerror
EXACT 28.0

FM 20x20 0.600 0.34 0.098
FM 100x100 12.0 0.081 0.016
CFFM 5.0 0:002 310 ©
CPFM 23 0.06 0.001

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

force computation.In the following we presentthesetwo
strateies.

5.1. Point in Object response

Whena point p penetratesn object,the approximationof

the penetratinglistanced valueis possibleasalinearcom-
binationof tetrahedromodesx;..4 anddistancevaluesds.-4.

Let u = up..3 be the barycentriccoordinatesof p. These
barycentriccoordinatesie ne the positionof the point p in

a framewhoseorigin coincideswith x4 andwhoseaxis co-

incideswith theedgesft adjacento x4. Thecoordinatesn

this new framearecomputedas:

u=G [p x4

with thefollowing 3 by 3 matrix:
G=[p xiip Xip Xg

To bein atetrahedrora pointhasto Il up thefollowing
equationsu; O;u; O;uz Oandup+ux+uz 1

Linearinterpolationof d1..4 valuesis madein the follow-
ing way:

d=udi+ updr+ uzdz+ (1 up up usz)d4

To computethe forcedirectionwe usethe gradientof the
distanceeld. Thisgivesanintuitive directionfor the point
to exit theobject.In addition,asalinearinterpolationis used
insidethetetrahedrontheresultinggradienionly dependsn
the nodesof the tetrahedrorand not on the intruding point
p.

This directionis computedrom the d formulaas:

0 ;1 0 L
I 1 U Uy

rd:%%gze @u u A
1d Uz Ug
1z

With theseformulaswe cancomputefor eachnodepene-
tratinganobjectcomposeaf tetrahedronghe approximate
distanceo theboundaryFromthis distanceandits gradient
apenaltyis appliedto theintruding point.
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This point-in-objectcomputationmay miss somecolli-
sion casesas on Figure 11 wherethe tetrahedronzollide
by edges.This leadsto unpleasanartifactson low resolu-
tion meshthat leadsus to introducethe segment-in-object
approach.

nl

Figure 11: Two tetrahedonsoverlap, the segment[ab)] in-
tersectsthe other tetrahedon on pointsx; and xp. In sud
situationa pointbasedapproac wouldnotgeneateanyre-
sponse

5.2. Segmentin Object response

The responseforce receved by a seggmentintersectinga
tetrahedrors computedwith thefollowing method.

For aline | intersectinga tetrahedrort, the intersection
is de ned by two line parameters 1 andl ,. As the previ-
ously de ned Point in Objectresponsas linearfor a given
tetrahedronthe Sgmentin objectresponseanbecomputed
on thetwo intersectiorpointsandthenintegratedalongthe
segmentto take into accountits length.Givena segmentin
parametridorm:

x=atl(b a)
thetwo endpointsareprojectedn thetetrahedrorirame:
A=G Ya ty)andB=G (b ty)

this givesthe following segmentequationin thetetrahedron
frame:

u:A+|(B A)

an intersectionbetweenthis line and the tetrahedronis
equialentto testif for somel includedin [0;1] the cor
respondingu lls up thefollowing equationsu;  O;up
O;uz Ojup+ up+uz 1.

Thesetestsgive usthe two points(xz, x2) corresponding
to the parametergl 1, | ») that delimit the intersection.It
is theneasyto approximatethe distancegd;,d,) usingthe
Pointin Tetrahedon formula.

Finally the distanceis integratedover the sggment. This
integrationis directasit is equivalentto computingthe area
of atrapeze.
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Figure 12: Multiple collision points: a toruscollideswith a
sphee. Thecomputedesponseforcesare shown.

z 1
d= d= S(di+ dp)jjxaxojj
It 2
, On the intersectionpoints (x1,X2) two penalty forces
(f1,f2) are computedfrom this d penetrationmeasure.
Thesepenaltyforceshave to betransferedo theobjectsme-
chanicalpoints.The forcetransferis alittle bit tricky aswe
usethe parameter$ 1 andl , to weighthe penaltyforcere-
ceived on eachmechanicalpoint. In our examplethe sey-
mentextremitiesa andb would recevesthefollowing force:

| |
af=I1 .fl+|2 .fz

br=(1 I T+ 12

6. Results

The collision modelis implementedn an existing simula-
tion framework that includesa deformableobjectsmodel
with a tetrahedrorbasedmass-springystem.Collision be-
tweentetrahedrabbjectsis handledwith our collision sys-
temwhile collisionbetweeratetrahedrabbjectanda“trian-
gle” basedoneis handledby usingthe point-in-tetahedon
andthe sggment-in-tetahedon responsevhentrianglesin-
tersectetrahedrongFigure14).

6.1. Performanceanalysis

We comparedhe point-in-objectand segment-in-objecap-
proachesln our contet the sggmentbasedresponsaives
a betterresponsewith lesssensibleartifactsand a reason-
able computationtime increasegFigure 16). The segment-
in-objectis, asexpectedslightly moretime consumingFig-

ure13) butit hasalsotheinterestingpropertyto re ects pen-
etrationdepthaswell assizeof contactarea.ln our simula-
tion we selecton or the otherresponsewith respectto the
meshdensity

The lazy CPFM also greatly improve performancesnd
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Figure 13: A torus (7000tetrahedons) breakson a cube
Thisscenevassimulatedn 2 minutestheall collision pro-
cesstook 28 secondswith pointin objectresponseand 36
secondsvhenwe usethe segmentin objectresponse

Figure 14: Interactionbetweera non-tetahedal objectand
atetrahedal one A deformablesphee falls on a tissuethat
breaksundertheweight.

malkesthe CPFM a really cheapcomputationcomparedo
therestof thecollision pipe-line.

We also measuredhe collision time with respectto the
numberof colliding tetrahedronsnd found it waslinearly
dependent.

6.2. Additional note

We noticed that tetrahedrorwith their four nodeson the
boundaryare problematicfor both simulationandcollision
responseThisproblemwasaddresseth [MBTFO03] wherea
meshingstrat@y hasbeenpurposedin our simulator those
tetrahedronsire detectedand handledby a simple subdvi-

sion. Thisincreaseshe numberof tetrahedronsindcanbe-
comea problemwhenlargebreaksoccur generating lot of

invalid tetrahedronglik e explosions).

7. Conclusion

In this paperwe have presentedan interactize collision

modelfor volumetrictetrahedrabbjects.Its novative points

areanew ClosestFeature FastMarching algorithmto com-

putedistanceon avolumetricmesh anda sggment-in-object
basedespons¢hatreduceshevisualartifacts.

Figure 15: Comple ervironment: elispoidscomposecdof
100 tetrahedpns are falling on a cube They breakon the
cubesede.
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Figure 16: Comparisorbetweerthetotal timespendin ms)
with respecto thenumberof colliding points.Highestcurve

standsfor sgmentresponse

Comparingthe presentedClosestFeature Fast Marching
with previous approacheshaws it performsquite well in
speedasin precisionwhile the responsdasedon the inter-
sectingsggmentincreasesimulationrealism.Theseresults
shawv that tetrahedrorbasedcollision systemsare ef cient
enoughto be usedin real-timesimulation.To continuethis
work, bettercollisiondetectiorandresponséasto beinves-
tigatedasalot of responseomputatiorareredudenyg. Voxel
grid canbereally inef cient for detectionwhile the neigh-
borhoodrelationshipbetweertetrahedronsould be usedto
acceleraté. Remawethoseredundeng would make thecol-
lision andtheresponse muchmorecheapoperation.
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