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Abstract

We present” contactlevels of detail’ (CLOD), a novel conceptfor multiresolutioncollision detection.Givena
polyhedal modelour algorithmautomaticallybuildsa “dual hierarchy”, botha multiresolutionrepresentatiorof
theoriginal modelandits boundingvolumehierarchyfor acceleating collision queries We haveproposedrarious
error metrics,includingobject-spacerrors, velocitydependengap, screen-spacerrors andtheir combinations.
At runtime our algorithmusestheseerror metricsto selectthe appropriate levelsof detailindependentlyat each
potentialcontactlocation. Compaed to the existing exact collision detectionalgorithms,we observesigni cant
performancamprovementusing CLODson somebendmarks,with little degradationin the visual renderingof

simulations.
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1. Intr oduction

Collision detectionis an importantproblemin physically-

basedmodeling,computeranimation,virtual ernvironments,
electronicprototyping,roboticsandmary otherengineering
applicationsCollision detectionis often oneof the compu-
tational bottlenecksin achieving interactve simulationfor

compl environments.The running time of ary collision

queryalgorithmdepend®n boththe input size (the combi-

natorial compleity of the models)andthe outputsize (the

numberof contactpoints).Despitethe hugebody of litera-

ture,the existing technique<annotoffer the desiredperfor

mancefor mary real-timeapplications suchashapticren-

deringof large structuresreal-timeinteractionwith massve

CAD models,andinteractve dynamicsimulationsof com-

plex objects.

In this paper we investigate the use of multiresolution
techniquedor collision detection Model simpli cation has
beenan active researctareafor the pastdecadeMany ef -
cientandeffective simpli cation algorithmshave beenpro-
posedto acceleratehe visual renderingof highly complex
modelsin realtime. Applicationsof meshsimpli cation al-
gorithmsto the problem of collision detectioncan poten-
tially accelerateollision queriesHowever, to dateonly rel-
atively simple algorithmshave beenproposedfor corvex
polytopes A simpleapproachwould beto generatea series
of simpli ed representationglsoknown aslevels-of-detalil
(LOD), and usethem directly for collision detection.But,
collision queriesrequire auxiliary datastructuressuchas
boundingvolumehierarchiegBVH) or spatialpartitioning,
to achieve goodruntimeperformanceThesedatastructures
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oftentake a substantiahmountof memory while the LODs
themselescanrequirealargeamountof storageaswell. To
representhe auxiliary datastructuresfor eachstaticLOD
can quickly increasethe memoryrequiremento the point
wherethe memory accesgime may dominatethe overall
runtimeperformanceOntheotherhand,constructindBVHs
for on-the- y simpli cation canbetime consuming.

Main Contrib ution: We presenthenotionof “contactlev-
els of detail’ (CLODs) thatis basedon a novel datastruc-
ture and algorithmsfor multiresolutioncollision detection.
The datastructureis a “dual hierarcly” thatsenesboth as
aBVH for acceleratingollision queriesanda multiresolu-
tion representatioof the original modelfor computingcon-
tactinformation. We have alsoproposedseveral error met-
rics, including object-spacerrors,velocity dependengap,
screen-spacerrorsandtheir combinationsAt runtime,the
algorithmusestheseerror metricsto selectadaptve CLOD
ateachpotentialcontactiocationindependentlyin addition,
CLODs offer the capability to perform time-critical colli-
sion queriesfor real-timeapplicationsWe have testedour
approachon a diversesetof benchmarkaith challenging
contactscenariosWe obsered noticeableperformancem-
provementwith little degradationin the visual renderingof
simulationresultson someof thebenchmarks.

Organization: Section2 brie y suneys previouswork. We
presenthe generaldatastructureand associategbroximity
queryalgorithmfor contactevels-of-detaiin section3. Sec-
tions4 and5 describeaspeci cimplementatiorof hierarcly
constructiorusingcorvex hulls andits usefor runtimecon-
tactqueriesrespectiely. We discussheimplementatioris-
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suesand demonstratehe effectivenessof our approachin
section6.

2. RelatedWork

Thisresearchis built uponalargecollectionof knowledgein
meshsimpli cation andcollision detectionWe briey sur
vey relatedwork in this section.

2.1. Model Simpli cation

Many techniquedor meshdecimationand model simpli -
cationhave beenproposedor the lastfew years.We refer
readergo anexcellentbookonthis subject®. Therehasbeen
somegrowing interestin perception-basesimpli cation for
interactive rendering’. However, thesetechniquesrebased
on different criteria than thosefor collision detection.Al-
thoughwe precomputehe level of detail (LOD) hierarcly
of ine, theway we selectthe appropriatd.OD onthe y is
“contactdependentateachpotentialcontaciocationacross
the object surfaces.It sharesa more commonthemewith
view-dependensimpli cation!®, which useshigherresolu-
tion representationsn thesilhouetteof the objectandmuch
coarsempproximation®ntherestof theobjectthatis notas
noticeableo the viewpoint.

El-Sanaand Varshng* proposedo constructa continu-
ous, multiresolutionhierarcly of the modelduring prepro-
cessingAt run time, a high-detailrepresentatiois usedin
the region of contact,and a coarserrepresentatiofiarther
away. The proposedapproactonly appliesto hapticrender
ing usinga point probeto explore a 3D model. It doesnot
extendnaturallyto collision queriesbetweertwo interacting
3D objects sincemultiple disjoint contactcanoccursimul-
taneouslyat widely varying locationswithout much spatial
coherenceThelatter problemis the focusof our paper

2.2. Collision Detection

Data structureshasedon hierarchicalrepresentationbave

been extensvely used in the design of efcient algo-
rithmsfor collisiondetectiorbetweergeometrianodelssee
suneylz 14), Examplesof typical boundingvolumesinclude
spheresaandaxis-alignedboundingboxes, dueto their sim-

plicity in performing overlap testsbetweentwo suchvol-

umes.Otherhierarchiesncludeoctreesk-d trees k-DOPs,
OBBTrees,treesbasedon S-boundsR-treesandtheir vari-

ants,etc12 14, Other spatialrepresentationare BSP's and
theirextensiondo multi-spacepartitions,space-timéounds
or four-dimensionaltests(seea brief suney??), and mary

more.

O'SullivanandDinglian&? investigatedLOD techniques
for collision simulationsand studiedvariousfactorsaffect-
ing collision perception,ncluding separationgccentricity
causality distractors,and accurag of simulation results.
Their work is basedon the model of humanvisual percep-
tion andvalidatedby psychoplgsical experimentsThefea-
sibility of using thesefactorsfor schedulinginterruptible

collision detectionamonglarge numbersof visually homo-
geneoumbjectsis alsodemonstratednsteadof addressing
the schedulingof multiple collision eventsamongmary ob-
jects,we focusprimarily on the problemof contactqueries
betweertwo highly comple objects.

Recentlytechniquedasetdn GPUacceleratiomave also
beenproposedor collision querieg 16. However, theseap-
proachesare not necessarilyfasterfor rigid bodieswhere
precomputatiortanbe effectively carriedout off-line, since
the readbackirom frametuffer and depthbuffer cannotbe
donefastenough.

The concept of time-critical collision detection was
rst introducedby Hubbard! using sphere-tree<Collision
queriesare performedasfar down the sphere-treeastime
allows, without traversing the entire hierarcly. The con-
tact information was derived from two colliding bounding
spheresand could deviate arbitrarily from the actualcon-
tactnormalsandcontactlocations.This ideacanbe applied
to ary type of boundingvolume hierarchieBVH). An er
ror metric is often desirablefor interactve applicationsto
formally andrigorously quantify the amountof errorintro-
duced.However, no tight error boundshave beenprovided
usingsuchapproachesThis canbe problematic,especially
when contactnormals and contactpoints are requiredto

computea plausiblecollision response.

Sometechniquedimited to corvex polytopeshave been
proposedo exploit hierarchicalrepresentationandmotion
coherencéor fast distancecomputation??. The progres-
sive hull representatiof® alsopresentsomefavorablechar
acteristicsfor collision detectionpurposesput to the best
of our knowvledgeno datastructurefor collision detection
hasbeende ned usingthis representatiorin addition,these
techniquessuffer from a surfaceenlagementproblemdue
to meetingcontainmentconditions,that can resultin no-
tablesurfacedeviationswhenbeingusedfor multiresolution
collision detection.Our implementationof CLODSs creates
a BVH of convex hulls, taking advantageof the work by
EhmannandLin3. Ourwork differsfrom theirsin thesense
that we createa nev multiresolutionrepresentatiorf the
objectsto be usedin multiresolutioncollision detection.

Thebasicideaof CLODshasbeensuccessfullyappliedto
hapticrendering!. Herewe generalizeCLODs by de ning
implementation-independedatastructuresandalgorithms,
presentmore diverse error metrics, and apply CLODs to
rigid body dynamicsimulation.

3. Contact Levelsof Detail

In this sectionwe presenbur approactor constructinghi-
erarchieof CLODs.Firstwe analyzeheadwantageof using
CLODsin hierarchicakollision detectionthenwe describe
theassociatedatastructuresaswell asthe procesdor cre-
atingthem,and nally we explain how CLODs areusedin
runtimecollision queries.
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3.1. Hierar chical Collision Detection

Boundingvolume hierarchiesBVHs) are commonlyused
for collision detectionbetweengeneralgeometricobjects.
To performintersectiortests two modelsarequeriedby re-
cursively traversingtheir BVHs in tandem.Eachrecursve
steptestswhethera pair of boundingvolumesa andb, one
from eachhierarcly, overlap.If a andb do not overlap,the
recursionbranchis terminated Otherwise,if they do over

lap, the algorithmis appliedrecursvely to their children.If

a andb areboth leaf nodesthe primitiveswithin themare
testeddirectly.

The testbetweernthe two BVHs canbe describeddy the
boundingvolume testtree (BVTT)13, a tree structurethat
holds in each node the result of the query betweentwo
BVs.Whentemporakoherencés presentcollisiontestscan
be acceleratedy generlized front tracking (GFT)3. GFT
cacheghefront of theBVTT, wheretheresultof thequeries
switchedrom "true"to "false" for collisionqueryin thenext
time step.The overall costof a collision testis proportional
to thenumberof nodesin thefront of the BVTT.

Whenlargeareaof thetwo objectsarein acloseproxim-
ity, alargerportionof theBVTT frontis closeto theleaves,
andit consistsof a larger numberof nodes.The sizeof the
front alsodepend®n theresolutionat which the objectsare
modeled;higherresolutionimplies a BVTT with a greater
depth.We candraw the conclusionthat the costof a colli-
sionquerydepend®n two key factors:

Thesizeof thecontactarea
Theresolutionof themodels

(a) (b) (c)
Figure 1: a) Large contactareain highresolution;b) Large
contactareain low resolution;c) Smallcontactareain high
resolution

The contactbetweentwo real objectstypically occurs
alongacertaincontaciareaWith polygonalizednodelsthis
may resultin multiple contactpoints. The ner the resolu-
tion of the objects,the larger the numberof contactpoints,
asseenin Fig. 1. However, employing a larger resolution
may have little effect on the forcescomputedbetweenthe
objects becauseheseforcesarecomputedasa sumof con-
tactforcesarisingfrom anetof contactpoints.We canargue
thatintuitively a larger contactareaallows the objectsto be
describedat a coarserresolution.This is alsosupportecby
studieson tactualperceptiofl. In this paperwe exploit this
hypothesisto createmultiresolutionrepresentationsf the
objectsandusethemateachcontactiocationindependently
for selectingthe appropriateresolutionof eachapproxima-
tion. Using CLODswe canachieve nearlyconstantcostfor
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collisionquerieshy exploiting, amongotherfactorstherela-
tion betweercontactareaandtheresolutionof local contact
features.

3.2. Data Structure

In orderto performef cient multiresolutioncollision detec-
tion, we needto achieze two mainobjecties:
1. Createaccuiate multiresolutionrepresentations
2. Embedthe multiresolution representationén effective
boundingvolumehierarchies
Multiresolutionrepresentationare often createdby per
forming meshdecimationon the given polyhedralmodels.
The dif culty ariseswhentrying to embedtheserepresen-
tationsin BVHs. If we considereachLOD of the objectas
onewhole model,eachLOD would requirea distinct BVH
for collisiondetectionThiswould resultin averyinef cient
collisionquery becaus¢hefront of theBVTT would haveto
beupdatedor theBVH of eachLOD. Insteadweintroduce
a procedureo createone uniquedual hierarcly thatsenes
asbothamultiresolutionrepresentatioanda BVH.

Assumingthatthe input modelis describedasa triangle
meshMy, the datastructurefor CLODsis composeaf:

is obtainedby applyingsimpli cation operationsandre-
moving high resolutiongeometricdetailfrom M;.
For eachmeshM;, a partition of the setof trianglesof M;

For eachclusterc;;j, aboundingvolumeC;;;.

A treeT formedby all the BVs of clusterswhereBVs of

clustersn M; arechildrenof BVs of clusterdn M. 1, and

all the BVs exceptthe onescorrespondindgo Mg have at
leastonechild.

For every BV, C;;j, the maximumdirectedHausdorf dis-

tanceh(C;;j) fromits descenderBVs.

ThetreeT of BVs, togethemwith the Hausdorf distances,
senesastheBVH for culling purposesn collisiondetection.
DirectedHausdorf distancesare necessarnpecauséan our
de nition of CLODsthesetof BVs associateavith onepar
ticular LOD may not boundthe surfaceof previous LODs.
The Hausdorf distancesare usedto perform conserative
collisiontests,aslaterexplainedin Sec.5.1.

An additional constraintis addedto the datastructure,
suchthatthecoarsestOD, M; 1 is partitionedinto onesin-
gleclusterc; 1.9. Thereforetherootof theBVH will bethe
BV of thecoarsest OD. Descendingdo thenext level of the
hierarcly will yield thechildrenBVs, whoseunionencloses
thenext LOD. At theendof the hierarcly, theleaf BVs will
enclosehe original surfaceMg.

The processof creatingthe CLODs, depictedin Fig. 2,
startsby groupingthe trianglesof the original surfaceinto
clusters.Thesizeandpropertieof theseclustersdepencon
the type of BV thatis usedfor the BVH, andwill be such
thatthecollision queryperformancdetweerntwo BVsis op-
timized. The next stepis to computethe BV of eachcluster
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(@) (b)

(d) (e)

Figure 2: ConstructingDual Hierarchies: (a) Initial surface;(b) Clustes of triangles; (c) BVsfor ead cluster(in this case
AABBS);(d) Meshsimpli cation; (e) BV of the union of clustes after someconditionsare met.

After thisinitialization, we starta meshdecimationprocess
with abottom-upconstructiorof the BVH. Thisis achieed
by mewging clustersandcomputingthe BV of their union.

The atomic simpli cation operationsneedto satisfy the
following:

Constraints imposedby the BVH: The containmenbf
surfacegeometnyjinsidethe BVs hasto bepreseredafter
eachsimpli cation operation.This mayimposetopologi-
cal and/orgeometricconstraints.
Designrequirementsto achieve better ef ciency: The
union of clustersis possiblewhen certainconditionsare
met. TheBVH will bemoreeffectivein collisionpruning,
if theseconditionsaretakeninto accounwhendesigning
theatomicsimpli cation operations.

In Sec4,wepresentispeci c implementatiorof CLODs
thatusescorvex hulls astheBVs.

3.3. Runtime Querieswith CLOD

Using CLODs, multiresolution collision detectioncan be
implementedy slightly modifying the typical collision de-
tection proceduresusing BVHs. For eachnode x of the
BVTT, we performa collision query If the query returns
"false", we do not needto descendo the children.If the
queryresultis "true”, thenwe performatestfor selectvere-
nement. This testcanembedvariousperceptuakrror met-
rics, andit determinedf the resolutionof x is ne enough
to describethe contactinformationateachquerylocation.If
there nementtestreturns'true”, thenwe candirectly com-
pute contactinformationfor x, otherwisewe descendo its
childrenin the BVTT. Descendingo the childreninvolves
descendingdo the childrenBVs, aswell asre ning the sur
facerepresentationThis approacthandlesthe selectve re-
nement ateachquerylocationindependentlyn avery ef -
cientway.

CLODscanalsobeusedto performtime-criticalcollision
detectioAl. We needto storethe nodesof the BVTT front,
and assignpriorities to eachnodebasedon the re nement
test.

In Sec.5 we describehow we implementthe collision
queriesusingCLODsbasedon corvex hulls,aswell asvar
iouserrormetricsthatwe have designed.

4., Dual Hierar chiesof Convex Hulls

In this sectionwe describea particularimplementationof
CLODs using BVHs of convex hulls. We rst addresghe
reasondor choosingcorvex hulls asthe BVs, andthende-
scribethedetailsof constructingdualhierarchies.

4.1. Selectionof the BVs

Overlaptestshetweenconvex hulls canbe executedrapidly
in expectedconstantime with motion coherencé Further
more,corvex hulls provide at leastequallygood,if not su-
perior, tting to the underlyinggeometryas OBB<® or k-
DOPS$2.

Mostimportantlythe tting propertyis relatedto the per
formanceof thequeryto obtaincontactinformationof acer
tain CLOD. As explainedin Sec.3.3, whenthe re nement
testdetermineshata CLOD doesnot needto bere ned, we
mustget contactinformationat thatlevel. Thatimplies get-
ting contactinformationfrom the trianglesof that speci ¢
CLOD. If the BVs at thatlevel areoneof AABB, OBB or
k-DOPs,the ef ciency of gettingcontactinformationusing
trianglesis relatedto the numberof trianglesin eachcluster
However, with corvex hulls,if we ensurghattheclustersare
themselescornvex surfacepatchesthe contactinformation
atthetrianglelevel is obtainedfor freewhenperformingthe
querybetweerBVs3.

Theinitial clusterswill be de ned asthe surfacepatches
of acorvex surfacedecompositioh 3. We follow thede ni-
tion of corvex surfacepatchesby EhmannandLin 3, which
imposegwo typesof convexity constraint®ntheprocesof
creatingdualhierarchies:

Local constraints: the interior edgesof corvex patches
have to remaincorvex aftersimpli cation operationsare
applied.

Global constraints: the enclosingcorvex hulls cannot
protrudethe surfaceof the object.

However, it is importantto note that corvex hulls pose
somelimitationsonthetypesof modelsthatcanbehandled.
In ourimplementationthe corvex hulls areformedby con-
vex surfacedecompositionwhich requiresheinput models
to bedescribedhs2-manifoldorientedsurfaces.

¢ TheEurographicsAssociation2003.
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4.2. Construction of the Dual Hierar chy

As alreadymentionedthe processs initialized by perform-
ing a corvex surfacedecompositiorof the objectandcom-
putingthe corvex hulls of the patchesThis is followed by a
simpli cation loop representedchematicallyn Fig. 3.

We applyatomicsimpli cation operationdakinginto ac-
countcorvexity constraintsAfter eachoperationwe testif
the union of every pair of neighboringcorvex patchess a
valid corvex patch.If so, we meige the patchesconstruct
the corvex hull of the union, and set parentchildrenrela-
tionshipsbetweenthe BVs. We have chosento generatea
new LOD every time thatthe numberof cornvex patchess
halved.

Dueto the convexity constraintsyve might reacha point
where no more simpli cation operationsare possible.We
completethe constructiorof the hierarcly by unconstrained
pairwise memging of patches. The levels of the hierarcly
createdn this mannercannotbe usedasCLODsin collision
queriesput arenecessaryo completethe BVH.

| Initial decomposition |
¥

Select edge
for collapse
I
- no valid
Filtered edge edges
collapse

Merge pairwise
yes
Merge patches

Num patches
halved?

yes
Dump LOD

Figure 3: Geneation of CLODs

There are various aspectsof the simpli cation process
centralto our constructionof CLODs that needto be de-
ned:

Thetypeof simpli cation operation

Theassignmenof prioritiesfor simpli cation

Thelocal retriangulatiorafterthe simpli cation

We selectedgecollapseasthe atomicsimpli cation op-
eration. Thereare mary optionsfor prioritizing edgesand
selectingthe positionof theresultingvertices:minimization
of enegy functions®, optimization approachés, quadric
error metricsfor measuringsurface deviation®, and more.
However, none of theseapproachesneetsthe convexity
constraintsor takesinto accountthe factorsthat maximize
the ef ciency of CLODs. Another possibility is to employ
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the progressie hulls representatiof}, which presentsthe
interestingproperty of containmentfor collision detection
purposesHowever, in this representatiosuccessie LODs
arenot simply multiresolutionrepresentationsf the initial
mesh,becausethey also undego an enlagementprocess
which canresultin noticeablevisualartifacts.Ourlocal sim-
pli cation operationsareinspiredby multiresolutionanaly-
sisandsignalprocessingf meshes.

4.2.1. Multir esolutionAnalysis of Meshes

An LOD Mj of ameshMg at resolutionrj is de ned asan
approximatiorof Mg thatstoresall the surfacedetail atres-
olutions lower thanr;. Following this de nition, we have
decidedo prioritize the edgego be collapsedasen their
resolution.We usethe samede nition of edgeresolutionas
in 2L, which is inspired by the de nition of resolutionfor
functionsin the 1D setting.By thesamede nition of LODs,
the collapseof an edgeat resolutionrj involves removing
thegeometricdetailatresolutionshigherthanr . We imple-
mentthis by incorporatinga lItering stepin the placement
of verticesresultingfrom edgecollapseoperations.

We have comparedhis approachto othertechniquedor
placingtheverticesresultingfrom edgecollapsesandit has
provedto acceleratéhe procesof memging corvex patches.
This is probablybecausehe ltering steptendsto remove
concaities at high resolution,while othertechniquedail to
remove theseconcaities in favor of preservingotherprop-
erties.Notethata moreef cient meging of corvex patches
hasbene cial consequenceis the performanceof CLODs
atruntime.

4.2.2. Filtered Edge Collapse

We employ a local simpli cation operation Iter ed edge

collapse?! subjectto local andglobalconvexity constraints.

This operations composeaf thefollowing steps:

1. A topologicaledgecollapse.

2. An initialization procesghat setsthe position of the re-
sultingvertex usingquadricerrormetrics®.

3. Unconstrained ltering of the position of the vertex
using Guslov's minimization of secondorder divided
differences.

4. Solving an optimization problemto minimize the dis-
tanceof the vertex to its unconstrainegosition while
takinginto accounthelocal corvexity constraints.

5. A bisectionsearchetweertheinitial positionof thever
tex andthe onethatmeetsthe local constraintsto nd a
locationwherethe global convexity constraintsare also
met.

The ltered edgecollapseoperationis describedn further

detailin 22,

In Fig. 5 (seecolor plate)we shav an exampleof a dual
hierarcly of CLODs.Theprocesss appliedto themodelof a
wrinkledtorus.Fig. 5-b shavs a detailedview of the corvex
decompositiorof the original surface.In the next CLODs,
the ltering smoothenghe concae areas,and the corvex
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patchesgrow forming triangle strips on the hyperbolicre-
gions. Likewise, the simpli cation operationscoarsenthe
triangulation Also noticethatinitially thesimpli cation op-
erationsare concentratedn the region wherethe wrinkles
memgeandis alsotheareawith the nest detail.

5. Runtime Queries

In this sectionwe discussour implementationof collision
queriesusingCLODs of cornvex hulls, presentvariouserror
metricsfor selectingthe appropriateCLODs, and demon-
stratetheapplicationto rigid bodydynamicsimulation.

5.1. Collision QueriesbetweenCLODs of Convex Hulls

A typical collision query betweentwo BVs a andb deter
minesif a andb arecloserthana distanced. The collision
detectionalgorithmsbasedon BVHs mustensurethatif a
leafnodex of theBVTT returns'true" to thecollisionquery
thenall its ancestorsnustreturn“true" too. This is usually
achieved by containingthe surfaceof eachobjectinsidethe
unionof theBVs ateverylevel of its BVH. In ourimplemen-
tation of CLODs this containmentpropertydoesnot hold,
but we canensurethe correctnessf the collision detection
by modifying the collision distanced,, betweertwo cornvex
hullsa andb:

dap = d+ h(a) + h(b) )

whereh(a) andh(b) aremaximumdirectedHausdorf dis-
tancesfrom the descendanBVs of a andb to a andb re-
spectvely.

5.2. Err or Metrics

We have designeda functionalf to evaluatethe resulting
error, whenwe stop a collision query at a node ab of the

BVTT.
fa= 2 )

ra
wheres, is the surfacedeviation of the corvex hull a with
respecto the original surfaceandrj is its resolution.Both
valuesare precomputedThe functionalf canbe regarded
asameasuref thevolumeof the ctitious featureghatare
ltered outwhenusinga asthe CLOD.

As introducedin Sec.3.1, larger contactareasallow the
modelsto be describedat coarsemresolution.We take into
accounthis obsenation by averagingthe functionalf over
an estimateccontactareaD. Thus,we computea weighted
surfacedeviations as:

- ma)(f axf b) (3)
b D
s can been consideredas the surface deviation errors
weightedby aconstanthatdepend®nboththecontactarea
andtheresolution®f local surfacefeaturesThecontactarea
D is estimatedasedon precomputegbervertex supportar
eas(see?! for moredetails).

Thenodeof theBVTT abisre ned if s, is largerthana
thresholdvalue,sy. This thresholdcanbe determinedased
upondifferentperceptuametrics.

SizeDependantMetric

sp will bedeterminedasa x edpercentagef theradii of
the objectsinvolvedin the contactqueries.

Velocity DependantMetric

Setsy asa value proportionalto the relative velocity of
the colliding objectsat the contactlocation. This is based
on the obsenation that the gap betweenthe objectsis less
noticeableasthe objectsmove faster

View DependantMetric

Determinesy basedon screen-spacerrors.GivenN pix-
els of error, a distancel from the camerato the contactlo-
cation,a distancen to the nearplaneof the view frustum,a
sizef of thefrustumin world coordinatesandasizei of the
imageplanein pixels:

_ NI f 2)
ni (

Selectve re nement using CLODs can be implemented
combiningary of theseerror metrics.It can also support
othertypesof perceptuakrrormetricg°.

ConstantFrame-rate: Anotherimportantfeatureisthefact
thatCLODscanbeusedfor time-criticalcollision detection.
Thefactor%, computedat every potentialcontactlocation,
canbe usedto prioritize the re nement.To achieve a guar

anteedframeratefor real-time applications,the algorithm
will performasmary collision queriesaspossiblewithin a
x edtimeintenal. Thequeryeventqueuewill beprioritized
basedbn ¢

5.3. Application to Rigid Body Dynamic Simulation

In rigid body dynamicsimulations,mary of the factorsin-
volved in the selectionof CLODs, suchas the velocity of
the objects the contactareaandthe distanceto the camera,
will vary dynamically This resultsin transitionsin the re-
nement testsandthusswitchingbetweerselectedCLODs.
Rigid bodydynamicsimulationsoftenrequirethe execution
of time-steppingalgorithmsto searchfor the time instants
prior to collision events.With CLODstheresultof thecolli-
sionqueriesmay vary dependingn the selectedesolution,
thereforespecialtreatmentis necessaryso that switching
CLODs do not generatdnconsistencie®r deadlocksitua-
tionsin thetime-steppinglgorithms(Theanalogyin visual
renderingis the “popping” effects often seenduring LOD
switching.)

Givenanodey; of theBVTT, with collisionquery“false”
attimest; andtj, 1 of the simulation,and a nodex;j, child
of x;, with collision query “true” at both time instants,if
the re nementtestof x; switchesfrom “false” to “true” at
t 2 [ti;ti+ 1], thetime steppingmethodwill encounteanin-
consisteng. It will try to searchfor a non-eistentcollision
eventin the intenal [tj;tj+ 1]. We solwe this problemby es-
timating a collision time t¢ interpolatingthe separatiordis-
tanceof thenodey; att; andthepenetratiomepthof thenode
Xj attj+ 1. We applythe contactresponseandrestartthe nu-
mericalintegrationfrom tc with x; astheactive CLOD.
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6. Implementation and Performance

In thissectionwe describegheimplementationssuesandthe
benchmarksisedto analyzethe performanceandeffective-
nessof CLODs.

6.1. Benchmark Models
Fig. 6 in color plate shavs the set of benchmarkmodels.
They are:

A wrinkled torusfalling alonga spiral peg
A spoonslidinginsideacup
A soupof numberssettlingin abowl

In Table1 we presenthe statisticsof the dualhierarchies
createdo representhe benchmarkmodels.Note thatin all
caseghe modelsaresimpli ed to a coarsesCLOD with a
compleity in the order of 1000 trianglesand 100 corvex
piecesThislimitation is imposedby thetopologyof theob-
jectsandthelocalizedin uence of the simpli cation opera-
tions. The statisticsof the numbes representin averageof
all themodelsfrom number0 to number9.

Models Cup Spoon  Spiral Torus Bowl Numbers

Trisorig 64000 86016 32160 32000 12288 1080

BVsorig 15490 16125 6448 5919 4336 161
TriSsimp 1532 1074 716 644 634 306
BVSsimp 241 61 100 92 63 37
CLODs 7 9 7 7 8 3
LODs 14 14 13 13 13 9

Table 1: Modelsand AssociatecHierarchies. The number
of triangles(Triserig) and corvex patches(BVsyyig) of the
initial meshof themodelsthenumberof triangles(TriSsjmp)
andcorvex patchegBVssimp) of the coarsesvalid CLOD;
andCLODsandtotal numberof LODs in the hierarchies.

6.2. Runtime Performance

The rigid body simulationscapturedin the snapshotsn

Fig. 6 on the color plate were computedusing impulsive
method&°. ThesesimulationswvereperformednaPentium-
4 2.4GhzprocessoPC with 2.0GB of memory a NVidia
GeForce-FXgraphicscardandWindows20000S.

The timing pro le of Fig. 4 shavs querytimesandthe
numberof nodesin the BVTT front for a simulationof the
spoonsliding insidethe cup. We have comparedesultsob-
tainedwith an exact collision detectionalgorithn® against
theresultsof our CLOD techniqueusingthe sizedependant
errormetric.In particular we have usedvaluesof s of 3:5%,
0:35%,and0:035%of theradiusof the cup.As thetimings
shav, CLODswith sg = 3:5% performatleastasgoodasthe
exactalgorithmfor mostof the simulationduration.During
severaltime intenals, we obsere a performancegain of al-
mostoneorderof magnitudeln the othertwo benchmarks,
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we have notobsenedassigni cant performanceainsusing
CLODs. Thus, their timing pro les are omitted here,given
the pagelimit.

We have also evaluatedCLODs with velocity and view
dependanterror metrics.In Fig. 7 (seecolor plate) coarse
CLODs areselectedvhenthe spoonhits the bottomof the
cup,and ne resolutionCLODsareselectedvhenthespoon
slidesalongthe sideof thecup.In the rst casethe polygon
countof the representationis roughly 10 timeslargerthan
in thesecondcase.
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Figure 4: Comparisonof querytime and sizeof the BVTT
frontfor exactfull res.collision detectiorand CLODs

6.3. Limitations and Analysis

We have chosena diversesetof benchmarkswith varying
modelcompl«ity andobsenedthe performancef CLODs
on differentsimulationscenariosAs a resultof the modi -
cationto the collision toleranceintroducedin Sec.5.1, the
multiresolutioncollision detectionalgorithmusing CLODs
cannotprune as ef ciently as the exact algorithr®, when
the objectsare separatedy a distancenotably larger than
d. However, whenthey comecloseto contact,the tempo-
ral coherencén thefront of theBVTT is muchhigherwith
CLODsthanwith theexactalgorithm.Thiscanbeveri ed in
Fig. 4, wherethe numberof nodesdoesnot vary muchwith
CLODs. This alsoexplainsthe spikespresenin thetimings
for the exact algorithm. Thesespikes take placeat the in-
stantswhenthe objectsare aboutto interpenetrateEven if
the numberof nodesin the front of the BVTT is smaller
for the exactalgorithmthanfor CLODswith sy = 0:035%,
thecoherencés lower, becaussuddenlymary nodesin the
BVTT comecloserthand, thusyielding longerquerytimes.

We believe thattheinsigni cant performancegain in the
simulationof thetorusfalling alongthe spiralis dueto sim-
ilar reasonsBecausef the high traveling speedandtheim-
pactsof thefalling torus,the simulatedobjectsarerarelyin
close proximity or have low spatialcoherenceAs for the
simulationof the numberssettlingin a bowl, the polygonal
compleity of themodelsof thenumberss nothigh enough
to bene tfrom CLODs.
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To summarizewe canconcludethat CLODs performre-
markablybetterthanexactcollisiondetectioralgorithms(up
to oneorderof magnitudefor situationsof sliding or resting
contactdetweercomplex models.Thesearein factsomeof
the mostchallengingcontactscenarioshecausdarge areas
of the objectsarein parallelcloseproximity®.

7. Summary and Futur e Work

We have introducedthe conceptof “contact levels of de-
tail” (CLOD) for multiresolutioncollision queries.CLODs
arebasedn a dualhierarcly thatsenesasbotha multires-
olution representatiof the input modelandits bounding
volume hierarcly for collision queries.The runtime algo-
rithm dynamicallyselectsadaptve CLODsat eachpotential
contactindependentlysingvariouserror metrics. This ap-
proachconsiderablyspeedsup the overall performanceof
collision queriesin complex ervironmentswith challenging
contactscenarios.

Thisresearchmaybeextendedn severaldirections:

A further investication of the problem of switching
CLODsandits implicationsonthe contactresponsenod-
elsof varioussimulationmethods;

Optimizationof the simpli cation procesgo obtainmore
effective hierarchiesperhapsncorporatingan operation
with amoreglobalsupportthanthe currentones;
Theimplementatiorof CLODswith othertypesof BVHs.

Acknowledgments

This researchis supportedin part by a fellowship of the
Governmenbf the BasqueCountry NationalSciencd=oun-
dation,Of ce of Naval ResearchlU.S. Army ResearclOf-

ce, andIntel Corporation We would like to thankStephen
Ehmann and Young Kim for their help on integrating
SWIFT++ and DEEP with our collision detection.We are
alsogratefulto DineshManochaJackSnosink, Mark Fos-
key, andthe anorymousreviewersfor their feedbaclon the
earlierdraftsof this paper

References

1. B.ChazelleD. Dobkin,N. ShourabourandA. Tal Stratgies
for polyhedralsurfacedecompositionAn experimentalstudy
ComputationalGeometry:Theoryand Applications7, 327—
342,1997.

2. S.Ehmannand M. C. Lin. Acceleratedproximity queries
betweencorvex polyhedrausing multi-level voronoi march-
ing. Proc. of IEEE/RSJInternational Confeenceon Intelli-
gentRobotsand Systems2000.

3. S.EhmanrandM. C.Lin. Accurateandfastproximity queries
betweemolyhedrausingconvex surlacedecompositionProc.
of Eurographics 20(3),2001.

4. J.El-SanaandA. Varshng. Continuously-adapte hapticren-
dering. Virtual Ervironment200Q pp. 135-1442000.

5. M. GarlandandP. S. Heckbert. Surfacesimpli cation using
quadricerrormetrics.In Proc. of ACM SIGGRAPH pp. 209—
216,1997.

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

S. GottschalkM. Lin, andD. Manocha.OBB-Tree:A hierar
chicalstructurefor rapidinterferencaletection.Proc. of ACM
SIGGRAPHpp. 171-180,1996.

L. Guibas,D. Hsu,andL. Zhang. H-Walk: Hierarchicaldis-
tancecomputatiorfor moving corvex bodies. Proc. of ACM
Symposiunon ComputationalGeometry1999.

I. Guslov, W. SweldensandP. SchroderMultiresolutionsig-
nal processindgor meshesProc. of ACM SIGGRAPHpp.325
—334,1999.

K. Hoff, A. Zaferakis,M. Lin, and D. Manocha. Fastand
simplegeometricproximity queriesusinggraphicshardware.
Proc. of ACM Symposiunon Interactive 3D Graphics 2001.

H. Hoppe. Progressie meshes.Proc. of ACM SIGGRAPH
pp.99-108,1996.

P. Hubbard. Collision Detectionfor Interactive GraphicsAp-
plications PhDthesis,Brown University, 1994.

J. Klosowski, M. Held, J.S.B. Mitchell, H. Sowizral, and
K. Zikan. Efcient collision detectionusing boundingvol-
umehierarchieof k-dops. IEEE Trans.on Visualizationand
ComputerGraphics 4(1): 21-37,1998.

E. Larsen,S. Gottschalk M. Lin, andD. Manocha. Distance
querieswith rectangulasweptspherevolumes.Proc. of IEEE
Int. Confeenceon Roboticsand Automation 2000.

M. Lin andS. Gottschalk. Collision detectionbetweengeo-
metricmodels:A surwy. Proc. of IMA Confeenceon Mathe-
maticsof Surfaces1998.

P. LindstromandG. Turk. Fastandmemoryef cient polygo-
nal simpli cation. Proc. of IEEE Misualization pp.279-286,
1998.

J.C.LombardoM.-P. Cani,andF. Neyret. Real-timecollision
detectionfor virtual suigery. Proc. of ComputerAnimation
1999.

D. Lueblke andB. Hallen. Perceptuallydriven simpli cation
for interactve rendering. RenderingTechniques; Springer-
\erlag, 2001.

D. Luebke, M. Reddy J. Cohen,A. Varshng, B. Watson,
andR. Huebner Level of Detail for 3D Graphics Morgan-
Kaufmann,2002.

B. Mirtich andJ. Canry. Impulse-basedimulationof rigid
bodies.In Proc. of ACM Interactive3D Graphics 1995.

C. O'Sullivan and C. Dingliana. Collisions and perception.
ACM Trans.on Graphics 20(3):pp.151-1682001.

M. A. OtaduyandM. C. Lin. Sensatiorpreservingsimpli -
cationfor hapticrendering.Proc. of ACM SIGGRAPH2003.
(To appear).

S.RedonA. KheddarandS. Coquillart. Fastcontinuouscol-
lision detectionbetweerrigid bodies. Proc. of Eurographics
2002.

P. V. Sander X. Gu, S. J. Gortler, H. Hoppeand J. Sryder.
Silhouetteclipping. Proc. of ACM SIGGRAPH2000.

¢ TheEurographicsAssociation2003.



OtaduyandLin / CLODsfor MultiresolutionCollision Detection

Figure5: Fromleft to right, original meshanddetail view of CLODg, CLOD1, CLOD,, CLOD4 andCLODg. Meshsimpli ca-
tion is combinedwith the constructionof the BVH. Differentcolors correspondo differentconvex patces.

Figure 6: Snapshotsf our bentcimarksimulations Fromleft to right: torusfalling alonga spiral peg, a spoonin a cup,anda
soupof numbesin a bowl.

Figure 7: \elocity dependenadaptiveselectionof CLODsusedin detectingcontactbetweera cup and a spoon.In blue and
green, the vicinity of the contactlocationsshownat the resolutionof the adaptivelyselectedCLODs. In the right, coarse
resolutionis selectedvhenthe spoonfalls insidethe cup. In the left, ne resolutionis selectedvhenthe spoonslidesslowly
alongthesideof thecup.
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