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Abstract

We presenta novel penetrationdepthestimationalgorithm basedon the use
of deformeddistancefieldsfor simulationof non-penetratindlexible bodies.We
assumehatthecontinuumof non-rigidmodelsarediscretizedisingstandardech-
nigues,suchasfinite elementmethods.As the objectsdeform,the distancefields
aredeformedaccordinglyto estimatepenetratiordepth,allowing enforcemenbf
non-penetratiorconstraintsbetweentwo colliding elasticbodies. Our approach
canautomaticallyhandleself-penetratiormndinter-penetratiorin a uniform man-
ner. We demonstratés effectiveneson moderatelycomplex animatedscenes.

1 Intr oduction

Dueto recentadvancementi physically-basednodeling,simulationtechnique$ave
beenincreasinglyusedto improve the quality and efficiency of producingcomputer
animationfor majorfilm productionsmedicalsimulationandcomputergames.These
techniquegproduceanimationdirectly from input objects,simulatingnaturalmotions
and shapedeformationshasedon mathematicamodelsthat specify the physicalbe-
havior of charactersndcomplex structures.

Modeling deformationis a key componentof physically-basednimation,since
mary real-world objectsarenotrigid. Someexamplesinclude realistic motion gen-
erationof articulatedcharactersvith passve objects(suchas clothing, footwearand
otheraccessoriesgieformatiorof softtissuesandorgansandinteractionamongsoftor
elasticobjects. Automatic, predictableand robust simulationof realisticdeformation
is oneof the mary challengesn computeranimationandmedicalsimulation[8].

Oneof the mostdifficult issuesn generatingealisticmotion of non-rigid objects
is to simulatecontactbetweerbetweerthem. Whentwo flexible objectscollide, they
exertreactionforceson eachotherresultingin the deformationof both objects.Simi-
larly whenoneflexible body self collides,multiple portionsof the objectmay deform.
Thereactionforceis calledthe contactforce, andwherethetwo surfacegouchis often
calledthe contactsurface Simulatingsucheventsis non-trivial. It is known asthe
contactproblemin computationamechanicsand hasbeenactively investigatedor



decade$5]. Thedifficulty of this problemfor modelingdeformationof non-rigidbod-
iesarisesfrom unclearboundaryconditions;neitherthe contactforce nor the position
of the contactsurfaceis known a priori.

Ideally, no two objectsshouldsharethe samespace.This is the non-penetation
constaint. The non-penetratiortonstraintcan be imposedusingtechniquesuchas
constrainedptimizationtechnique®r penalty-basedthethods Dueto dualunknonvns
in the contactproblemfor deformablemodelsmentionedabove, penalty-basedheth-
odsare often preferred. When usinga penaltybasedmethod,a penetratiorpotential
enegy mustfirst be definedthat measureghe amountof intersectionbetweentwo
models,or the degreeof self-intersectiorof a deformablebody. One of the moreac-
curatemeasurementsf theamountof intersections the penetratiordepth,commonly
definedasthe minimum (translational)distancerequiredto separatéwo intersecting
rigid objects.No generalandefficient algorithmfor computingpenetratiordepthbe-
tweentwo non-corvex objectsis known. In fact,anO(n®) time boundcanbe obtained
for computingthe Minkowski sumof two rigid, non-corvex polyhedrato find the min-
imum penetratiordepthin 3D [7]. Neithera complexity boundfor this problemnor a
formal definitionof penetratiordepthfor deformablemodelshasyet beenestablished.

1.1 Main Contrib ution

We presengnefficientalgorithmbasedn the useof deformeddistancdieldsfor sim-
ulatingdeformatiorbetweemon-penetratinglasticbodies. Theunderlyinggeometric
modelsare composedf polygonalmeshesModelsconsistingof implicit representa-
tionsor parametrisurfacessuchasNURBS, canbetessellatedhto polygonalmeshes
with boundecerror.

We assumethat eachnon-rigid body is modeledusing finite elementmethods
(FEM) [5] in our currentimplementation11], but the algorithmitself is applicable
to other discretizationtechniquessuchas finite differencemethodsor spring-mass
systems.We employ the FastMarchingLevel SetMethod[18, 19] to precomputeahe
internaldistancdield of eachundeformednodel. Whentwo flexible bodiescomeinto
contactand deform, the precomputedlistancefields are likewise deformedto com-
pute the estimatedpenetrationdepth betweentwo deformingobjects. This penetra-
tion measureanbeincorporatednto a penalty-baseformulationto enforcethe non-
penetratiorconstraintbetweentwo elasticbodies. This enablesefficient computation
of contactforcesandhelpsto yield a versatileandrobustcontactresolutionalgorithm.
We have successfullyntegratedour penetratiordepthestimatioralgorithmto compute
collision responsef two elasticbodiesefficiently. Specifically our penetratiordepth
estimationalgorithmhasthefollowing characteristics:

¢ Both self-collisionsandsoft object contactsarehandledn a uniform manner
e No prior assumptionor knowledgeaboutthelocationsof contactss required.
e Thealgorithmcantrade off accuracyfor speedor storageif desired.

1.2 Organization

Therestof the paperis organizedn thefollowing manner We briefly survey the state
of the art in section2. In section3, we give an overviewn of our algorithm and the



basicterminologiesusedin this paper Section4 describegshe numericaimethodused
to pre-computethe distancefield and how it is updatedon the fly asthe objectsde-
form. Section5 presentour new penetratiordepthestimationmethodfor deformable
objectsbasedon linear interpolationof precomputedliistancefields andthe resulting
collision response.Section6 describeghe systemimplementatiorand demonstrates
the effectivenes®of ouralgorithm.

2 RelatedWork

2.1 Penetration Depth Computation

Thenotionof penetratiordepthbetweeroverlappingobjectswasintroducedby Buck-
ley and Leifer [2] and Cameronand Culley [3]. Sereral algorithms([7, 9, 15] have
beenproposedor computinga measuref penetratiordepthusingvariousdefinitions.
Agarwal, etal. proposeda randomizedalgorithmthatcomputegpenetratiordepthbe-
tweentwo corvex polyhedran O(m%“n%“ + mlte + nlte) expectedime for ary
constant > 0 [1], wherem andn arethe numberof verticesof the two polyhedra.
However, all existing methodsassumehatatleastoneof theinput modelsis a convex
polytope.

It iswell known thatif two polytopesntersectthenthedifferenceof theirreference
vectorslies in their corvolution or Minkowski sum[10]. The problemof penetration
depthcomputatiorreducego calculatingthe minimumdistancebetweertheboundary
of the Minkowski sumof two polyhedraanda pointinsideit. However, the construc-
tion of theMinkowski sumcanbequite expensve. In three-dimensionalpacethesize
canbe easilyquadraticevenfor two convex polyhedra.An O(n®) time boundcanbe
obtainedfor computingthe Mink owski sumof two rigid, non-corvex polyhedreto find
the minimum penetratiordepth[7], wheren is the numberof verticesfor eachpoly-
hedron. Thereseemdo belittle hopeto computethe penetratiordepthat interactive
ratesbasedon someof thesewell-known theoreticalalgorithms.

Few methodshave beenproposedo computethe penetrationdepthfor NURBS
modelsor othernon-rigid modelrepresentationsAs it standsoday interactivecom-
putationof penetratiordepthbetweertwo generageometriomodelsof high complex-
ity remainsanopenresearchssue.

2.2 DistanceField

Computingthe minimum geodesiaistancefrom a point to a surfaceis a well known
comple problem[16]. OsherandSethian[18, 19], introduceda new perspeciie on
this problemby usinga partialdifferentialmethodto performcurve evolution. Hoff, et
al. introducedthe useof graphicshardwareto computegeneralized/oronoi diagram
andits correspondingliscretizeddistancefield [12]. Recentlythis approacthasbeen
appliedto performgeneralproximity queriesin 2D [13]. Frisken,etal. alsopresented
anadaptve techniqueto computedistanceields[4].



3 Preliminaries

In this section,we definebasicnotationsand methodologiesisedin this paper give
a brief overview of the simulationframewnork usedto testour algorithm,andgive an
outline of our approacHor estimatingpenetratiordepthbetweerdeformablemodels.

3.1 Discretization Methods

Deformationinducesmovemenibf every particlewithin anobject. It canbemodeledas
amappingof thepositionsof all particlesin theoriginal objectto thosein thedeformed
body. Eachpoint p is movedby the deformationfunction¢(-):

p — ¢(t,p)

wherep representshe original position,and¢(t, p) representshe positionattime ¢.
We limit thediscussiorto the staticanalysishere hencet is omitted:p — ¢(p).

Simulatingdeformationis in factfinding the ¢(-) thatsatisfieshelaws of physics.
Sincethereare an infinite numberof particles,¢(-) hasinfinite degreesof freedom.
In orderto modela materials behaior usingcomputersimulation,sometype of dis-
cretizationmethodmust be used. For simulationof deformablebodies,spring net-
works,thefinite differencemethod(FDM), the boundaryelementmethod(BEM), and
thefinite elementmethod(FEM) have all beenusedfor discretization.

3.2 Tetrahedral Elements

In our prototypesimulator we have choser-EM asthediscretizatiormethoddueto its
generalityanddiversity The FEM usesa piecavise approximatiorof the deformation
function ¢(-). Each“piece” is called an element,which is definedby several node
points. The elementsonstitutea mesh.

Ouralgorithmusesa FEM with 4-nodetetrahedratlementsandlinearshapeunc-
tions. Othernon-linearshapefunctionscan be usedaswell, but the updateof the
distancdfield computatiorasthe objectsdeformwill be affected(section5).

Thedeformatiorfunctiong(-) mapsapointin atetrahedratlementtp = [z, vy, z]7
to anew positiong(p). As shavn in Fig. 1, by definition, ¢(-) movesfour nodesof an
elemenfrom their original positions

0 = [Nig, iy, niz)?, 1 < i < 4,
to thenew positions

By = [fig, fliy, 2], 1 <0 < 4.
Thedisplacementsf thefour nodesdueto deformationis

Ui = [Uz:c; Uz'y; Uiz]T

~ ~ ~ T .
[Piz — Mgy Ty — Niy, Nz — Ngz)", 1 <i < 4



Figurel: ¢(-) mapsfour nodesof a tetrahedraklement,ny, ..., ns to their new position at
fi,...,n4. Uy, ..., Us arethecorrespondinglisplacementectors.

3.3 Simulation Framework

Giventhe basicsof FEM, we reformulatethe problemof simulatingdeformableob-
jectsasa constrainedninimizationproblemusingConstitutive Law [5]. Detailsof the
simulatoraregivenin [11]. Herewe give a brief overview of the simulatorusedto test
our algorithmfor computingestimatedpenetratiordepthbetweerflexible models:

1. Generataninternaldistancdfield for eachinput objectusingthe FastMarching
Level SetMethod(sec.4).

2. Constructatetrahedraktlementmeshfor eachobject.
3. Apply finite elementanalysis:

(a) Estimatehepenetratiordepthbasednthedeformedlistancdields(sec.5)
for penetratioravoidance.

(b) Minimize thetotal enegy dueto deformationtakinginto accountall mate-
rial propertiesandexternalforces,usingour synthesizesiumericaimethod
[11].

4. Incrementallyupdateportionsof thedistancdfields,giventhe new positionsand
orientation=of the deformedbodies.

3.4 Algorithm Overview
As two objectscomeinto contactanddeform,thealgorithmuses
1. A hierarchical sweep-and-prungl4] whenthe NURB representationsf the
modelsaregiven;

2. A lazyevaluationof possiblantersectionsisingboundingvolumehierarchieof
axis-alignedboundingboxes[20].

The collision detectionmoduleidentifiesthe “regions of potentialcontacts”,as
well asthe intersectingtetrahedralelements. The intersectingtetrahedralelements
arethenusedto computethe estimatedpenetrationdepthbasedon the pre-assigned



distancevaluesat the nodesof eachelement(sec.5). This is a fastoutput-sensitie
computationrequiring O(K) time, where K is the numberof pairs of intersecting
tetrahedraélementsandis normallysmallcomparedo thenumberof elementswithin

eachmodel.

Sincethepre-assignedistancevaluesateachnodeof thetetrahedraklementsnay
no longerbe valid after the deformation,we needto eitherrecomputeor adaptvely
updatethesedistancevalues. Sincerecomputatiorof the entireinternaldistancefield
for eachdeformedmodelcanbe ratherexpensve, we performa partialrecomputation
of distancefield only at and nearthe regions of potential contactsindicatedby the
collision detectionmoduleand FEM simulation. We also ensurethe continuity and
differentiability of the distancefield at the boundaryof theseregions. The valuesof
updatedistancdieldsarethenusedfor the next simulationstep.

This procesontinuesteratively to estimatethe penetratiordepthbetweerelastic
bodiesquickly andefficiently duringthe simulation.

4 Inter nal DistanceFields

TheFastMarchingLevel SetMethodwasfirst designedo trackthe evolution of fronts
througha 3D space.In our application the surfaceof anarbitrary3D objectis treated
asafront. The surfaceis propagatednwards, oppositeof the directionof the surface
normal. As the surfaceevolveswith uniform speeddistancevaluesfrom the surface
areassignedo pointson a discretizedyrid.

The input to the FastMarching Level SetMethod consistsof a polygonalmesh.
Modelsconsistingof implicit representationsr parametricsurfacessuchasNURBS,
canbetessellateihto polygonalmeshesvith boundecerror Theusemrmayalsospecify
theresolutionof the 3D grid, tradingaccurag for speed.The outputof the methodis
adiscretizeddistancdield for thevolumeencompassely the 3D surface.In practice,
interpolationmethodsareusedwhensamplingthe distancdfield for penetratiordepth
computations.

Severalkey termsareusedin the presentatiorof this algorithm. A gridpointmay
be marked with oneof threelabels: ALIVE, NARROW_BAND, or FAR_AWAY. An
ALIVE pointrepresentagrid pointthathasalreadybeenassigneddistancevalue. A
NARROW_BAND pointrepresents pointontheevolving front. A FAR_.AWAY point
represents pointwithout anassignedlistancevalue.

4.1 Initialization

To computedistancevaluesfor anarbitraryobjectrequiresinitializing the locationof

the surfacewithin a 3D grid. For eachtriangleof the polygonalmesh,anaxis-aligned
boundingbox is created.Distancevaluesfor eachgrid pointin the boundingbox are
thendefined.Whentheinitialized valueis greaterthanor equalto zero,the grid point

lies outsideof theobjector onthesurface.Thesegrid pointsaremarkedALIVE. When
the distancevalue is negative, it lies inside the object, and the grid point is marked

NARROW_BAND.

Thesetof NARROW_BAND pointsrepresentshosewithin a neighborhoodf the
zerolevel set. Restrictingwork to only this neighborhoodf the zerolevel setyields
aconsiderableeductionin computationatost. This methodof computationis known
asthe narrow bandapproad, andis discussedn detailin [19].



4.2 Marching

Oncethe 3D grid hasbeeninitialized, the marchingphaseof the algorithmmay com-
mence. At eachstep, the grid point with the minimum distancevalue is extracted
from the setof NARROW_BAND grid points. The datastructureunderlyingthis phase
of the algorithmis discussedn section4.3. Upon selectionof the minimum valued
NARROW_BAND grid point,it is markedALIVE, andany FAR_AWAY neighborsare
movedto thesetof NARROW_BAND points. Thedistancevaluefor eachneighboring
NARROW_BAND point is thenupdatedby solving for T' in the following equation,
selectingthelargestpossiblesolutionto the quadraticequation:

=VM+N+O
Fij

where

A A
M = (max(D~°T + ;p—w—w:ﬁ, DT + TmDJF”’”T, 0))2

wherethefinite differencesaregivenby

toe _ Tipa =T
D - Az
e T-Ti,
b - Az
ptete  — Tivo —2T541 +T
2Ax
p-e-z _ T-2T; 1 +Ti—»
2Ax

Similarly,

N = (max(D~VT + %D—y—yT, DT + %Dﬂ‘ﬂT, 0))?

A A
O = (max(D~*T + TZD—Z—ZT, D+*T + TZD““T, 0))2

Theterm Fj;;, representshe speedof the propagatingront. Becauseve wish to
find the distancefrom eachpointto the surface this valueis uniform (constantjn our
application. The equationausea secondorderschemewhenever possibleto produce
higheraccuray. Thatis, both T;,» andT;,; mustbe ALIVE in orderto compute
Dtz+te D¥v+y or DT*+% whereT;,» > T;;1. The choiceof whento usethe
secondrderschemesimply depend®n whethertwo known (ALIVE), monotonically
increasingvaluesexist asneighborsof thetestpoint. If not, thenthefirst orderscheme
is used.

This procesf selectinga minimum NARROW_BAND point, markingit ALIVE,
andupdatingneighborscontinuesuntil no NARROW_BAND pointsremain. This al-
gorithm to computean internal distancefield for eachobject canbe summarizedas
follows:



GidPoint G

InitializeGid();

heap = Buil dHeap(); //NARROW BAND PO NTS
whil e (heap.isEnmpty() != TRUE)

{
G = heap.extractM n();
G status = ALI VE;
mar kNei ghbors( G ;
updat eNei ghbors( G ;

}

4.3 Data Structures

With eachstepof the algorithm, the minimum valuedNARROW_BAND grid point
mustbe extracted. Theneedfor anefficientextractionoperationaswell asanefficient
insertionoperationmakesthe useof a heapideal. However, oncethe minimumvalued
grid point NARROW_BAND grid pointhasbeenidentified,thealgorithmupdatesach
neighboringpoint. Thus,in additionto the needfor an efficient sorteddatastructure,
we mustalsoretainspatialinformation.

Our solutionis simply to usebotha minimum heapstructureanda 3D array Each
heapnodecontainsa pointerto the 3D arraygrid point thatit references.Similarly,
eachNARROW _BAND grid pointin the 3D arraypointsto anodein theheap.ALIVE
andFAR_AWAY pointshave NULL pointersasonly NARROW_BAND pointsarein-
cludedin the heap.

4.4 Partial Update of DistanceField

Whenan objectdeforms,the simulatorusethe collision detectionmoduleto quickly
identify theneighborhoodvherepartialupdateof distancdield needdo beperformed.
This information alsofinds the instancesvhereboundarynodespenetrateother ele-
ments.

4.4.1 Collision Detection

For collision detection,we usethe hierarchical sweep-and-prunéescribedn [14],
whenthe original, correspondindNURB representationsf the modelsare available.
Eachsurfacepatchis subdvidedinto smallerpatchesandrepresentedhierarchically
Eachleaf nodecorrespondso a splinepatchwhosesurfaceareais lessthananinput
parameterA usedin generatingthe polygonal meshesof the patch. The resulting
tree hasa shallav depthand eachnodecanhave multiple children. An axis-aligned
boundingbox is computedfor the control polytope of eachpatchand dynamically
updated. At eachlevel of hierarchy the sweep-and-prungg] is usedto checkfor
overlapof the projectionsof the boundingboxesonto z—, y—, z— axes. Only when
the boxesoverlapin all threedimensionsa potentialcontactis returned. Coherence
is exploited to keepthe runtimelinearto the numberof boundingboxesat eachlevel.
Theresultinghierarchicalsweep-and-prunean be efficiently employed to checkfor
potentialoverlapsof the hierarchies.

If theNURB representationsf themodelsarenotavailable,we lazily constructhe
boundingvolumehierarchiegBVHSs) basedon axis-alignedboundingboxesfor each
modelon thefly andcheckfor collision betweerthemusingthesebinary BVHs. For
moredetails,we referthereaderdo [20].



4.4.2 Lazy Evaluation

Giventhe regionsof potentialcontactsreturned(asone or more boundingboxes) by
thecollision detectionmodule ,we performpartial updateof theinternaldistanceield
by only recomputinghe distancevaluesat eachgrid point within theseregions. With
suchmethodsasFEM andfinite differencemethodsthisinformationis easyto obtain.
Thesemethodstreat objectsvolumetrically andthereforethey retaininformationon
how far the effectsof deformatiorhave propagatedhroughouthe object.

Given the boundingbox, a second3D grid is createdthat overlaysthefirst. The
algorithmto computethis partial grid is the samealgorithmpreviously describedthe
savings in computationtime comesfrom the reductionof the numberof grid points
being computed. Oncethe marchingcompleteswe combinetwo setsof computed
distancevalues(onefrom the precomputatiomndonefrom the partial update) while
preservinghe continuityanddifferentiability of the solutionsthatarecrucialfor com-
putingcollisionresponseobustly [11].

In practice thesetwo separatedetsof distancevaluesarealmostalwayscontinu-
ous. We verify continuity by examiningthe gradientacrosghe borderof thetwo sets.
In rarecasewvherethe distancevaluesarediscontinuousptheroptionsareavailable.

Oneoptionis to linearinterpolatethe two datasetsto obtaina continuoussolution.
This optionis only viable whenthe degreeof discontinuityis low. In caseswvherethe
resultingdatasetis highly discontinuousthe entire objectis recomputed.In our test
applicationsthis situationnever occurred.This is dueto theaccurag of thebounding
boxesfor partialupdategeneratedby our collision detectiorandFEM algorithm.

Without partialupdatesthedistancdield canbecomdessandlessaccuratedueto
large deformationsasthe simulationproceeds.Eventuallythe accumulatederrorsin
theresultingdistancdields cancausevisually disturbingartifactsin simulations.

5 Penetration Depth Estimation

Whenusingthe penaltybasedmethod,we needto first definea penetratiorpotential
enegy Wpyenet(-) that measureshe amountof intersectionbetweentwo polyhedra,
or the degreeof self-intersectiorof a single polyhedron. This definition requiresan
efficient methodto computeit, andits first andsecondderivatives,for computingthe
collisionresponseobustly [11].

5.1 Defining the Extent of Intersection

Thereareseveralknown methodgo definetheextentof intersection.Thenode-to-node
methodis the simplestway to computeW,en:(-). This methodcomputesV,epet ()
asafunctionof thedistancedbetweersampledhointsonthe boundaryof eachobjects.
Thedrawbackof this methodis thatonceanodepenetrateboundarypolygons there-
pulsiveforceflips its direction,andinducesurtherpenetration Suchpenetratioroften
occursin intermediatestepsof theaggressie numericalimethods Furthermorepncea
nodeis insideatetrahedraklement,t is no longerclearwhich boundarypolygonthe
nodehasactuallypenetrated.

The mostcomplicatedyet accuratemethodis to usethe intersectionvolume. Us-
ing this method, Wnet(-) is definedbasedon the volume of intersectionbetween



two penetratingpolyhedra. Sincepolyhedradeformassimulationstepsproceedit is
difficult to createandreuseprevious datafrom the original model. Furthermoreijt is
susceptibldo accurag problemsand degeneratecontactconfigurations.As a result,
efficientcomputatiorof theintersectiorvolumeis ratherdifficult to achieve.

We have chosena methodthat provides a balancebetweenthe two extremesby
computingan approximatepenetrationdepthbetweendeformableobjects. With our
method,Wene: () is definedasa function of distancedetweernboundarynodesand
boundarypolygonsthatthe nodespenetrateWe define

Wpenet(') =kx d2 (1)

whered is the minimum distancerom a boundarynodeto the intrudedboundaryand
k is apenaltyconstant.

5.2 Estimating Penetration Depth

Supposea boundarynodem is within an elementwith nodesn;, n2,ng andn4 as
shavn in Figure2. Usingalinear shapefunction, m canbewritten in termsof linear
interpolationof ny, ..., ng:

m=u1n1+u2n2—|—U3n3+(1—u1—ug—ug)n4 (2)

n,

Figure2: A nodem penetrateinto anothertetrahedraklement.The distancebetweerm and
theredtriangleis the penetratiordepth.

Ouralgorithmestimateshe computatiorof the penetratiordepthd by replacingit
with d atm usingthelinearinterpolationof pre-assignedistancevalues:

J:uldl+u2d2+u3d3+(1—u1—uz—u3)d4 (3)

whered,, d,, d3 andd, aredistancevaluesat the four nodesof eachtetrahedrakle-
ment. Thesedistancevaluesaresampledrom the distancefield generatedy the fast
marchinglevel setmethodasdescribedn sectiod. u, , u» andug aretheinterpolation
parameterslerivedfrom the shapefunctionsof the elementsy solvingEqn. 2:
[Ul,UQ,U3]T =G [m — ny4] 4)

where G = [n1 —n4,ny —n4,n3 — Ny

ThUS, J = [dl — d4,d2 — d4,d3 - d4] G71 [m - 1’14] +dy (5)



Oncean accuratevalue of distanceis assignedo eachnode,no matterhow the
meshis deformed the valueof d is quickly computedat any point insidethe object.
Figure3 shavs anexamplewherethedistancdield of aspherds quickly re-computed
asthespheredeforms.

Figure3: LEFT: Thedistancdield of asphere RIGHT: Thedistancedield of adeformedsphere
computedusinglinearinterpolationof the precomputedlistancefield.

This approximateddistancefield sharesa few propertieswith the exact distance
field. Someof thesepropertiesareessentiafor propercomputationof penaltyforces
andtheir derivatives:

1. It vanishenthe boundarypolygons.
2. It is twice differentiableinsidethe elementsandC® continuouseverywhere.

Wpenet(-) is computedoy usingd insteadof d in Eqn. 1. This algorithmis insen-
sitive to which object(or connectednesh)the nodesm andn belongto. Therefore,
self-intersectionaindintersectiondetweertwo objectsaretreatedin a uniform man-
ner. It is alsorobustenoughto recoverfrom penetration®f significantdepth.

6 Systemimplementation and Results

We have implementedhe algorithmdescribedn this paperandhave successfullyin-
tegratedit into a moderatelycomplex simulationwith video clips shovn at our project
website:

http://www.cs.unc.edutgeom/DDF/

We usedMaya developedby Alias|Wavefrontto generatehe modelsusedin our
simulationsequencesVe useda public domainmeshgeneratiorpackageSolidMesh
[17], to createtetrahedraklementsusedin our FEM simulation. Renderingof the
simulationresultswasdisplayedusingOpenGLona 300MHZ R12000SGl IR.

6.1 SystemDemonstration
Figure4 shows alarge deformationsimulatedoy our algorithm. Two setsof positional
constraintavere specifiedfor internalnodesin the headpart andthe tail part. Given
thepositionalconstraintstheheadof snaleis forcedto movetowardits tail. Thesnale
modelhasabout14,000elements.Our algorithmsenableghe simulationto automat-
ically generatehe naturalcoiling deformation.lt is not obviousfrom theimages but
mary smallself-penetrationsvereresohedduringthe deformation.

Figure5 aresnapshotérom a simulationsequencevherea snale swallows a de-
formablered applefrom abowl of fruit. The snale andthe applemodelshave atotal



Figure5: A snale swallowing anapplefrom abawl of fruits

of 23,000elementsEight majorkeyframeswereusedto setthe positionalconstraints.
The deformationof the appleandthe snale wascomputedby the simulatorusingour
algorithmto estimatepenetratiordepthsbetweerdeformablebodies.

6.2 Choiceof Grid Resolution

The choiceof the grid resolutionhasa significanteffect the runtime performanceand
accurag of the distancefield computationusingfastmarchinglevel-setmethods.In
fact,fastmarchindevel-setmethodsunsin O(kn?) worst-casd¢ime usingthe“narrow
bandapproach’19], giventhegrid resolutionof n x n X n andk is thenumberof cells
in the narrov band. Table1 givesan exampleof the computatiortime usingdifferent
grid resolutions: x n X n on asphereof 1000 triangleswith the correctdistancevalue
of 1.0 at the centerof the spherefor the entire distancefield vs. updatingl/8 of the
distancefield.

Note thatthe computedvaluesfor the internaldistancefield aremuchmoreaccu-
rateattheregionsnearthe surfaceof the object. Thisis appropriatdor our application
wherethepenetrationis normallynotdeep.Thedeviation betweerthe correctdistance

Resolution| ValueatCenter| Dist. Field [ 1/8D. Field |

60x60x60 0.921986 57.4696sec | 2.02469sec
55x55x55 0.916389 28.9428sec | 1.16319sec
50x50x50 0.912209 17.4810sec| 0.71547sec
40x40x40 0.898008 3.81680sec | 0.29566sec
30x30x30 0.878681 0.52117sec| 0.08658sec
20x20x20 0.875549 0.10853sec | 0.02734sec

Table 1: The effect of grid resolutionson the accurag and performance(in seconds)f a
distancdield & partialupdatecomputations




valueandthe computeddistancevalueat the centerof the spherendicatesthe maxi-
mumerrorpossibledueto theaccumulatiorof numericalinaccuraciesasthelevel-set
computatiormarchingin towardthe center

6.3 Partial Update of Inter nal DistanceFields

Table1 alsoillustratesthe performancegainin computingpartial updatesof the dis-
tancefield over the recalculationof the entire distancefield. The lasttwo columns
of Table 1 give the computationtime (in secondsyequiredfor computingthe entire
distancefield of the spherevs. updatingonly 1/8 of its distancefield. The speedup
is quite substantialgespeciallyfor thosewith highergrid resolutions.The betterper
formancegainon gridswith higherresolutionis dueto fastercacheaccesgor smaller
datasets.

Thetiming (in secondsjor partial updatevs. completerecomputatiorof the dis-
tancefields for variousmodels,including a torus,an appleanda deformedsphereis
givenin Table2. Notethatthe torusmodelwith moretrianglesandthe samegrid res-
olution takeslesstime to computethana simplerapplemodelwith far lesspolygons.
Thisis dueto thefactthatthetorusmodelactuallyonly occupiesasmallportionof the
gridsallocatedwhile the appleoccupiesmajority of the grid spaceallocated.

| Model | Resolution| Tri's | Dist. Field | 1/8D. Field ]
Torus | 50x50x50 | 2048 | 1.04334sec | 0.290281sec
Apple | 50x50x50 | 384 | 10.6384sec | 0.958958ec
Sphere| 50x50x50 | 972 | 5.21021sec| 0.516960sec

Table2: Timing (in secondspn partial updateof thedistanceield vs. therecomputatiorof the
entiredistancefield

6.4 Discussion

Althoughour currentimplementationis basedn theuseof a FEM simulator[11], our
algorithmcanbeappliedto simulationmethodausingfinite differencemethod4FDM)

andwill requirelittle modification.Onecanreplacethelinearinterpolationstepusing
shapdunctionsof FEM (explainedin section5) with alinearinterpolationsuitablefor

FDM. For the spring-massystems gachmasscanbe consideredas a nodeof each
finite elementandthe sameformulationwill apply.

Thereis somelimitation to our approach.Our methodcomputeghe internaldis-
tancefields within eachobject. Therefore,it is not bestsuited for handling self-
penetrationof very thin objects,suchas cloth or hair, which are often encountered
in characteanimation.

7 Summary

In this paperwe presentnovel geometricdechniquewhichfirst precomputemternal
distancdieldsfor eachobject,deformseachfield onthefly, andthenlaterutilizesthem
for enforcingthenon-penetratioconstraintbasedn a penaltymethod.By takingad-
vantageof precomputedlistancedieldsthatdeformasthefinite elemenmeshdeforms,
ouralgorithmenablesfficient computatiorof penaltyforcesandtheir derivatives,and
yieldsaversatileandrobustcontactresolutionalgorithm.



This algorithmcanbe usefulfor mary applicationssuchassimulationof passie
deformabletissuesin computeranimation. It canalso be incorporatednto medical
simulationusedfor multi-modalimageregistration,sumgical planningandinstructional
medicalillustration.
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