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Abstract

We introducea novel “sensationpreserving”simpli cation algo-
rithm for fastercollision queriesbetweentwo polyhedralobjects
in hapticrendering.Givenapolyhedralmodel,we constructa mul-
tiresolutionhierarcly using” Itered edgecollapse”subjecto con-
straintsimposedby collision detection. The resultinghierarcly is
thenusedto computefastcontactresponsdor hapticdisplay The
computatiormodelis inspiredby humantactualperceptiorof con-
tactinformation. We have successfullyappliedand demonstrated
thealgorithmon a time-critical collision queryframework for hap-
tically displayingcomple object-objectinteraction. Comparedo
existing exactcontactgueryalgorithms we obsene noticeableper
formancemprovementin updaterateswith little degradationin the
hapticperceptiorof contacts.

CR Categories: 1.3.5 [Computer Graphics]: Computa-
tional Geometryand Object Modeling—Hierarcly and Geomet-
ric Transformationst.3.6 [ComputerGraphics]:Methodologyand
Techniques—Interactioechniquesl.3.7 [Computer Graphics]:
Three-DimensionaBraphicsandRealism—\irtual Reality

Keywords: Level-of-Detail Algorithms,Haptics,Collision Detec-
tion

1 Introduction

Haptic rendering or force display is emeging as an alternatve
form or an augmentatiorfor information presentationin addition
to visual andauditoryrendering. The senseof touchis oneof the
mostimportantsensorychannelsyet it is relatively poorly under
stoodasa form of human-machinenterface. Coupledwith graph-
ical rendering force feedbackcanenhancehe users ability to in-
teractintuitively with complex syntheticervironmentsandincrease
the senseof presenceén exploring virtual worlds [Brooks, Jr. etal.
1990;Mark etal. 1996;Hollerbachetal. 1997;Salistury 1999].
The rst stepin displayingforce and torque betweentwo 3D
virtual objectsis collision query and contacthandling. Collision
detectiorhasbeenwell studied, andmary practicaltechniquesand
theoreticaladvanceshave beendeveloped(seesuneys by Lin and
Gottschalk[1998] and Klosowski et al. [1998]). Yet, despitethe
hugebody of literaturein this area,the existing algorithmscannot
run at the desiredforce updaterates(at leasthundredsof Hz but
preferablyseveral kHz) for haptic renderingof complex models.

Figure 1: Adaptive Resolution Selection. Top: Moving jaws in

contact,rendeed at their highestresolution; Bottom: The appro-

priate resolution(shownin blue and green)is selectecadaptively
for eadh contactlocation,while the nest resolutionis displayedn

wireframe

This is mainly dueto thefactthatthe optimal runningtime of ary
collisiondetectioralgorithmintrinsically depend®n boththeinput
and output sizesof the problem. Thosein turn dependon both
the combinatorialcompleity andthe contactcon guration of the
objectsinvolved in the queries. While we canrendermillions of
polygonsat interactie rates,we canbarely createa force display
of anervironmentconsistingof justtensof thousand®f polygons
atthedesiredupdaterates.

Inspiredby the large body of researchin digital geometrypro-
cessingand meshsimpli cation, we proposean algorithm based
on multiresolutionhierarchieof objectgeometryto performtime-
critical collision queriesfor haptic rendering. In addition, our
methodis in uenced by ndings from tactualperceptionandspa-
tial recognitionto presere pertinentcontactinformationfor haptic
display

Main Contribution: We introducethe notion of sensatiorpre-
servingsimpli cation to acceleratecollision queriesbetweentwo



complex 3D polyhedralmodelsin hapticrendering.Givena poly-

hedralrepresentationf an object,we generate seriesof approxi-
mationsfor theobjectusing lter ededge collapseoperationsyhich

smoothaway high-frequeng detail in low-resolutionapproxima-
tions while respectinghe convexity constraintsmposedby colli-

sionqueries.Ourgoalisto generat@amultiresolutiorhierarcly that
canalsobe usedasa boundingvolume hierarcly for time-critical
contactforce computationin haptic rendering. Our computation
modelis basedon acriterionthatpreserespercevablecontactde-
tails, effectively making the simpli ed modelfeel practically the
sameasthe original. The resultingmultiresolutionhierarcly en-
ablesuseof varying resolutionapproximationsn contactqueries
at differentlocationsacrossthe surfacesof the objectsin contact,
dependingon eachcontactcon guration, asshavn in Fig. 1. The
key resultsin this paperinclude:

A novel simpli cation algorithm,basednaformalde nition
of resolutionto generateepresentationfor contactqueries;

A collision detectionframewvork that dynamically selects
adaptve levelsof detailat eachcontactiocation;

Applicationof thisframawork to real-timehapticrenderingof
complec object-objecinteraction.

Thisapproactallows usto boundboththeinputandoutputsizes
of the problem, thus achiezing the desiredcontactquery perfor
mancefor force display We have appliedour approacho haptic
renderingof complex modelsin contactcon gurationsthatarepar
ticularly challengingto collision detectionalgorithms. Compared
to existing exact contactqueryalgorithms,we areableto achieve
upto two ordersof magnitudeperformancémprovementwith little
degradationin the hapticperceptiorof contacts.

Organization: Therestof the paperis organizedasfollows. In
Section2, we give abrief suney of relatedwork. Section3 presents
the haptic perceptioncharacteristicxentral to the designof our
computationaimodel and the overvien of our approach. We de-
scribethe constructionof the multiresolutionhierarcly in Section
4 and sensatiorpreservingcontactqueriesusing the hierarcly in
Section5. We addressmplementationissuesand presentresults
in Section6. We concludewith a discussiorand analysisof our
approachandimplementationaswell asfutureresearcihirections.

2 Previous Work

Ourresearclidravsonalargecollectionof knowledgein meshsim-
pli cation, signalprocessindor digital geometry collision detec-
tion, andhapticdisplay We brie y surwey relatedwork here.

2.1 Polygonal Simplification

Polygonalsimpli cation hasbeenan active researchopic for the
last decade. Numerousapproachesave beenproposed. We re-
fer readergo anexcellentnenv bookon this subject[Luebke et al.
2002]. However, notethatthe growing interestin perception-based
simpli cation for interactve rendering,e.g. [Luebke and Hallen
2001],hasbeenbasednhumanvisualperceptuaimetrics.Ourap-
proachdiffersin mary waysfrom existingwork in thisareaandour
targetapplication hapticrenderinghasamuchhigherperformance
requirementhanvisualdisplay Althoughwe precomputehelevel
of detail (LOD) hierarcly of ine, theway we selectthe appropri-
ateLOD onthe y is “contact-dependentit eachcontactlocation
acrosgsheobjectsurfaces.Ourapproactbearsacloserresemblance
to view-dependensimpli cation [Luebke et al. 2002], which uses
higherresolutionrepresentationsn thesilhouetteof the objectand
muchcoarsempproximation®n therestof the objectthatis notas
noticeableo the viewpoint.

2.2 Signal Processing for Digital Geometry

Much of the work presentedn this papertakes adwantageof ob-
senationsmadein signal processingdf meshessincemary con-
ceptsin multiresolutionrepresentationsanbe analyzedusingfre-
queny domainanalysis.By generalizingdiscreteFourier analysis
to meshesTaubin[1995] introduceda novel lineartime low-pass
ltering algorithmfor surfacesmoothing. This algorithm canbe
extendedto accommodatelifferenttypesof geometricconstraints
as well. Through a non-uniform relaxation procedure,whose
weightsdependon the geometryinsteadof connectvity, Guslov
et al. [1999] generalizedsignal processingools to irregular tri-
anglemeshes.Our work borrowvs someideasfrom the relaxation
techniquegproposedn this paper

2.3 Collision Detection

Hierarchicaldatastructureshave beenwidely usedto designef -
cientalgorithmsfor interferencaletectiorbetweergeometrianod-
els (seesuneys by Lin and Gottschalk[1998] and Klosowski et
al. [1998]). Typical examplesof boundingvolumesinclude axis-
alignedboxesandsphereschoserfor their simplicity in perform-
ing overlaptestsbetweertwo suchvolumes.Otherhierarchiesn-
cludek-d treesandoctreesOBBTree,cone-treesR-treesandtheir
variants,treesbhasedon S-boundsegtc. [Lin and Gottschalk1998;
Klosowski etal. 1998]. Additional spatialrepresentationarebased
on BSP's andtheir extensiongo multi-spacepartitions,space-time
boundsor four-dimensionatests(seea brief surey by Redonetal.
[2002]),andmary more.

Hubbard[1994] rst introducedthe conceptbof time-critical col-
lision detectionusing sphere-treesCollision queriescan be per
formedasfardown thesphere-treeastime allows, withouttravers-
ing the entirehierarcly. This concepttanbeappliedto ary type of
boundingvolumehierarcly (BVH). However, notight errorbounds
have beenprovidedusingthisapproachAn errormetricis oftende-
sirablefor interactive applicationdo formally andrigorouslyquan-
tify theamountof errorintroduced Approacheshatexploit motion
coherencandhierarchicatepresentation®r fastdistancecompu-
tationbetweercorvex polytopeshave beenproposedGuibasetal.
1999;EhmannandLin 2000]. However, thesetechniquesireonly
applicableto convex polyhedra.

O'Sullivan and Dingliana [2001] studiedLOD techniquesfor
collision simulationsand investicated different factors affecting
collision perceptionjncluding eccentricity separationgdistractors,
causality andaccurag of simulationresults.Basedon a modelof
humanvisual perceptionvalidatedby psychoplgsical experiments,
thefeasibility of usingthesefactorsfor schedulingnterruptiblecol-
lision detectioramonglarge numberf visually homogeneousb-
jectsis demonstratednsteadof addressinghe schedulingof mul-
tiple collision eventsamongmary objects wefocusontheproblem
of contactqueriesbetweentwo highly complex objects. Our ap-
proach guidedby acompletelydifferenttactualperceptiorfor hap-
tic rendering hasdistinctgoalsdiffering signi cantly from theirs.

Recently GPU acceleratedechniqueshave alsobeenproposed
for collision queries[Lombardo et al. 1999; Hoff et al. 2001].
Thoughfast, theseapproachesre not currently suitablefor hap-
tic renderingsincethereadbacKrom frametuffer anddepthbuffer
cannotbe donefast enoughto perform queriesat haptic update
rates.

2.4 Haptics

Over the lastfew years,hapticrenderingof geometricmodelshas
receved muchattention. Most previous work addressessuesre-
lated to renderingthe interactionbetweena probe point and 3D
objects[Ruspini et al. 1997]. This problemis characterizecby
high spatialcoherenceandits computationcanbe localized. By



contrastwe attackthe problemof force renderingfor arbitrary3D
polyhedralobject-objecinteraction which involvesa substantially
highercomputationatompleity. Forcerenderingof object-object
interactionalsomakesit muchmorechallengingo correctlycache
resultsfrom previouscomputations.

McNeely et al. [1999] proposed'point-voxel sampling”,a dis-
cretizedapproximatiortechniqué€or contactquerieshatgenerates
pointson moving objectsandvoxels on staticgeometry This ap-
proximationalgorithmis the rst to offer run-timeperformancen-
dependenbf the ervironments input size by samplingthe object
geometryat aresolutionthatthe given processocanhandle.A re-
centapproactproposecdy Gregory etal. [2000]is limited to hap-
tic displayof object-objecinteractionfor relatively simplemodels
thatcanbeeasilyrepresentedsunionsof corvex pieces Kim etal.
[2002] attemptto increasethe stability of the force feedbackusing
contactclustering,but their algorithm for contactqueriessufers
from the samecomputationatomplexity.

Theideaof usingmultiresolutionrepresentationr hapticren-
dering hasbeenrecentlyinvesticatedby several researchersPai
and Reissel[1997] investigated the use of multiresolutionimage
curvesfor 2D hapticinteraction.El-SanaandVarshey [2000] pro-
posedthe constructionof a multiresolutionhierarcly of the model
during preprocessingAt run-time, a high-detailrepresentatioiis
usedfor regionsaroundthe probepointeranda coarserepresen-
tationfartheraway. The proposedapproactonly appliesto haptic
renderingusinga pointprobeexploringa 3D model.It doesnotex-
tendnaturallyto force displayof two interacting3D objects,since
multiple disjoint contactscanoccursimultaneoushat widely vary-
ing locationswithoutmuchspatialcoherenceThelatterproblemis
thefocusof our paper

3 Overview

In this section,we rst presenimportant ndings from studieson
tactualperceptionthat guide our computationamodel. Then,we
describeherequirementsor hapticrenderingandour designgoals.

3.1 Haptic Perception of Surface Detail

Froma perceptuaperspectie, bothformal studiesandexperimen-
tal obsenationshave beenmaderegarding the impact of contact
areasandrelative size (or curvature)of featuresto the size of the
contactprobe(or nger) onidentifying ne surfacefeatures.

Klatzky andLederman1995] conductedcanddocumentedstud-
ieson identi cation of objectsusing “haptic glance”,a brief hap-
tic exposurethatplacedseveraltemporalandspatialconstrainton
stimulusprocessingThey shavedthatalargercontactsurfacearea
helpedn theidenti cation of texturesor patternsthoughit wasbet-
terto have a stimulusof thesizecomparabler just slightly smaller
thanthatof the contactareawhenexploring geometricsurfacefea-
tures.

Okamuraand Cutkosky [1999] de ned a ne (geometric)sur
facefeaturebasedon the ratio of its curvatureto the radiusof the

ngertip acquiringthe surfacedata. Their papergivesexampleson
how a larger ngertip, andthusa larger surfacecontactarea,can
misssomesurfacedetail.

In this paperwe mainly focuson geometricsurfacefeaturesnot
microscopicsurfaceroughnes®r friction. We draw the following
key obseration from thesestudiesrelevant to our computational
model:

Humanhaptic perceptionof the existenceof geometric
surfacefeatuesdependson theratio betweerthe con-
tactareaandthesizeof thefeatue, nottheabsolutesize
of thefeaturitself.

Herewe broadlyde ne thesizeof agivenfeaturein all threedi-
mensionspamelywidth, length,andheight. Thewidth andlength
of a featurecanbe intuitively consideredasthe “inverseof reso-
lution” (formally de ned in Sec.4) of the simpli ed model. That
is, higherresolutionarounda local areaimpliesthatthe width and
length of the geometricsurfacefeaturesin that neighborhoodare
smaller andvice versa. We extendthe conceptof “height” to in-
cludea percevable amountof surfacedeviation introducedin the
simpli cation processaccordingto hapticperception.

(a) (b) (c)

Figure2: Contactareaand resolution: (a) highresolutionmodel
with large contactarea; (b) low resolutionmodelwith large contact
area; (c) high resolutionmodelwith smallcontactarea.

As illustratedin Fig. 2, the obsenation dravn by Okamuraand
Cutkosky [1999] for tactilefeedbaclcanextendto hapticrendering
of contactforcesbetweerrigid bodies.Theresolutionatwhich the
modelsare representea@ffectsthe numberof contactpoints used
to describeobjectinteraction. However, increasingthe resolution
beyond a sufciently large value doesnot affect the computednet
forcemuch,asshavn in Fig. 2(a)and(b).

Our proposedmodelof acceptablerror metricsdiffers notably
from thatof humanvisualperceptiorin boththe currentmeshsim-
pli cation literatureandvisual collision perception.In visual ren-
dering,a combinationof surfacedeviation (or Hausdorf distance)
andthe viewing distancefrom the objectis usedto determineif
therepresentatioof the objectsrequireshigherresolution.In hap-
tic renderingontheotherhand thisis governedby therelationship
amongthesurfacedeviation, theresolutionof thesimpli ed model,
andthe contactsurfacearea.We will latershav how this relation-
shiplaysthefoundationof ouralgorithmicdesignandcontactquery
procesdor hapticrenderingn Sec.4 andSec.5.

3.2 Requirements and Design Desiderata

We aim to createmultiresolutionrepresentationgsheregeometric
surfacedetailis Itered whenit cannotbepercevedby the senseof
touch. Theresultingmultiresolutionhierarchiecanbeusedto per
form time-criticalcontactjuerieghatstopwhenthereportedresult
is accurataup to sometolerancevalue. This helpsto automatically
speedup the contactquerycomputatiorfor hapticrendering.

In our haptic renderingframework, we have chosenBVHSs of
cornvex hulls, becauseoverlap testshetweenconvex hulls canbe
executedrapidly in expectedconstantime with motion coherence
[Guibaset al. 1999]. Furthermore corvex hulls provide at least
equallygood,if notsuperior tting to theunderlyinggeometryas
OBBs|[Gottschalketal. 1996]or k-dops[Klosowski etal. 1998].

We integrateBVHs of corvex hulls with multiresolutionrepre-
sentationsothatthehierarchieswhile beingusedfor effective col-
lision detection,canthemseles be usedto report contactpoints
andnormalswith boundederrorsat differentlevels of resolution.
To summarizepur goal is to designmultir esolution hierarchies
that:

1. Minimize perceptible surface deviation. We achieve this
goal by ltering the detail at appropriateresolutionsand by
usinganovel sensatiompreservinge hementtestfor collision
detection;



2. Reducethe polygonal complexity of low resolutionrepre-
sentations. This objective is achieved by incorporatingmesh
decimationduringthe creationof the hierarcly;

3. Are themselhesBVHs of convex hulls. We performa sur
facecorvex decompositioron the giventriangularmeshand
maintainit acrossthe hierarcly. The corvex surfacedecom-
positionplacesbothlocal andglobalconvexity constrainton
themeshdecimationprocess.

Our algorithmassumeshattheinput modelscanberepresented
asoriented2-manifoldtriangularmeshewith boundaries.

3.3 Notation and Terminology

Weusebold-facelettersto distinguishavector(e.g.apoint,normal,
etc.) from a scalarvalue. In Table 1, we enumeratehe notations
we usethroughouthe paper

[ Notation | Meaning |
et Differentresolutions
MF An LOD of ameshM with aresolutionr,
C A corvex surfacepatch
C, A corvex piececonstructedsthe
convex hull of apatchc;
e(vy,Vs) An edgebetweertwo verticesv, andv,,
S,%,S, Surfacedeviations
D,D4,D, Contactareas
q A distancequerybetweertwo corvex pieces
Q A contactquerybetweentwo objectsthat
consistf multiple distancequeriesq

Tablel: Notation Table

4 Multiresolution Hierarchy

In this sectionwe describethe hierarchicalrepresentationsf tri-
angulatedmodelsusedto perform sensationpreservingcontact
queriesfor hapticrendering.

We createa hierarcly of staticlevelsof detail(LOD), eachlevel
representingn approximatiorto the original triangularmeshat a
differentresolution(i.e. spatialscale),to beformally de ned next.
Becauseur goalis to provide anerrorboundarisingfrom contact
queriesusingsimpli ed models,we mustdesigna multiresolution
hierarcly that computeserror metricsbetweeneachLOD andthe
original model.

Conceptuallyan LOD at resolutionrj of a meshM, M/, can

be obtainedfrom an LOD at a lower resolutionr,, M, by adding
detail at resolutionsin the range[ri,rj}. Our approachor gener
ating LODs reverseshis de nition, soLODs at low resolutionare
obtainedby removing detail at high resolution.While the detailis
beingremoved,we quantifyit andcomputethe surfacedeviation.

Following the LOD generationyve obtaina hierarcly wherean
LOD at resolutionrj preseresthe lower resolutiongeometricin-
formation,while thehigherresolutiondetailmighthave beenculled
away.

We generateeachLOD by a sequencef Iter ed edge
collapseoperationgto be de ned in Sec.4.2) thatper
form lItering andmeshdecimation,

subjectto bothlocal and global corvexity constraints
imposedby the collision detectionrmoduleof the haptic
renderingframework.

4.1 Definition and Computation of Resolution

Beforewe explain how we generateeachLOD, we must rst for-
mally de ne whatwe consideras a resolutionin our hierarchical
representationWe follow the framework of signalprocessindor
irregularmeshesOur de nition of resolutionfor irregularmeshes
assumeshata triangularmeshM canbe consideredasa sampled
versionof a smoothsurfaceS, which hasbeenlater reconstructed
vialinearinterpolation.Theverticesof themesharesamplef the
original surface,while edgesandfacesarethe resultof therecon-
struction.

Ourformalde nition of samplingresolutionfor irregularmeshes
is basedon the 1D setting. For a 1D function F (x), the sampling
resolutionr is the inverseof the distancebetweenwo subsequent
sampleson therealline. This distancecanalsobe interpretedas
the projectionof the sggmentbetweentwo samplesv; andv,, of
the function on the averagevalue. The averagevalueis the low
resolutionrepresentatioof thefunctionitself, andcanbeobtained
by lowpassltering.

Extrapolatingthis ideato irregularmeshesthe samplingresolu-
tion of anedge(v,,v,) of themeshM atresolutionr ;, M/, canbe
estimatedasthe inverseof the projectedengthof the edgeontoa
low resolutionrepresentationf themeshM’.

We locally computethe low resolutionmeshM! by ltering the
meshM/, applyingthe ltered edgecollapseoperationto the edge
(V1,V,). Thenwe computethe normalN of theresultingvertex ¥,
by averagingthe normalsof incidenttriangles.Finally, we project
the edgeon thetangentplaneIl de ned by N. Theresolutionr is
computedastheinverseof thelengthof the projectededge.

1

" vy vy — (v vy) N N] @

4.2 Filtered Edge Collapse

As stated,our multiresolutionhierarcly is obtainedthroughmesh
simpli cation. We have selectededgecollapseasthe atomicdeci-
mationoperatiorfor two mainreasons:

1. Underthe requiredself-intersectiortests,edgecollapsecan
guarantegreseration of topology a requirementor main-
taining a surfacecorvex decompositiorof the objectduring
thehierarcty construction.

2. Topologically an edgecollapsecan be regardedas a local
downsamplingoperation,where two samples(i.e. vertices)
arememgedinto asingleone.

In the constructiorof the hierarcly, we aimto:

1. Generatanultiresolutionrepresentationwith low polygonal
compleity atlow resolutionfor acceleratingontactqueries;

2. Filter detail aswe computelow resolutionLODs. This ap-
proach allows more aggressie simpli cation and enables
fastemmerging of convex piecesto build the hierarcly.

Thesetwo goalsareachiezedby meging downsamplingand I-
tering operationsin one atomic operation,which we call Iter ed
edge collapse

In the Itered edgecollapseoperation,an edge(v,,v,) is rst
topologicallycollapsedo avertex V. Thisstepprovidesthedown-
sampling. Then, givenits connectity, ¥, is relaxed to a position
V4, which providesthe Itering. In our implementationwe used
a relaxationoperationbasedon the minimization of secondorder
divided differenceqGuslov et al. 1999]. Intuitively, this resem-
blesthe minimization of dihedralangles,without much affecting
the shapeof thetriangles.We alsotried other Itering techniques,
suchasthoseproposedy Taubin[1995], with very similar results.
However, linear functionsareinvariantunderthe minimization of
secondorder differences. This is consistentwith the selectionof



the tangentplaneof the Itered meshasthe low resolutionrepre-
sentatiorfor the computatiorof resolutions.

In orderto apply the relaxationto ¥, we needto computea lo-
cal parameterizationThis local parameterizatiorequiresaninitial
positionof ¥,, whichis computediusingquadricerror metrics,pro-
posedby GarlandandHeckber{1997].

To sumup, thegoalof our simpli cation and Itering processs
to createmultiresolutionhierarchiedor contactqueries. As men-
tioned earlier the collision detectionmodule imposesconvexity
constraintson ltered edgecollapse. Next, we will describehow
thecorvexity constraintaresatis ed.

4.3 Convexity Constraints

Due to the requirementof haptic rendering,we have chosento
performcollision detectionusingthe Voronoi marchingalgorithm
andsurfaceconvex decompositiomsdescribedy EhmanrandLin
[2001], for this approachprovides us with both the distanceand
contacinformationneededor forcedisplayanditsimplementation
is availableto the public. A surfacecorvex decompositions rst
computedfor the original mesh,and then a hierarcly of corvex
piecesss created.

The surface convex decompositioryields a setof convex sur
facepatches(c,,c,, ...,C,} [Chazelleetal. 1997;EhmannandLin
2001]. For the correctnessf the collision detectionalgorithm,the
corvex hulls of thesepatchesare computed,resultingin convex
pieces{C,,C,,...,.C,}.

The initial corvex decompositioncan be createdusing tech-
niquespresentedyy Chazelleetal. [1997]. However, our hierarcly
is createdn anovel way. Insteadof creatingconvex hulls of pairs
of corvex piecesandjoining theminto a single corvex piece,we
meige neighboringsetsof corvex patchesaslong asthey represent
asinglevalid corvex patch. Theimplicationsof this procedurdor
thecollision detectionalgorithmareexplainedin Sec.5.

Letc, andc, betwo corvex patchesf LOD M/, Letc= c UG,
be a surfacepatchof M/. After a Itered edgecollapseoperation
is appliedto M/, ¢; andc, will be memgedif ¢ constitutesa valid
corvex patch. The convex hull of ¢, C, becomeghe parentof C;
andC, in thehierarcly of corvex piecesfor collision detection.

Whena ltered edgecollapsetakes place,the corvex patches
in the neighborhoodf the collapsededgemay be affected. Their
boundaryhasto be updatedaccordingly

A surfaceconvex decompositiorior thecollisiondetectioralgo-
rithm mustmeetseveral constraints:

1. All theinterior edgesof a corvex patchmustthemselesbe
COIVex.

2. No vertex in a corvex patchmay be visible from ary facein
the patch,exceptthe onesincidentonit.

3. Thevirtual facesaddedto completethe cornvex hulls of the
corvex patchegannotintersecthe mesh.

We considetthe rst constrainasalocal constrainandtheother
two asglobalconstraintsBeforea Itered edgecollapseoperation
is applied,we mustcheckthat the convexity constraintsare pre-
sened for all the corvex pieces.Local andglobal corvexity con-
straintsaretreatedseparately

4.3.1 Local Convexity Constraints

Let e = (vq,V,) be a candidateedgethat will be testedfor a I-

terededgecollapse.Let v, representhe vertex resultingfrom the
edgecollapse aswell asits associategbosition. The edgesin the
1-ring neighborhooaf v, aresusceptibléo changingrom corvex
to re ex andvice versa. Interior edgesof corvex patchesarecon-
vex beforethe Itered edgecollapseandmustremaincorvex after

Figure3: Local Convexity Constraints.

it. Theseconstraintscanbe expressedaslinear constraintsn the
positionof v,.

Givene, the edgeto be collapsediwo possibletypesof interior
edgesof corvex patchesxist: edgesincidentto v, andedgesop-
positeto v, asshawn in Fig. 3. However, bothcasesanbetreated
equally Assigningva, v, Ve andv, verticesasin Fig. 3, the con-
vexity constrainiof anedgecanbe expressedisa negative volume
for the parallelepipedle ned by theadjacentriangles:

((Vp —Va) X (Ve —Va)) - (Vg —Va) <0 2

To satisfythe corvexity constraintswe have optedfor formu-
lating anoptimizationprogramwherev;, is constrainedo the seg-
mentbetweery, andV,, andthe objectve functionis the distance
to V5. This optimizationprogramis unidimensional Becausetis-
tancein onedimensioris linear, it is asimplelinearprogramin one
dimension.

Thepositionof theresultof theconstrainedtered edgecollapse
canbewritten asa linearinterpolationbetweertheinitial position
andthe goalposition:

Va=U-U3+(1-u)-Vy (3)

Thelimit constraintcanbeexpressedsu > 0andu < 1.
Thecorvexity constraintsn Eq. 2 canberewritten as:

A-u+B>0, where (4)
A= ((vg—Va) X (V¢ —Va)) - (V53 —V3)
B=((vq—Va) X (Vc—Va)) - (V3 —Va)

V5 is computedor the minimumvalueof u thatmeetsall the con-
straints.Whenv, is notafeasiblesolutionbut a solutionexists, the
constrainedlitered edgecollapsecanberegardedasa partial Iter .

4.3.2 Global Convexity Constraints

The global corvexity constraintsare too complicatedto be ex-
pressedxplicitly, sothey cannotbe incorporatednto the Itering
processinsteadthey haveto beveri ed afterthe Itering hasbeen
performed.We conductthis veri cation by computingthe affected
convex piecesafterthe edgecollapseand performingthe required
intersectiontests,usingOBBs[Gottschalket al. 1996] and spatial
partitioning.

If a positionv, that meetsthe local corvexity constraintshas
beenfound, we checkthe global constraints.If they are met, the
edgecollapseis valid. If they arenot met, thenwe checkthemat
V5. If they arenotmetat ¥, either the edgecollapseis considered
invalid andwe disallow it. If \73 meetsthe global constraintswe
performa bisectionsearcrbetweeri, andv, of upto K iterations
(in our currentimplementatiork = 3), searchingor the position
closestto V5 thatmeetsthe global corvexity constraintsasshavn
in Fig. 4. v, is reassignedo this position.



Figure 4: Filtered Edge Collapse with Convexity Constraints.
The gure showsa Iter ed edge collapsewhele bisectionseach
is requiredto nd a positionthat meetsthe corvexity constaints.
G andL representfeasibleregionsof global andlocal constaints
respectively

4.4 Multiresolution Hierarchy Generation

The hierarcly of LODs is createdby applyingsuccessie ltered
edgecollapseon the givenmesh while performinga surfacecon-
vex decompositiorand meiging corvex pieces. First we compute
thecornvex decompositiorof theinitial mesh.We thencomputethe
valueof resolutionfor all edgesandsetthemasvalid for collapse.
Theedgesareinsertedn apriority queuewhereedgeswith higher
resolutionhave higherpriority.

The main processindoop alwaystriesto lter andcollapsethe
edgewith highestpriority. If the Itered edgecollapses successful,
the affectededgesupdatetheir resolutionandpriority, andthey are
resetasvalid for collapse Moreover, the Itering andsimpli cation
may have relaxed somecorvexity constraintdn the neighborhood
of thecollapsededge sowe attemptto meige corvex piecesin the
processaswell. If the Itered edgecollapsefails, theedgeis setas
invalid for collapse.The processontinuesuntil no edgesarevalid
for collapse.

This processmustyield a hierarcly of staticLODs. We have
decidedto generatea new LOD every time the numberof corvex
piecesis halved. All the piecesin LOD M/ thataremeigedto a
commonpieceC € M/*1 duringthe processingvill have C astheir
parentin the BVH.

Ideally, theprocesswill endwith onesinglecorvex piece which
senesastheroot for the hierarcly to be usedin the collision de-
tection. However, this resultis rarely achievedin practice,dueto
topologicalandgeometricconstraintdhatcannotbe removed by a
local operationsuchas Itered edgecollapse. In suchcasesthe
hierarcly is completedusinga pairwisecorvex hull memging step.
We call theseremainingcompletingLODs “free” LODs.

Duringtheprocesswe assigrto eachLOD M/ anassociatedes-
olution re Thisresolutionis thesmallestresolutionof anedgethat

hasbeencollapsedeforethe LOD M/ is generatedGeometrically
it meansthatthe LOD M/ preseresall the detail of the original

meshataresolutionlowerthanr ;. In oursensatiompreservingsim-

pli cation for hapticrenderingwe wish to maximizetheresolution
at which LODs aregenerated As will be explainedin Sec.5, the
perceptuaerrorfor hapticrenderings measuredby takinginto ac-
counttheresolutionof the surfacedetail culledaway. By maximiz-
ing theresolutionatwhich LODs aregeneratedthe contactqueries
canbecompletedaster Thisis the basisfor selectingedgeresolu-
tion asthe priority for Itered edgecollapsesThe pseudacodefor

theentireprocesf hierarcly constructioris givenin AppendixA

ontheconferenceroceeding€D.

Fig. 5 shows several of the LODs obtainedwhen processinga
modelof alower jaw (seeSec.6 for statisticson this model). The
LODs 3 and6 shown in the gure are obtainedfrom the original
modelby our simpli cation process.The convex piecesshavn for
the original modelaresuccessiely megedto createthe BVH dur
ing the procesof simpli cation. Thus,the multiresolutionhierar
chy itself senesasBVH for collision detection.Unlike othertypes

of BVHs, with our simpli cation processinghe differentlevels of
theBVH only boundtheir associatedl OD; they do notnecessarily
boundthe original surface. This facthassomeimplicationsfor the
contactqueriesdescribedn Sec.5.3. ThefreeLODs 11and14in
the gure areobtainedthroughpairwisemeiging of cornvex hulls.
They seneto completeheBVH, but cannotbeconsidere@sLODs
of amultiresolutionhierarcly. Fig. 6 shavsamoredetailedview of
thesimpli cation andmeiging processNotice how in thecreation
of the rst LOD, mostof thesimpli cation andmemgingtakesplace
atthegums. The gumsare,indeed,the locationswith detail atthe
highestresolution.Whenthe processingeached.OD 7, onetooth
in particularis coveredby a singlecorvex patch,thusshaving the
succes®f theprocessing.

Figure5: Hierarchy of the Lower Jaw. From left to right and
top to bottom,original mesh L OD,, and corvex decompositionsf
LOD,, LOD,, LODg, LOD,; andLOD, ,.

Figure6: Detail View of the Hierarchy. From left to right and
top to bottom,original meshLOD,;, and corvex decompositionsf
LOD,, LOD,, LOD,, LOD, andLOD;.

4.5 Error Metrics

In this section,we presenthe parametershat mustbe computed
afterthe hierarcly is createdjn orderto quantifytheerrorfor sen-
sationpreservinghapticrendering.The utilization of theseparam-
etersduring the contactqueriesis explainedin Sec.5. To perform
sensatiorpreservinghapticrenderingusinga multiresolutionhier
archy, we mustmeasurehe error thatis introducedin the contact
query and force computationand re ne the queryif the erroris
above agiventolerance Oncethe hierarchieof LODs arecreated,
with the resolutionr computedfor eachLOD, we mustcompute
severaladditionalparameterfor measuringheerror:



1. The surfacedeviation, s, betweenevery corvex patchc and
the original mesh. This is an upperboundon the size of the
geometricsurfacedetaillost duringthe simpli cation and I-
teringprocess.

2. A supportareaD, for everyvertexin thehierarcly. Thisvalue
is usedto calculatecontactareaat run-time. The supportarea
D is computedor every vertex v of theinitial meshM asthe
projectedareaontothetangeniplaneof v of thefacedncident
to v, suchthat they are within a distancetolerancefrom v
along the direction of the normalN of v, andtheir normal
lies inside the normal coneof N. Whenan edge(v,,v,) is
collapsedo a vertex v, we assignto v, the minimumof the
two supportareasof v, andv,. We have typically usedthe
sametoleranceusedin the contactqueries(seeSec.5) asthe
distanceoleranceor this computatioraswell.

3. The maximumdirectedHausdorf distance h, computedfor
every cornvex pieceC, from thedescendariecesof C.

The use of the surface deviation s, the supportareaD, and
the resolutionr of the LODs (whosecomputationis explainedin
Sec.4.4) during the contactqueriesis describedn Sec.5.4. And
therun-timeuseof theHausdorf distanceh is describedn Sec5.3.

5 Contact Computation for Haptics

In this section,we describehow our collision detectionalgorithm
usesthe new multiresolutionhierarcly describedn Sec.4 to com-
pute contactresponsdor hapticrendering. First, we describethe
requirementf our collision detectionsystem. Then, we present
and analyzethe datastructuresand algorithms. Finally, we shov
how to performsensatiompreservingcontactqueriesfor force dis-

play.

5.1 Basic Haptic Rendering Framework

Our hapticrenderingsystemusesa penalty-basedorce computa-
tion model,in which theamountof force displayeds proportional
to the penetrationdepthor separatiordistance. Contactfeatures
within a giventolerancevalueareall consideredas“contacts”for
the purposeof force display For moreinformationaboutour hap-
tic renderingframework, we refer readersto AppendixB on the
conferenceproceeding€D.

We de ne the contactquery betweentwo objectsA and B as
Q(A,B,5). From Q(A,B, ), we obtain all local minima of the
distacefunction betweenA and B that are closerthan a distance
toleranced, aswell asthe associatedontactinformation(i.e. dis-
tance contactnormal,etc.). Q(A, B, d) is performedby recursvely
traversingthe boundingvolumehierarchiegBVH) of A andB and
performing“distancequeries”for pairsof corvex pieces. We de-
ne thedistancequerybetweertwo corvex piecesa € Aandb € B,
g(a,b,8), asabooleamuerythatreturnswhethera andb arecloser
thand.

5.2 The Bounding Volume Test Tree

We use the conceptof the Bounding Volume Test Tree (BVTT)
[Larsenet al. 2000] to describethe algorithm and datastructures
usedin our collision detectionsystem.A nodeabin theBVTT en-
capsulates pair of piecesa € A andb € B, which might be tested
with aqueryq(a,b, §). Performinga contactqueryQ(A,B, §) can
be understoodas descendingalongthe BVTT aslong asthe dis-

tancequery g returns“true”. In the actualimplementationthe
BVTT is constructeddynamicallywhile the contactqueryis per

formed. If thedistancequeryresultis “true” for a given pair, then
the piecewhosechildren have the lowestresolutionis split. This

splittingpolicy yieldsaBVTT wherethelevelsof thetreearesorted
accordingto their resolution,as shavn in Fig. 7. Nodesof the
BVTT at coarserresolutionare closerto the root. This is a key
issuefor optimizing our sensatiorpreservinchapticrendering be-
causewe obtaina BVTT whereLODs with lower resolutionand
largererrorarestoredcloserto theroot. Descendinghe BVTT has
theeffectof selectingner LODs.

As pointedoutin Sec.4.4,thetop levelsof theBVHs are“free”
LODs, which are not obtainedusingour simpli cation algorithm,
but pairwisecorvex hull memging. Therefore the top levels of the
BVTT have no associatednetric of resolution. The boundarybe-
tween“free” andregular LODs is indicatedin Fig. 8 by the line
A.

Figure7: Bounding Volume TestTree.

Insteadof startingthe contactqueryQ at the root of the BVTT
everytime,temporalkcoherenceanbeexploitedusing“generalized
fronttracking”[EhmannandLin 2001]. We storethe“front” of the
BVTT, .7, wheretheresultof the distancequeryq switchesfrom
“true” to “false”,asshavnin Fig. 8. Thefrontis recordecattheend
of acontactqueryQ;, andthenext queryQ, , , proceeddy starting
recursve distancequeriesq at every nodein thefront ..

Figure8: GeneralizedFront Tracking of the BVTT. Thefront of
BVTTfor the original model,.#, is raisedup to the new front %’
usingmeshsimpli cation, sincethe contactqueriescan stopear
lier usingthesensatiorpreservingselectivee nementcriterion. A
indicatesthe portion of the hierarchy constructedusingthe pair-
wisecornvex piecemeiging strategy, insteadof meshsimpli cation,
to form boundingvolumesn the hierarchy.

5.3 Distance Query for Convex Pieces

In a contactquery Q using BVHs, we needto ensurethat if the
distancequeryq is “true” for ary nodeof the BVTT, thenit must
be “true” for all its ancestors.To guaranteehis resultwith our
multiresolutionhierarcly, givenadistanceoleranced for acontact
query Q(A,B, 6), the distancetolerances , for a distancequery
q(a,b,s,,) mustbecomputedas:

8, =8-+h(@,a) +h(b/,b) (5)



whereh(a,a) andh(b/,b) are maximumdirectedHausdorf dis-
tancesfrom the descendanpiecesof a andb to a andb respec-
tively. As explainedin Sec.4.5,theseHausdorf distancesrepre-
computed.

5.4 Sensation Preserving Selective Refinement

Thetime spentby a collision queryQ dependslirectly onthenum-
ber of nodesvisitedin the BVTT. Generalizedront trackingcon-
siderablyreduceghe runningtime of Q whentemporalcoherence
is high, whichis the casein hapticrendering.Then,thetime spent
by Q is proportionalto the sizeof the front .. However, the cost
is still O(nm) in the worstcase wheren andm arethe numberof
corvex piecesof the objects.

In our systemwe further take advantageof the multiresolution
hierarchieso acceleratehe performanceof the query The core
idea of our sensationpreservingselectve re nement is that the
nodesof the BVTT areonly re ned if the missingdetail is per
ceptible. Note that the selectve re nementdoesnot apply to the
“free” levels of the BVTT. Thoselevels mustalwaysbere ned if
thedistancequeryq returns‘true”.

As discussedn Sec.3, the perceptibilityof surfacefeaturesde-
pendson their sizeandthe contactarea. We have formalizedthis
principle by devising a heuristicthatassignsa functional ¢ to sur
facefeatureswvhichis averagecver the contactarea.

Givenanodeab of the BVTT for which the distancequeryre-
sultqgis “true”, we determindf the missingdetailis perceptibleby
computingthefunctionalof themissingdetailandaveragingit over
the contactareaof thatnode. For a corvex piecea of the nodeab,
with resolutionr, andsurfacedeviation from its descendentaves
Su, we de ne thefunctional¢ as:

bu= 2 (6)
r[l

Thisde nition of thefunctionalcanberegardedasa measuref
themaximumvolumeof featureghathave beenculledaway in the
corvex piecea.

The online computationof the contactareafor a pair of corvex
piecess too expensve, giventhetime constraintof hapticrender
ing. Therefore we have estimatedhe contactareaby selectingthe
maximumsupportareasof the contactprimitives(i.e. vertex, edge
or triangle). As explainedin Sec.4.5,the supportareaD is stored
for all verticesin the hierarcly. For edgeor trianglecontactprimi-
tives,weinterpolatethe supportareasof the endvertices,usingthe
baricentriccoordinate®f the contactpoint.

Given functional valuesof ¢, and ¢, for the corvex piecesa
andb, aswell assupportareasD, andD,, we computea weighted
surfacedeviation, s}, , as:

* _ ma)<¢a7¢b) (7)
%~ max(Dg4,D,,)

Notethats’, canbeconsideredsthesurfacedeviationweighted
by a constantthat dependdoth on the resolutionand the contact
area.lf s}, is above a thresholds,, the nodeab hasto bere ned.
Otherwisethemissingdetailis consideredo beimperceptible The
selectionof the value of s, is discussedn Sec.6. As described
in Sec.4.4 and Sec.4.5, the resolutionr, the surfacedeviation s,
and the supportareasD are parametercomputedas part of the
preprocessing.

By using the describedsensationpreservingselectie re ne-
mentof nodesof theBVTT, we achieve varyingcontactresolutions
acrossthe surfacesof the interactingobjects,asshavn in Fig. 1.
In otherwords, every contactis treatedindependentlyandits res-
olution is selectedo cull away imperceptiblelocal surfacedetail.
As aconsequencef theselectve re nement,theactie front of the

BVTT, %, is abave the original front .# thatseparateaodeswith
“true” resultfor distancequeriesq from nodeswith “false” result.
The front doesnot needto reachthe leaves of the BVTT aslong
asthe misseddetail is imperceptible as depictedin Fig. 8. This
approachresultsin amuchfastemprocessingf contactqueries.

5.5 LOD Interpolation

A majorissuein systemghatusemultiresolutionhierarchieds the
discontinuitythatariseswhenthe algorithmswitchesbetweerdif-
ferentLODs. This problemis known as“popping” in multiresolu-
tion (visual) rendering.In hapticrenderingits effectsaredisconti-
nuitiesin thedeliveredforceandtorque which arepercevedby the
user

We have addressedhe problemsof discontinuitiesby interpo-
lating contactinformation(e.g. contactnormalanddistance)from
differentLODs. Whenthe sensatiorpreservingselectve re ne-
mentdetermineghatno morere ning is necessarywe performa
conserative re nement and computecontactinformation for the
childrenof the currentnodeof the BVTT. The contactinformation
is interpolatedbetweerthetwo levels.

Naturally LOD interpolationincreaseshe numberof nodesof
the BVTT that arevisited. However, for complex modelsand/or
comple contactscenariosthe gain obtainedfrom the selectve
re nement still makes sensatiorpreservingsimpli cation signi -
cantly outperformthe exacttechniqueaspresentedn Sec.6.

6 Implementation and Results

In this sectionwe describesomeof the modelsand experiments
we have usedto validateour sensatiorpreservingsimpli cation for
hapticrendering.

6.1 System Demonstration

We have appliedour sensatiorpreservingsimpli cation for hap-
tic renderingon the modelslistedin Table2. The compleity and
surfacedetail of thesemodelscanbeseenin Fig. 9.

Models Lower | Upper| Ball Golf Golf
Jaw Jaw Joint Club Ball
Orig. Tris | 40180 | 47339 | 137060 | 104888 | 177876
Orig. Pcs | 11323 | 14240 | 41913 | 27586 | 67704
Simp. Tris 386 1038 122 1468 826
Simp.Pcs 64 222 8 256 64
ry 144.49| 1175 169.9 | 157.63 | 216.3
M 1223 | 19.21 | 6.75 8.31 7.16
FreeLODs 6 8 3 8 6
LODs 15 15 17 16 18

Table2: Models and AssociatedHierar chies. Thenumberof tri-
angles(Orig. Tris) andthe numberof corvex pieces(Orig. Pcs)of
theinitial meshof the models;the numberof triangles(Simp.Tris)
and the numberof corvex pieces(Simp.Pcs)of the coarsestLOD
obtainedthroughsimpli cation; resolution(r, andr, ) of the nest
and coarsestLOD obtainedthrough simpli cation; and “fr ee”
LODs and total numberof LODs. Theresolutionsare computed
for aradiusof 1 for all theobjects.

As seenfrom theresultsin Table2, we areableto simplify the
modelsto LODs with only a couplehundredconvex piecesor less.
In otherwords,thesensatiompreservingselectie re nementcanbe
appliedat earlierstagesn the contactquery andthis allows more
aggressie culling of partsof the BVTT whenever the percevable
erroris small.



Figure9: Benchmark Models. Fromleft to right, moving upperandlower jaws, interlodking ball joints andinteractinggolf club andball.

With theaforementionedhodelswe have performedhefollow-
ing proof-of-conceptiemonstrations:

Moving upperandlower jaws.
Golf clubtappinga golf ball.
Interlockingball joints.

Thesedemonstrationbave beenperformedusingour sensation
preservinchapticrendering a six-DOF Phartom ™ hapticdevice,
a dual Pentium-42.4GHz processoiPC with 2.0 GB of memory
andaNVidia GeForce-4graphicscard,andWindows20000S.Our
implementationpoth for preprocessingndfor the hapticrender
ing, hasbeendevelopedusing C++. For the force computationof
the hapticrenderingwe have usedpenaltymethodsbasedon the
contacttoleranced [Kim et al. 2002]. We choosethe value of §
so that the maximumforce of the hapticdevice is exertedfor a0
contactdistancewith the optimalvalueof stiffness.

6.2 Studies on Perceivable Contact Information

The performanceof the sensatiompreservinghaptic renderingis
hearily determinedby the selectionof the thresholdof weighted
surfacedeviation s,. If the chosernvalueis too high, the perceved
contactinformationwill deviate too muchfrom the exact contact
information. On the other hand, if the valueis too low andthe
simpli ed modelsusedaremoderatelycomplex consistingof more
thanathousandtonvex piecesthe contactquerywill nolongerbe
executableat therequiredrate. This severely affectsthe realismof
hapticperception.

We have designeda scenariowherewe could testthe delity
of the sensatiompreservingselectve re nement. In this scenario,
userscantouchthe model of the golf ball with an ellipsoid. The
ellipsoid hasvarying cunature,implying the existenceof a wide
rangeof contactscenarioswherethe selectve re nementwill stop
atvaryingLODs.

12 usersexperimentedwith this scenarioand reportedthat the
perceptionof contactinformationhardly variedfor valuesof s; in
the rangebetween0.025 and 0.05 timesthe radiusof the models.
(For readersinterestedin the detail of experimentaldata, please
referto AppendixC onthe conferencgroceeding€D).

6.3 Performance Demonstration

Basedon the value of s, obtainedfrom the studies,we have suc-
cessfullyappliedour algorithmto hapticrenderingof object-object
interactionon the benchmarkdisted in Sec6.1. We have also
performedan analysison contactforcesand runningtime for the
demonstrationpreviously mentioned. We have comparedforce
pro les and statisticsof the contactquery of interactive haptic
demonstrationsvith of ine executions,using smallererror toler
ancesandan exact method. By exact, we meanthat the distance
computatiorfor force displayis accurat§EhmannandLin 2001].
In particular Fig. 10 shavs the contactpro le, includingtheforce

pro le, the querytime andthe size of the front of the BVTT, for
200framesof themoving jaws simulation.Fig. 11 shavs the con-
tactpro le for 300framesof the simulationon the golf scene.The
contactpro le of interlockingjoints is quite similar to that of the
interactinggolf club andgolf ball, thusomittedhere.

For both scenariosthe simulationwith s, < 5% of the radii of
themodelshasbeenperformedn realtime, usingahapticdevice to
controlthe motion of the upperjaw andthe golf club respectiely,
andto displaythe contactforcesto the user Thetrajectoriesof the
upperjaw andthe golf club arerecordedand playedbackto per
form therestof thesimulationsof ine, sincethe exactmethodwas
too slow to be usedto keepup with the force update.As shavn in
the gure, we obsenred a gain of two ordersof magnitudein the
querytime betweerthe interactve hapticrenderingusingour ap-
proachandthe exactof ine simulation. Notethatthe spikesin the
contactjuerytime presentn Fig. 10andFig. 11 resultfrom lack of
coherencén thetraversalof the BVTT. As re ectedin thegraphs,
the querytime is more susceptibleo lack of coherencevhenthe
errortolerances lower.

Usingour approachtheforce pro les of simulationswith vary-
ing errortolerancedessthan5% of theradii of the modelsexhibit
similar andsometimesearlyidenticalpatternsasthatof the origi-
nalmodels.Thisresemblancealidatesour hypothesioonthehaptic
perceptiorof contactsjnferredfrom humantactualperception.
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Figure10: Contact Pro le for Moving Jaws. Top: Thepro les of

thecontactforcesdisplayedusingsimpli cation, with varyingerror

tolerancesupto 2.5% of theradii of thejaws,all showverysimilar

patterns. This similarity impliesthat the sensation®f shapepro-

videdto theuserare nearlyidentical. Middle: A log plot of contact
querytimeusingsimpli cation with variouserror tolerancesshows
up to two orders of performancemprovement.Bottom: Thenum-
ber of nodesin the front of the BVTTis alsoreducedoy more than
a factor of 10.
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Figure11: Contact Pro le for Golf Scene.Top: Thepro les of
thecontactforcesdisplayedusingsimpli cation, with varyingerror
tolerancesup to 3% of theradiusof theball, shownearlyidentical
patterns. Middle: A log plot of contactquerytime usingsimpli -

cation with various error tolerancesshowsmore than two orders
of performancemprovement.Bottom: Thenumberof nodesin the
frontof theBVTTis reducedby nearlya factor of 100.

7 Discussion and Analysis

In this section,we compareour approachwith previous work in
relatedareasandanalyzethe variousalgorithmicandperformance
issues.

7.1 Comparison with Related Work

Mesh Decimation and Filtering:  The constructionof our mul-
tiresolutionhierarcly canbe comparedvith bothmeshdecimation
techniguesandmeshltering techniquesRepresentationsbtained
throughthesetechniquesnight presenbetterresultsthanour hier-
archiesin certainaspects.

LODs createdusing our Itered edge collapseoperationwill
have alarger surfacedeviation thanLODs of traditionalmeshdec-
imation. This deviation inevitably resultsfrom combiningdecima-
tion and ltering. In our frameawork, the detail at high resolution
is Itered independenthyof its magnitude while meshdecimation
techniqueswill presere detail to minimize the surfacedeviation.
The elimination of the detail hasbene cial consequencem the
creationof the BVH and doesnot re ect on the output quality
of the hapticrendering,sincethe ltered detail is quanti ed and
takeninto accountn the sensatiorpreservinge nement. Besides,
multiresolutionrepresentationsbtainedthroughmeshdecimation
techniguesrenot valid by themselesto performef cient contact
queries.

Representationsbtainedthrough ltering appeasmoothethan
our representationshereductionin visualsmoothnessccursbe-
causene usefewersampledi.e. vertices)to represenmeshesvith
thesamefrequeny content.This approachs advantageous$or our
application becausét acceleratethe contactqueries.In addition,
we have alsopresentec de nition thatallows comparinghereso-
lution of the detail of the objectsin contact.

Contact Queries for Haptic Rendering: As mentionedearlier
the runningtime of ary contactqueryalgorithm dependson both
the input and output size of the problem. Given two polyhedra,
characterizedby their combinatorialcompleity of n andm poly-
gons, the contactquery algorithm can have an outputsize and a
run-timecompleity ashighasO(nm).

The discretizedapproximationpresentedoy McNeely et al.
[1999] canavoid directdependencontheinputsizeof theproblem
by limiting thenumberof pointssampledandthe numberof voxels
generated.However, its performanceon complex contactscenar
ios with mary collisionsis unknavn. Both approacheby Gregory
etal. [2000] andKim et al. [2002] arelimited to relatively sim-
ple modelsor modestlycomplex contactscenariosnddo not scale
well to highly complex object-objecinteraction.

In contrast,our approachpy reducingthe combinatorialcom-
plexity of theinputbasednthe contactcon gurationateachlocal
neighborhoof (potential)collisions,automaticallydecreasethe
outputsizeaswell. In addition, its selectionof LODs is contact-
dependento minimize the perceved differencein force display
while maximizing the amountof simpli cation and performance
gain possible.This methodis perhapshe rst “contact-dependent
simpli cation” algorithmfor collision queriesaswell.

7.2 Generalization of the Algorithmic Framework

Dueto the hardtime constraintof hapticrenderingwe have cho-
sena collision detectioralgorithmusingBVHs of corvex hullsand
automaticconvex surfacedecomposition.The choiceof collision
detectionalgorithmimposescornvexity constraintson the simpli -
cationprocessandthe hierarcly construction

Theseconstraintsareratherspeci c. However, the algorithmic
frameawork for generatinghe multiresolutionhierarcly for sensa-
tion preservingcontactqueriesthat we have developedand pre-
sentedn this paperis generalandapplicableto othercollision de-
tectionalgorithms.

Furthermore,althoughwe focus on contactdeterminationfor
hapticrenderingin this paper our approactfor sensatiorpreserv-
ing simpli cation canalsobe appliedto othertypesof proximity
queries,suchas penetrationdepthestimation. Our approachcan
be generalizedo multiresolutioncollision detectionby automati-
cally identifying super uousproximity informationandthusclev-
erly selectingheappropriateesolutiongor performingthequeries
atdifferentlocationsacrosgheobjects'surfaces.This key concept
cansigni cantly accelerat¢heperformancef any proximity query
algorithm,aswe have demonstrateth this paper

A further analysisof the applicability of sensatiorpreserving
simpli cation to multiresolutioncollision detectionfor rigid body
simulationhasbeenconductedOtaduyandLin 2003]. More study
is neededntherelationshipbetweerour sensatiompreservingrror
metricsandcontactforce modelsof rigid body simulationsbut the
preliminaryresultsarepromising.

7.3 Integration with Graphic Rendering

TheLODsselectedor hapticrenderingaredecoupledrom therep-
resentatiorof the objectsusedfor visualrendering.This difference
in representationsan potentially lead to someinconsisteng be-
tweenvisualandhapticdisplay suchastheexistenceof visualgaps
whenthe displayedforcesindicatethat the objectsarein contact.
Futureinvestigation is requiredfor a betterintegration of multi-
sensorncuesin amultimediaenvironment.

7.4 Other Limitations

Ourapproacltanhandletriangularmeshesvith two-manifoldsand
boundaries. The currentimplementationis limited to polygonal
modelswith connecwity information. As with all simpli cation
algorithmsthat generatdevels of detail of ine, our approachhas
thesimilar memoryrequirement.



8 Summary and Future Work

We have presentedh novel sensatiorpreservingsimpli cation to
acceleratecollision queriesfor force display of complex object-
object interaction. The resulting multiresolutionhierarcly con-
structedwith a formal de nition of resolutionenablesus to com-
pute contactinformation at varying resolutionsindependentlyfor
differentlocationsacrosgheobjectsurfaces By selectinghemost
aggressie simpli cation possibleon the y basedon the contact
con guration, this approachconsiderablyimproves the run-time
performanceof contactqueries. It makes haptic renderingof the
interactionbetweenhighly complex modelspossible,while pro-
ducingonly relatively imperceptiblechangesn the force display
Our approactcanalsobe easilyextendedto performtime-critical
hapticrenderingwhile optimizingthe delity of the force display
usingthetechniquedescribedn [OtaduyandLin 2003].

This new ability to perform force display of complex 3D ob-
ject interactionenablesmary exciting applications,where haptic
renderingof point-objectinteractionis insufcient. In additionto
furtheroptimizingandincreasinghe performancef sensatiompre-
servinghapticrendering this researchmay be extendedin several
possibledirections. Theseinclude haptic display of friction and
texturesexploiting our currentframework, applicationsof 6-DOF
haptic renderingto scienti ¢ visualization,engineeringprototyp-
ing, and medicaltraining, aswell asformal userstudiesandtask
performancenalysis.
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APPENDIX A: Pseudo Code for Multireso-
lution Hierarchy Generation

Computesurfacecornvex decomposition
Dumpinitial LOD
n = numberof corvex pieces
Computeresolutionof edges
Initialize edgesasvalid
Createpriority queue
while Valid(Top(queug),
if FilteredEdgeCollapse¢p(queug) then
PopTop(queug
Recomputeesolutionof affectededges
Reseiaffectededgesasvalid
Updatepriority of affectededges
Attemptmerge of cornvex pieces
else
SetTop(queué asinvalid
Updatepriority of Top(queu¢
endif
if Numberof pieces< n=2 then
Dumpnew LOD
n = numberof corvex pieces
endif
endwhile
while Numberof pieces> 1,
Binary meige of pieces
endwhile

ALGORITHM 0.1: Creation of the Hierarchy

APPENDIX B: Overview of the Haptic Ren-
dering Framework

In thisappendixwe give anoverview of our six-degree-of-freedom
haptic renderingframework for displaying force and torque be-
tweentwo objectsin contact.We computethedisplayedorcebased
onthefollowing steps:

1. Performacontacijuerybetweertwo objectsA andB, collect-
ing the setS of nodesof thefront of theBVTT thatareinside
adistanceoleranced, attheappropriateesolution.

2. Forall nodesab € S computethe contactinformation:

(a) If thepairabis disjoint, computethe distancethecon-
tactnormalandtheclosesipointsandfeaturedi.e. ver-
tex, edgeor face).

(b) If the pair ab is intersecting,computethe penetration
deptr}, the penetrationdirection, and penetrationfea-
tures’.

3. Clusterall contactdasedn their proximity.

4. Computea representatie contactfor eachcluster averaging
contactinformationweightedby the contactdistance.

5. Computea penalty-basedestoringforce attherepresentatie
contactof eachcluster

6. Apply thenetforceandtorqueto thehhapticprobe.

!By the penetration features, we mean a pair of features on both objects
whose supporting planes realize the penetration depth.

APPENDIX C: Studies on Perceivable Con-
tact Details

In this appendixwe brie y describean informal user study that
hasbeenconductedo testthe delity of the sensatiorpreserving
simpli cation for hapticrenderingandalsoto helpusidentify what
arethe errortolerancegor which the missingsurfacedetail is not
perceptibleo theusers.

The scenarioof our experimentconsistsof a golf ball (please
referto the paperfor statisticsof themodel)thatis exploredwith an
ellipsoidasshavnin Fig. 1. Theellipsoidconsistof 2000triangles
andonesinglecorvex piece. For simplicity, we have only applied
the simpli cation to the golf ball and left the ellipsoid invariant.
Thus,the delity of the sensatiompreservingsimpli cation relies
ontheadequayg of theresolutionof the golf ball thatis selectedat
eachcontact.

Figurel: Scenario of the User Study.

12 usershave experimentedvith this scenarioThey wereasled
to identify at what value of the thresholds, of the sensatiorpre-
servingselectve re nementthey startedperceving a deviation in
theperceptiorof thesurfacedetailof thegolf ball. Thevaluesof s,
werein the rangefrom 0:05%to 20% of the radiusof the ball. In
Table 1 we indicatehow mary userspicked eachthresholdvalue.
The usersalso reportedthat the main characteristichat they ex-
ploredwasthe perceptibilityof thedimplesof the golf ball.

\ S >10% | 5% | 25% | 1% | <0:5%
| no.users| 0 4 7 1 0
Tablel: Results of the User Study.
Basedon the resultsfrom this informal userstudy we selected
valuesof s, in the rangeof 2:5% to 5% of the radii of the models
for thedemonstrationpresentedhn the paper




