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Abstract

We presenta fast penetation depthestimationalgorithm be-
tweendeformablepolyhedal objects.We assumehe continuum
of non-rigid modelsare discretizedusing standad techniques,
sud as finite elementor finite differencemethods. As the ob-
jectsdeform,the pre-computedlistancefields are deformedac-
cordingly to estimatepenetation depth,allowing enfocemenbf
non-penettion constrints betweentwo colliding elastic bod-
ies. Thisappmad canautomaticallyhandleself-penetation and
inter-penetation in a uniformmanner We demonstate its effec-
tivenesn modentely comple simulationscenes.

1 Intr oduction

Dueto recentadvancementg bothhardwaretechnologyand
modelingof the physicalworld, simulationtechniquediave been
increasinglyusedto improve the efficiency and effectivenessof
roboticsin virtual prototyping and designautomation. These
techniqueproducemotionsequencedirectly from input objects
(robotsandobstacles)simulatingtheir motion basedon mathe-
maticalmodelsthatspecifytheir physicalbehaior, theircomple
structuresandtheinteractionamongthem.

However, mostof the existing robotic simulationtechniques
arerestrictedo rigid objects,dueto thecomputationathallenges
in modelingcomplex deformationamongcolliding bodies. But,
mary real-world objectsare not rigid. Automatic, predictable
androbustsimulationof realisticdeformationis oneof themary
challengedor roboticsandintelligent systems.Someexamples
includerealisticmotion generatiorof soft tissuesandorgansfor
sumical planningof tele-robotsinteractionramongnon-rigidbod-
ies,andthe useof elastictubesfor the designof miniaturemed-
ical robots. [8] givesa recentsuney on the simulationof de-
formablemodels. One of the mostdifficult issuesin generating
realistic motion of non-rigid objectsis to simulatecontactbe-
tweenbetweerthem.

Whentwo flexible objectscollide, they exert reactionforces
on eachotherresultingin the deformationof both objects. Sim-
ilarly whenoneflexible body self collides, multiple portionsof
theobjectmaydeform.Thereactionforceis calledcontactforce,
andwherethe two surfacestouchis often calledthe contactsur
face. Simulatingsucheventsis non-trivial. It is known asthe
contactproblemin computationaimechanicsand hasbeenac-

tively investigatedor decade$5]. Thedifficulty of this problem
for modelingdeformationof non-rigidbodiesarisesrom unclear
boundaryconditions;neitherthe contactforce nor the positionof
the contactsurfaceis known a priori.

Ideally, no two objectsshouldsharethe samespace.This is
the non-penetation constaint. The non-penetratiorconstraint
canbe imposedusingtechniquesuchas constrainedptimiza-
tion technique®r penalty-basedethods Dueto dualunknavns
in the contactproblemfor deformablemodelsmentionedabove,
penalty-basedthethodsareoftenpreferred Whenusingapenalty
basedmethod,we needto first definea penetratiorpotentialen-
ey thatmeasureshe amountof intersectiorbetweertwo mod-
els, or the degreeof self-intersectiorof a deformablebody One
of the more accuratemeasurementsf the amountof intersec-
tion is the penetratiordepth,commonlydefinedasthe minimum
(translational)distancerequiredto separatewo intersectingob-
jects. No generalandefficient algorithmfor computingpenetra-
tion depthbetweertwo non-comwex objectsis known. In fact,an
0O(n®) time boundcanbeobtainedior computingthe Minkowski
sum of two rigid, non-cowex polyhedrato find the minimum
penetratiordepthin 3D [7]. No complity boundfor this prob-
lem noraformal definitionof penetratiordepthis yet established
for deformablemodels.

1.1 Main Contrib ution

We present novel, efficientapproacHor estimatingthepen-
etrationdepthbetweennon-penetratinglasticbodies. The un-
derlying geometricmodelsare composedf polygonalmeshes.
Models consistingof implicit representationsr parametricsur
facessuchasNURBS, canbetessellatednto polygonalmeshes
with boundederror  We assumethat each non-rigid body is
modeledusing finite elementmethods(FEM) [21] in our cur
rentimplementatiorf11], but thealgorithmitself is applicableto
otherdiscretizationtechniquesuchasfinite differencemethods
or spring-massystems.We emplqg the fastmarchinglevel-set
method[19, 20] to precomputeheinternaldistancefield of each
undeformednodel. Whentwo flexible bodiescomeinto contact
anddeform,thedistancdieldsarelik ewise deformedo compute
the estimatecpenetratiordepthbetweertwo deformingobjects.

Our penetrationdepthestimationalgorithm can handleboth
self-collisionsand contactsbetweensoft objectsin a uniform
manner It balancedbetweeraccurag andspeedandrequiresno



assumptioror prior knovledge aboutthe locationsof contacts.
This penetrationmeasurecan be incorporatedinto a penalty-
basedformulationto enforcethe non-penetratiortonstraintbe-
tweentwo elasticbodies. This enablesefficient computationof
the contactforceandhelpsto yield a versatileandrobustcontact
resolutionalgorithm. We have successfullyintegratedour pene-
tration depthestimationalgorithmto computecollision response
of two elasticbodiesefficiently.

1.2 Organization

The restof the paperis organizedin the following manner
We briefly suney the stateof the artin section2. In section3,
we give anoverview of ouralgorithmandthebasicterminologies
usedin this paper Sectiord describeshe numericaimethodused
to pre-computehedistancefield andhow it is updatedon thefly
asthe objectsdeform. Section5 presentsour newv penetration
depthestimationmethodfor deformableobjectsbasedon linear
interpolationof precomputedistancedieldsandtheresultingcol-
lision response.Section6 describeghe systemimplementation
anddemonstratethe effectivenesf our algorithm.

2 RelatedWork
2.1 Penetration Depth Computation

The notion of penetratiordepthbetweenoverlappingobjects
wasintroducedby Buckley andLeifer [2] andCamerorandCul-
ley [4]. Several algorithms[7, 9, 16] have beenproposedfor
computinga measureof penetratiordepthusing variousdefini-
tions. Theenhanced@ JK algorithmcanalsobemodifiedto com-
pute penetrationdepthbetweentwo corvex polytopes[3]. Re-
cently Agarwal, et al. proposeda randomizedalgorithm that
computespenetrationdepth betweentwo corvex polyhedrain
O(miteni+e 4 m'*+e 4 n!*) expectedime for ary constant
€ > 0 [1]. However, all of themassumehatat leastoneof the
inputmodelsis a convex polytope.

It is well known thatif two polytopesintersectthenthe dif-
ferenceof their referencevectorslies in their convolution or
Minkowski sum[10]. The problemof penetrationdepthcom-
putationreducesto calculatingthe minimum distancebetween
the boundaryof Minkowski sum of two polyhedraand a point
insideit. However, the constructionof the Minkowski sumcan
be quite expensve. In three-dimensionadpace the size canbe
easilyquadraticeven for two corvex polyhedra.An O(n®) time
boundcanbe obtainedfor computingthe Minkowski sumof two
non-comex polyhedrao find theminimumpenetratiordepth[7].
Thereseemgo belittle hopeto computethe penetratiordepthat
interactize ratesbasedon someof thesewell-known theoretical
algorithms.

Few methodshave beenproposedo computethe penetration
depthfor NURBS modelsor other non-rigid modelrepresenta-
tions. Lin, et al [15] hasrecentlystudiedthe penetratiordepth
problembetweenquasi-rigid bodiesand derived a closed-form
formulafor thefirst andsecondierivativesof this key parameter

2.2 DistanceField

Computingthe minimum geodesidlistancefrom a pointto a
surfaceis awell knowvn complex problem[17]. OsherandSethian

[19, 20], introducedanew perspectie onthis problemby usinga
partialdifferentialmethodto performcurve evolution. Hoff, etal.
introducedthe useof graphicshardwareto computegeneralized
Voronoidiagramandits correspondingliscretizeddistancefield
[12]. Recentlythis approacthasbeenappliedto performgeneral
proximity queriesin 2D [13].

3 Preliminaries

In this section, we define basic notationsand methodolo-
giesusedin this paper give a brief overview of the simulation
framework usedto testour algorithm,andgive anoutline of our
approachfor estimatingpenetrationdepth betweendeformable
models.

3.1 Finite Element Methods

Deformationinducesmovementof every particle within an
object.It canbemodeledasa mappingof the positionsof all par
ticlesin the original objectto thosein the deformedbody Each
pointp is movedby the deformationfunction¢(-):

p — ¢(t,p)

wherep representshe original position,and ¢(t, p) represents
the positionattime ¢. We limit the discussiorto the staticanal-
ysis, hencet is omitted: p — ¢(p). Simulatingdeformationis
in factfinding the ¢(-) that satisfiesthe laws of physics. Since
thereareaninfinite numberof particles¢(-) hasinfinite degrees
of freedom.

For simulation of deformablebodies, spring networks, the
finite differencemethod(FDM), the boundaryelementmethod
(BEM), andthefinite elementmethod(FEM) have all beenused
for discretization. In our prototypesimulator we have chosen
FEM asthe discretizatiormethoddueto its generalityanddiver-
sity. TheFEM usesapiecaviseapproximatiorof thedeformation
function¢(-). Each“piece”is calledanelementwhichis defined
by several nodepoints. The elementsconstitutea mesh. Since
theFEMsposerelatively smallrestrictionsonthe meshtopology
they aresuitablefor representing varietyof shapesndtopology

Our algorithmusesa FEM with 4-nodetetrahedraklements
andlinearshapédunctions.However, othernon-linearshapdunc-
tions canbe usedaswell. But, this will affect the updateof the
distancdield computationasthe objectsdeform(section5).

The deformationfunction ¢(-) mapsa pointin a tetrahedral
elementatp = [z,v, 2T to anew positioné(p). By definition,
¢(-) movesfour nodesof anelementrom their original positions

n; = [nig, iy, ni] ", 1 <4 < 4,
to the new positions

= [Pz, iy, i2]", 1 < i < 4.
Thedisplacementsf thefour nodesdueto deformationis

Ui = [Uia, Uiy, Uic]”

~ ~ ~ T .
[z — Nz, Ty — Ny, iz — Niz] ,1 <7 < 4,



3.2 Simulation Framework

Giventhebasicsof FEM, we reformulatethe problemof sim-
ulatingdeformableobjectsasaconstraineaptimizationproblem
usingConstitutve Law [22] by minimizing thetotalenegy in the
systemdueto deformation.Detailsof the simulatoraregivenin
[11]. Fig. 1 givesa brief overview of the simulatorusedto test
ouralgorithmfor computingestimategenetratiordepthbetween

flexible models.
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Figurel: A systemoverview shoving variouscomponents
of thesimulatorusedto testour algorithm

3.3 Overview of Our Approach

Given the finite elementmeshesf two flexible bodies,our
algorithm precomputean internal distancefield for eachunde-
formedmodelusingthe fastmarchinglevel-setmethod(sec.4).
As the two objectscomeinto contactanddeform,the algorithm
use

1. A hierarchical sweep-and-prungl4] whenthe NURB rep-

resentationsf themodelsaregiven;
2. A lazy evaluationof possibleintersectionsisingbounding

volumehierarchieof axis-alignedboundingboxes[23].

The collision detectionmoduleidentifiesthe “regions of po-
tential contacts”,aswell astheintersectingetrahedraklements.
The intersectingtetrahedralkelementsare then usedto compute
the estimatedpenetrationdepth basedon the pre-assignedlis-
tancevaluesat the nodesof eachelement(sec.5). Thisis afast
output-sensitie computationrequiring O(K) time, where K is
the numberof pairs of intersectingtetrahedraklementsandis
normally smallcomparedo the numberof elementswithin each
model.

Sincethe pre-assignedlistancevaluesat eachnode of the
tetrahedraklementsmay no longer be valid after the deforma-
tion, we needto eitherrecomputeor adaptvely updatethesedis-
tancevalues. Sincerecomputatiorof the entireinternaldistance

field for eachdeformedmodelcanbe ratherexpensve, we per
form a partialrecomputatiorof distancefield only atandnearthe
regionsof potentialcontactsndicatedby the collision detection
moduleand FEM simulation. We alsoensurethe continuity and
differentiability of the distancefield at the boundaryof thesere-
gions. Thevaluesof updateddistancdields arethenusedfor the
next simulationstep.

This processcontinuesteratively to estimatethe penetration
depthbetweenelasticbodiesquickly and efficiently during the
simulation.

4 Inter nal DistanceFields

The Fast Marching Level Set Method was first designecto
track the evolution of fronts througha 3D space. In our appli-
cation,the surfaceof anarbitrary 3D objectis treatedasa front.
The surfaceis propagatednwards oppositeof the direction of
the surfacenormal. As the surfaceevolveswith uniform speed,
distancevaluesfrom the surfaceareassignedo pointson a dis-
cretizedgrid.

The FastMarching Level SetMethodinput to the algorithm
consistsof a polygonalmesh.Modelsconsistingof implicit rep-
resentation®r parametricsurfaces,suchasNURBS, canbetes-
sellatednto polygonalmeshesvith boundecderror Theusermay
alsospecify the resolutionof the 3D grid, trading accurag for
speedTheoutputof themethodis a discretizeddistanceield for
the volume encompassedy the 3D surface. In practice,inter
polationmethodsare usedwhen samplingthe distancefield for
penetratiordepthcomputations.

Several key termsare usedin the presentatiorof this algo-
rithm. A gridp oint may be marked with one of threelabels:
ALIVE, NARROW_BAND, or FAR_AWAY. An ALIVE point
represents grid pointwho hasalreadybeenassigned distance
value.A NARROW_BAND pointrepresentapointontheevolv-
ing front. A FAR_AWAY point represents point without anas-
signeddistancevalue.

4.1 |Initialization

To computedistancevaluesfor an arbitrary object requires
initializing thelocationof the surfacewithin a 3D grid. For each
triangle of the polygonalmesh,an axis-alignedboundingbox is
created Distancevaluesfor eachgrid pointin the boundingbox
arethendefined. When the initialized value is greaterthan or
equalto zero, the grid point lies outsideof the objector on the
surface.Thesagrid pointsaremarked ALIVE. Whenthedistance
valueis negative, it lies inside the object, and the grid pointis
marked NARROW _BAND.

Thesetof NARROW_BAND pointsrepresentshosewithin a
neighborhoof the zerolevel set. Restrictingwork to only this
neighborhooaf thezerolevel setyieldsa considerableeduction
in computationaktost. This methodof computationis known as
thenarrow bandappoad, andis discussedn detailin [20].

4.2 Marching

Once the surface has beeninitialized in the 3D grid, the
marchingphaseof the algorithmmay commence.At eachstep,



thegrid pointwith the minimumdistancevalueis extractedfrom
the setof NARROW_BAND grid points. The datastructureun-
derlying this phaseof the algorithmis discussedn section4.3.
Upon selectionof the minimum valued NARROW_BAND grid
point, it is marked ALIVE, andary FAR_AWAY neighborsare
movedto thesetof NARROW_BAND points. Thedistancevalue
for eachneighboringNARROW_BAND pointis thenupdatedoy
solvingfor T in thefollowing equationselectingthe largestpos-
sible solutionto the quadraticequation:

=vVA+B+C

Fiix
where

A = (max(D™*T+ %D‘H”T, DT+ %D””T, 0))?

wherethefinite differencesaregivenby

Tiys — T
D+w — i+
Az
_ T T,
D x — ]
Aw
pete Tiy2 —2Ti + T
2Ax
o T-2T; 1 +T; o
D r—w — g 7
2Ax

Similarly,

B = (max(D YT + %D*H'T, DT 4+ %D*“yT, 0))?

Az Az

C = (max(D™*T + —=D *°T, DT 4 TD““T, 0))?

Theterm Fj;;, representshe speedof the propagatingront.
Becauseve wish to find the distancefrom eachpoint to the sur
face this valueis uniform (constantjn our application.

The equationsusea secondorder schemewheneer possible
to producehigheraccurag. Thatis, bothT;4» andT;4+1 mustbe
ALIVE in orderto computeDT®+2 D+¥+¥ or Dt*+2 where
Ti+2 > Ti+1. The choice of whento usethe secondorder
schemesimply depend®n whethertwo knowvn (ALIVE), mono-
tonically increasingvaluesexist asneighborsof thetestpoint. If
not, thenthefirst orderschemes used.

Thisproces®f selectingaminimumNARROW_BAND point,
marking it ALIVE, and updatingneighborscontinuesuntil no
NARROW_BAND pointsremain. This algorithmto computean
internaldistancefield for eachobjectcanbe summarizedasfol-
lows.

GidPoint G

InitializeGid();

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

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

}

4.3 Data Structures

To satsifythe needfor an efficient sorteddatastructureand
retain spatialinformation, we use both a minimum heapstruc-
tureanda 3D array Eachheapnodecontainsa pointerto the
3D array grid point that it references. Similarly, eachNAR-
ROW_BAND grid pointin the 3D array pointsto a nodein the
heap. ALIVE and FAR_AWAY points have NULL pointersas
only NARROW_BAND pointsareincludedin thehheap.

4.4 Partial Update of DistanceField

Whenan objectdeforms,the simulatoridentifiesthe regions
of deformationusingthe collision detectionmodule. This infor-
mationis thenusedto quickly updateportionsof theinternaldis-
tancefield.

4.4.1 Collision Detection

For collision detection,we usethe hierarchical sweep-and-
prunedescribedn [14], whenthe original, correspondindNURB
representationsf the modelsare available. Eachsurfacepatch
is subdvidedinto smallerpatchesandrepresentedierarchically
Eachleaf nodecorrespondso a spline patchwhosesurfacearea
islessthananinputparameter\ usedn generatinghepolygonal
meshef the patch. Theresultingtreehasa shallav depthand
eachnodecan have multiple children. An axis-alignedbound-
ing box is computedfor the control polytopeof eachpatchand
dynamicallyupdated.At eachlevel of hierarchythe sweep-and-
prune[6] is usedto checkfor overlap of the projectionsof the
boundingboxes onto z—, y—, z— axes. Only whenthe boxes
overlapin all threedimensionsa potential contactis returned.
Coherencss exploited to keepthe runtime linear to the num-
ber of boundingboxes at eachlevel. The resultinghierarchical
sweep-and-pruneanbe efficiently emplo/edto checkfor poten-
tial overlapsof the hierarchies.

If the NURB representationsf the modelsare not available,
we lazily constructthe bounding volume hierarchies(BVHSs)
basedon axis-alignedboundingboxesfor eachmodelon the fly
andcheckfor collision betweenthemusingthesebinary BVHs.
For moredetails,we referthereadergo [23].

4.4.2 Lazy Evaluation

Given the regions of potential contactsreturned(as one or
moreboundingboxes)by the collision detectiormodule we per
form partial updateof the internaldistancefield by only recom-
putingthedistancevaluesat eachgrid pointwithin theseregions.
With suchmethodsas FEM and finite differencemethods,this
informationis easyto obtain. Thesemethodsreatobjectsvolu-
metrically, andthereforethey retaininformationon how far the
effectsof deformationhave propagatedhroughouthe object.

Giventheboundingbox,asecondD grid is createdhatover
lays the first. The algorithmto computethis partial grid is the
samealgorithmpreviously describedthe savingsin computation
time comesrom thereductionof thenumberof grid pointsbeing
computed.Oncethe marchingcompleteswe have two datasets
thatneedto be combinedwhile preservinghe continuityanddif-
ferentiability of the solutions.

In practice,theseseparatedatasetsare almostalways con-
tinuous. We verify continuity by examiningthe gradientacross



the borderof the two sets. In rare caseswvherethe datasetsare
discontinuousoptheroptionsareavailable.

Oneoptionis to linearinterpolatethetwo datasetsto obtaina
continuoussolution. This optionis only viable whenthe degree
of discontinuityis low. In caseswherethe resultingdatasetis
highly discontinuousthe entireobjectis recomputedIn our test
applicationsthis situationnever occurred.This is dueto the ac-
curay of theboundingboxesfor partialupdategeneratedby our
collision detectionandFEM algorithm.

5 Penetration Depth Estimation

When using the penalty basedmethod,we needto first de-
fine a penetrationpotentialenegy Wpyene:(-) that measureshe
amountof intersectionbetweentwo polyhedra,or the degreeof
self-intersectiorof a single polyhedron.This definition requires
anefficientmethodto computeit, its first andsecondierivatives.

5.1 Defining the Extent of Penetration

Thereare several knovn methodsto definethe extent of in-
tersection.Thenode-to-nodenethodis the simplestway to com-
pute Wyenet (). This methodcomputesdVpene:(-) asa function
of thedistancedbetweersampledoointson the boundaryof each
objects. The dravback of this methodis that oncea nodepen-
etrateshoundarypolygons the repulsie forceflips its direction,
andinducedurtherpenetration Suchpenetratioroftenoccursin
intermediatestepsof the aggressie numericalmethods Further
more,oncea nodeis insidea tetrahedraklementit is no longer
clearwhich boundarypolygonthe nodehasactuallypenetrated.

Themostcomplicatedyet accuratemethodis to usetheinter-
sectionvolume. Using this method,Wyene: (+) is definedbased
onthevolumeof intersectiorbetweertwo penetratingpolyhedra.
Sincepolyhedradeformassimulationstepsproceedit is difficult
to createandreuseprevious datafrom the original model. Fur-
thermore,it is susceptibldo accurag problemsand degenerate
contactconfigurations.So, efficient computatiorof the intersec-
tion volumeis ratherdifficult to achieve.

We have chosera methodthatprovidesabalancebetweerthe
two extremeshy computinganapproximatepenetratiordepthbe-
tweendeformableobjects.With ourmethod Wyen.+(-) isdefined
asa functionof distancebetweerboundarynodesandboundary
polygonsthatthe nodespenetrateWe define

Wpenet(') =k=* d2 (1)

whered is the minimum distancefrom a boundarynodeto the
intrudedboundaryandk is a penaltyconstant.

5.1.1 Estimating Penetration Depth

Our algorithm estimateshe computationof the penetration
depthd by replacingit with the linear interpolationd of pre-
assignedlistancevalues:

d=U1d1+U2d2+U3d3+(1—U1—uZ—Ua)d4 (2)

whered;, d2, ds andds aredistancevaluesat the four nodesof
eachtetrahedraélement.Thesedistancevaluesaresampledrom
thedistancdfield generatedby thefastmarchinglevel setmethod
as describedin section4. wu1,u2 andus arethe interpolation

Figure2: LEFT: The distancefield of a sphere.RIGHT:
The distancefield of a deformedspherecomputedusing
linearinterpolationof the precomputedlistancefield.

parameterslerived from the shapeunctionsof theelementsand
0<u; <1,1<4< 3.

Oncean accuratevalue of distances assignedo eachnode,
no matterhow the meshis deformed,the value of d is quickly
computedat ary point inside the object. Figure 2 shaws an ex-
amplewherethedistancefield of aspheras quickly re-computed
asthespheredeforms.

This approximatedlistancefield sharesa few propertieswith
theexactdistancefield. Someof thesepropertiesareessentiafor
propercomputatiorof penaltyforcesandtheir derivatives:

1. It vanishentheboundarypolygons.
2. It is twice differentiableinsidethe elementsandC° contin-
uouseverywhere.

n,

Figure3: A nodem penetrateinto anothertetrahedrakl-
ement.The distancebetweemm andtheredtriangleis the
penetratiordepth.

A hierarchicabweepandprunemethod14] or alazycollision
evaluationbasedn boundingvolumehierarchieof axis-aligned
boundingboxes[23] is usedto find eachinstancevherea bound-
ary nodefrom oneelementpenetratesinotherelement.Suppose
aboundarynodem is within anelementwith nodesny, n2, ng
andns asshavn in Figure3. m canbewrittenin termsof linear
interpolationof ny, . .., n4:

m=uini+urnz+uznsg+ (1 —ur —uz —uz)na (3)
d atm is obtainedby solving Eqn.2 andEqn. 3:
d=[di —da,ds —ds,ds —da] G ' [m —na] +ds  (4)

where
G = [n1 —Ng,N2 —Ng, N3 —n4]



Figure4: A snake swallowing an apple from a bowl of fruits

Wpenet(+) is computedby usingd~ insteadof d in Egn.1.

This algorithm s insensitie to which object (or connected
mesh)thenodesm andn belongto. Therefore self-intersections
and intersectionshetweentwo objectsare treatedin a uniform
manner It is alsorobustenoughto recover from penetration®f
significantdepth.

6 Implementation and Results

We have implementecthe algorithm describedn this paper
and have successfullyintegratedit into a moderatelycomplec
simulationwith videoclips shovn at our projectwebsite:

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

We usedMaya developedby Alias|Wavefrontto generatehe
modelsusedin our simulationsequencesWe useda public do-
main meshgeneratiorpackage SolidMesh[18], to createtetra-
hedralelementausedin our FEM simulation. Renderingof the
simulationresultswas displayedusing OpenGLon a 300MHZ
R12000SGl Infinite Reality.

6.1 Demonstration

Figure 4 are snapshotdrom a simulationsequenceavherea
snale swallows a deformableedapplefrom abowl of fruit. The
shale andtheapplemodelshave atotal of 23,000elementsEight
major keyframeswereusedto setthe positionalconstraintsThe
deformatiorof theappleandthe snale wascomputedoy thesim-
ulatorusingouralgorithmto estimatepenetratiordepthsetween
deformablebodies.

6.2 Choiceof Grid Resolution

The choiceof the grid resolutionhasa significanteffect the
runtimeperformancendaccurag of thedistancefield computa-
tion usingfastmarchinglevel-setmethodsIn fact,fastmarching
level-setmethodgunsin O(kn?) worst-casdime usingthe“nar-
row bandapproach’120], giventhegrid resolutionof n x n x n
andk is the numberof cellsin the narrav band. Table 1 gives
anexampleof thecomputatiorresultsusingdifferentgrid resolu-
tionsonasphereof 1000 triangleswith thecorrectdistancevalue
of 1.0atthecenterof thesphere.

Note that the computedvaluesfor the internal distancefield
aremuchmoreaccurateat theregionsnearthe surfaceof the ob-
ject. Thisis appropriatdor our applicationwherethepenetration
is normally not deep.The deviation betweerthe correctdistance

| Resolution| Ctr Value | Dist. Field | 1/8D. Field |

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

Tablel: Theeffectof grid resolutionsontheaccurag and
performancéin secondspf distancdield & partialupdate
computations

valueandthe computedlistancevalueat the centerof thesphere
indicatesthe maximumerrorpossibledueto theaccumulatiorof
numericalinaccuraciesasthelevel-setcomputatiormarchingin
towardthecenter

6.3 Partial Update of DistanceFields

Tablel alsoillustratesthe performanceainin computingoar
tial updateof thedistancdield over therecalculatiorof theentire
distancdield. Thelasttwo columnsof Tablel give thecomputa-
tion time (in secondsjyequiredfor computingthe entiredistance
field of thespherevs. updatingonly 1/8 of its distancefield. The
speedupis quite substantialespeciallyfor thosewith highergrid
resolutions.

Figure5: Partial distancefield updateof anapple(LEFT)
anda crosssectionof adeformedspherg RIGHT)

The timing (in seconds¥or partial updatevs. completere-
computationof the distancefields for variousmodels,including
atorus,an appleanda deformedspherg(Fig. 5), is givenin Ta-
ble 2. Notethatthetorusmodelwith moretrianglesandthesame
grid resolutiontakes lesstime to computethana simplerapple
modewith farlesspolygons.Thisis dueto thefactthatthetorus



modelonly occupiesa smallportionof the gridsallocatedwhile
theappleoccupieamajority of the grid spaceallocated.

| Model | Resolution| Tri's | Dist. Field | 1/8D. Field |

Torus | 50x50x50 | 2048 | 1.04334 0.290281
Apple | 50x50x50 | 384 | 10.6384 0.958958
Sphere| 50x50x50 | 972 | 5.21021 0.516960

Table2: Timing (in seconds)pn partial updateof the dis-
tancefield vs. therecomputatiorf theentiredistancefield

6.4 Discussion

Although our currentimplementationis basedon the useof
FEM simulator[11], our algorithmcanbe appliedto simulation
methodsusingfinite differencemethodgFDM) andwill require
little modification. One canreplacethe linearinterpolationstep
usingshapédunctionsof FEM (explainedin section5) with alin-
earinterpolationsuitablefor FDM. For the spring-massystems,
eachmasscanbe consideredsanodeof eachfinite elementand
the sameformulationwill apply

Thereis somelimitation to our approach.Our methodcom-
putesthe internal distancefields within eachobject. Therefore,
it is not bestsuitedfor handlingself-penetratiorof very thin ob-
jects,suchascloth or hair, which areoften encounteredh char
acteranimation.

7 Summary

As the frontier of roboticsextendsbeyond its traditional do-
mainsand into medicaland other more advancedapplications,
modelingdeformatiorbecomes key componenfor roboticsim-
ulation. In this paper we present fastpenetratiordepthestima-
tion algorithmbetweerelasticbodiesfor simulatingcomple de-
formationdueto non-penetratiogonstraintaisingpenalty-based
methods And, we demonstratés efficiency andeffectivenesson
moderatelycomple simulationscenarios.
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