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ABSTRACT

We presenta fastcollision culling algorithmfor performinginter

and intra-object collision detectionamong complex models us-
ing graphicshardware. Our algorithmis basedon CULLIDE [8]

and performsvisibility querieson the GPUsto eliminatea sub-
set of geometricprimitives that are not in close proximity. We
presentan extensionto CULLIDE to performintra-objector self-
collisions betweencomplex models. Furthermore we describea
novel visibility-basedclassi cationschemeo computepotentially-
colliding andcollision-freesubset®f objectsandprimitives,which
considerablyimproves the culling performance.We have imple-
mentedour algorithmon a PCwith anNVIDIA GeForceFX 6800
Ultra graphicscard and appliedit to three complex simulations,
eachconsistingof objectswith tensof thousand®f triangles. In

practice we areableto computeall theself-collisionsfor cloth sim-
ulationup to image-spacerecisionatinteractize rates.

CR Categories: 1.3.1 [Computing Methodologies]: Hardware
Architecture—Graphic®rocessorst.3.7 [ComputingMethodolo-
gies]: Three-DimensionalGraphics and Realism—\sible sur
face algorithms, animation, virtual reality; 1.3.5 [Computing
Methodologies]ComputationaGeometryandObjectModeling—
Geometricalgorithms;

Keywords: Collision detection physically-basedimulation,vir-
tual ervironment,graphicshardware,physicalinteraction

1 INTRODUCTION

Theproblemof detectingcollisionsbetweerrealandvirtual objects
is fundamentain virtual reality (VR), physically-basedimulation,
andvirtual prototyping. As we simulatethe motion of avatarsand
otherobjectsin avirtual environment,it is essentiato computeall
inter-objectandintra-objectcontactsat interactve ratesfor gener
atingrealisticmotionandbehaior.

Collision detectionand contact determinationproblemshave
beeninvesticatedfor morethanthreedecades.Someof the com-
monly usedalgorithmsare basedon boundingvolume hierarchies
andthey work well on objectsundegoing rigid motion. However,
thesealgorithmsmay not work well on non-rigid or deformable
objectsdueto the overheaddf updatingthe boundingvolumehier
archy. Furthermoreit is amajorchallengeto computeintra-object
or self-collisionsat interactize ratesfor complex modelswith sub-
stantialamountof deformation.Suchscenariodgrequentlyarisein
the context of avatarmotion, cloth or hair simulation.
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Recently GPU-basedlgorithmsare increasinglyusedto per
form collision and proximity computationd1, 2, 8, 9, 11, 15, 21,
24,25, 27]. Thesealgorithmsexploit the rasterizatiorcapabilities
of the GPUsto checkfor overlapsandinvolve no precomputation.
As aresult,thesealgorithmsareapplicableto deformableandnon-
rigid models. However, currentGPU-basedlgorithmsare either
restrictedo closedobjectsor do not checkfor self-collisionsor un-
ableto performcollisiondetectioratinteractie ratesfor interactve
VR applications.

Main Contributions: We presenta fast algorithm for collision
culling and detectionamongpolygon-soupgmodelsusinggraphics
hardware. Similarto CULLIDE [8], our algorithmusesvisibility

queriesto computea potentially colliding set(PCS)of objectsor
primitives(asshavn in Fig. 1) during eachframe. Eventually we
performexact CPU-basedaollision detectionbetweerthe triangu-
lated primitivesin the PCS.In orderto handlecomple environ-

ments,we presentwo majorextensionsover CULLIDE.

We generalizeéheformulationof PCSto checkfor bothinter-
objectandintra-objectcollisions. As a result,we canauto-
matically computeself-collisionsin comple« modelsatinter
actverates.

We improve the pruning and culling algorithmto compute
collision-free subsetsbasedon visibility computations. In
particular we presentnovel relationshipsbetweencollision
culling and visibility-based ordering of objects. The new
culling algorithm cansigni cantly lower the numberof vis-
ibility queriesandtherasterizatioroverhead.

The overall collision detection algorithm, Quick-CULLIDE,

makesno assumptionsboutthe underlyingmodels haslow band-
width requirementsandperformsinter-objectandintra-objectcol-
lision computationsat image-precision. We have implemented
Quick-CULLIDE on a 3:4 GHz PC with NVIDIA GeForce FX
6800 Ultra card and appliedit to threecomplex simulationswith
objectscomposedf tensof thousandsip to 250K triangles.Our
algorithmis ableto computeall the contactaip to image-spacere-
cisionin tensof milliseconds.
Organization: Therestof the paperis organizedasfollows. We
give a brief survey of prior work on collision detectionand hard-
wareacceleratedomputationsn Section2. We give an overview
of CULLIDE in Section3 andextendit to handleself-collisions.
We presenthe novel culling algorithmin Section4. In Section5,
we describeits implementationand highlight its performanceon
threedifferentervironments We alsoanalyzdts accurag andper
formance.

2 RELATED WORK

The problemof interferenceandcollision detectionhasbeenstud-
ied for morethanthreedecadesndmary recentsuneys areavail-
able[17, 26]. Theseinteractiongrequirefastandreliableinterfer
ence
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Potentially Colliding Set

Figure 1: Potentially Colliding Set: In this viewpoint, two of the four
objects are in close proximity and belong to the potentially colliding
set.

2.1 Rigid Body Algorithms

Mary rigid body algorithmsuse spatial data structuresto accel-
erateinterferencecomputations. Commonspatial datastructures
includespatial-partitioningtructureandbounding-wlumehierar
chies[3, 6, 12, 14, 22, 23]. At run-time,the hierarcly is traversed,
andboundingvolumesareusedto cull avay portionsof objectsthat
arenotin closeproximity. Typically, theserepresentationarebuilt
duringthe pre-processingtageandareusedto accelerateun-time
queries.

Ef cient algorithmsfor handlinglarge environmentsconsisting
of multiple moving objectshave alsobeendesigned.Thesetech-
niguesreducethe numberof pairwise collision checksby using
spatialsubdvision algorithmsor checkingwhetherthe bounding
boxesof the objectsoverlap[2, 4].

2.2 Deformable Models and Cloth Simulation

Hierarchicaldatastructureshave alsobeenusedto acceleratesol-
lision computationdbetweerobjectsundegoing non-rigid motion.
Theseincludefastupdateof hierarchiesof axis-alignedbounding
boxes (AABBSs) [16] andreduceddeformablemodelsthat canbe
expressedisinglinear superpositiorof precomputedlisplacement
elds [13]. Marny specializedalgorithmshave beenproposedor
collision detectionin cloth simulation[5, 10, 19, 28] andthey also
checkfor self-collisions.

2.3 GPU-basedAlgorithms

Mary image-spacealgorithmsutilize graphicsprocessorgGPUs)
for interferenceandcollisioncomputation$l, 9, 11, 15, 18, 21, 24,
25, 27]. Thesealgorithmsrequireno pre-processingndtherefore
arewell suitedfor handlingnon-rigid motion. Most of thesealgo-
rithms performvisibility computationdo computeoverlappingre-
gionsbetweertheobjects.Objectsarerenderedrom aview-point,

andeither2D or 2.5D overlaptestsareperformedin image-space.

Mary of thesealgorithmsarelimited to closedobjectsor involve
frame-tuffer readbacks.Frame-hiffer readbacksan be slow on
currentgraphicssystemsasthey involve graphicspipeline stalls,
andarelimited by thebandwidthfrom the GPUto the CPU([8, 15].
Many hybrid algorithmg[8, 9, 10, 11] combinesomeof the ben-
e ts of theobject-spacapproachealongwith GPU-basedcceler
ations. Heidelbegeretal. [9] computelayerdepthimages(LDIs)
onthe GPU,usethe LDlIs for explicit computatiorof theintersec-
tion volumesbetweentwo closedobjects,and perform vertex-in-
volumetests. Recently the algorithmwas extendedto checkfor
self-collisionshetweerwatertight objects[10].

3 COLLISION CULLING USING VISIBILITY QUERIES

In this section,we give an overview of CULLIDE andpresentan
extensionof the culling algorithmto checkfor self-collisions.

3.1 CULLIDE

In this section,we brie y describeCULLIDE [8] which performs
visibility computation®n GPUsto eliminategeometricprimitives
thatarenot in closeproximity. The algorithmis basedon a suf-
cient condition for testingwhethera separatingsurface of unit
depthcompleity exists betweera geometrigprimitive P anda set
of primitives S alongthe view direction. This condition can be
testedef ciently basedon whetherP is fully visible with respect
to S alongtheview directionandis illustratedin Fig. 2. Thefull-
visibility testcanbeperformedef ciently on GPUsusingocclusion
queries.To testif anobjectP isfully visible againsta setof objects
S, CULLIDE rst rendersS into theframebuffer. Next, it setsthe
depthfunctionto GL_.GEQUAL anddisableghe depthwrites. The
objectP isrenderedisinganocclusionquery Theocclusionquery
computeshe numberof pixelsthat passthe countanddetermines
whetherP is fully visible. The full visibility of P is a sufcient
conditionthatP doesnotoverlapwith S.

Givenn objectsthat are potentially colliding Py; :::; Pn, CUL-
LIDE performsthe full-visibility testsand computesa potentially
colliding set(PCS)of objects(asshavn in Fig. 1). A lineartime
two-pasgenderingalgorithmis usedto testif anobjectP; is fully
visible againstthe remainingobjects,alongtheview direction.

The algorithmbegins with an emptyframebuffer andproceeds
in two passegsfollows:

First pass: Rasterizethe primitivesin the orderP1;:::; Py
andtestif they arefully visible. In this passjf a primitive P;
is fully visible,thenit doesnotoverlapwith ary of theobjects
Pi;unPio1.

Secondpass: Performthe sameoperationsasin the rst pass
but the order of renderingis changedto Py ;::; P1. In this
passjf aprimitive P; is fully visible, thenit doesnot overlap
with ary of theobjectsPy ; ::; Pi+1 .

At the end of two passesjf a primitive is fully visible in both
the passesthenthe primitive doesnotinterferewith theremaining
primitivesandis prunedirom thePCS.Theview directionsarecho-
senalongthe world-spaceaxesandcollision culling is performed
usingorthographigrojections.This culling stepis performedatan
objectlevel, aswell asa sub-objectevel to prunethe PCS.Even-
tually the primitivesin the PCSaretestedfor exactcollision using
a CPU-basedriangleoverlaproutine. In practice,thereexist two
majorlimitationsof CULLIDE:

Self-collisions: The pruning performedby CULLIDE is
basedon the existenceof a separatingsurface betweenthe
geometricprimitives. Thereforethe PCScomputedoy CUL-
LIDE could be very conserative on mesheswith connected
triangles.

Culling performance: The extent of culling dependsupon

the numberof objectsoccludedby other objectsalong the

view direction. In the worstcase we may pruneat mostone

objecteventhoughno objectis colliding alongtheview direc-

tion. Thisaffectstheculling ef ciency aswell asperformance
of theoverall algorithm.

We presentwo novel algorithmsto overcometheseimitations.



View 1

Figure 2: This gure illustrates a close-proximity scenario between
an object P and a set of objects S = fPj;P2g. The object P is
not colliding with S. Moreover, the object P is fully visible against S
along view 1. Therefore, there exists a separating surface between P
and S of unit depth complexity along view 1. Note that this surface's
existence is a suf cient but not a necessary condition for computing
that P is not colliding with S. For example, in view 2, there does not
exist a separating surface with unit depth complexity but the objects
are not overlapping.

(i) (i)

Figure 3: The left image shows an object composed of trian-
gles with shared edges and vertices. The right image shows the
self-intersecting triangles in the object. Observe that these self-
intersecting triangles do not share an edge or a vertex.

3.2 Self-Collision Culling using GPUs

We extendthe PCScomputationalgorithmin CULLIDE to com-
pute potentially self-intersectingregions of deformableobjects.
Our algorithm can handlepolygonal soupsand doesnot require
meshconnectity informationfor self-collision pruning. We im-
plicitly computethe connectvity informationin the depth buffer
while performingcollision pruning.

We classify the possiblecontactsbetweenthe geometricprim-
itives including contactsbetweenneighboringprimitivesinto two
catgories:

Touching Contacts: Thesecontactsoccurwhenthe primi-
tivestoucheachotherat a point or alongan edge. Contacts
computedbetweemeighboringprimitivesbelongto this cat-

egory.

Penetrating Contacts: Thesecontactoccurwhenprimitives
penetrateachother

Thetouchingcontactoftenleadto robustnessssuesn collision
detection. Ouralgorithmignoresthesecasesindconsidernly the
penetratingcontactsor self-collisioncomputations Self-collision
detectionalgorithmsdo not computethe collisions betweenthe

neighboringprimitives. Sincewe ignoretouchingcontactspur al-
gorithmdoesnot reportcollisionsbetweerntwo neighboringprimi-
tivesthatshareboundaryalongavertex or anedge.

Our self-collision culling algorithm proceedsn the following
manner First, we initialize the PCSusedfor self-collisionculling
by including all the potentially self-colliding geometricprimitives
in anobjectO. We treateachgeometricprimitive P asa separate
objectfor collision culling. Next, we performvisibility queriesin
image spaceto testwhethera triangle is potentially penetrating.
A geometrigprimitive P is not potentiallypenetratingvith a setof
rasterizedyeometrigrimitivesif all thefragmentgeneratedby the
rasterizatiorof P have depthvalueslessthan or equalto thoseof
the correspondingpixelsin the framebuffer. We usethefollowing
lemmato computethe PCSof self-collidingprimitives.

Lemmal: Givenn geometrigprimitivesP1; P2; :::; Pn, ageomet-
ric primitive P; doesnot belongto the PCSof self-colliding primi-
tivesif it doesnotoverlapwith Py;:;;Pi 1;Pis1 ;i Pa, 1 i

n. This testcan be easily decomposeds follows: a geometric
primitive P; doesnot belongto the PCSof self-colliding primi-
tivesif it doesnot overlapwith P1;::; P; 1 andwith Pj4q ;i Pn,
1 i n.

Proof: Follows trivially from the de nition of the PCSand our
formulationof self-collisions.

We usevisibility-basedcomputationglescribedn the previous
sectionto prunethe PCSof self-colliding primitivesef ciently . We
classifyageometrigrimitive asfully visiblefor self-collisioncom-
putationbasedn the following de nition.

De nition: A geometricprimitive is consideredully visible for
self-collisionculling if it is not potentiallypenetrating.

Our self-collisionculling algorithmusesthe two-passendering
algorithmto performobject-level pruningwith theabove de nition
to computethe fully visible statusof a primitive. The geometric
primitives computedas potentially penetratingare then testedfor
exactoverlapusinga CPU-basedriangleintersectiorroutine.

4 Quick-CULLIDE

In this section,we presenbour novel culling algorithmto compute
apotentiallycolliding set.

4.1 Efcient Culling

Theperformancef our collisiondetectioralgorithmdependsipon
the culling ef ciency obtainedby our pruningalgorithm. It also
dependsiponthe numberof pair-wise overlaptestsperformedbe-

tweenthegeometrigorimitivesin thePCSduringtheexactcollision

detectionphase.We usethe visibility informationin our two-pass
renderingalgorithmto computecollision-freesets.A collision-free
setis de ned asa setof objectsthatdo not collide with eachother

We usethesecollision-freesetsto:

impr ove the culling ef ciency by removing redundantisi-
bility computation®n objectsin the PCSin subsequentrun-
ing iterations,

impr ove rasterization performanceby reducingthenumber
of renderingoperationsand

reducethe number of pair-wise collision testsby eliminat-
ing collision computation&mongobjectsin thecollision-free
sets.

We classifythe objectsin the PCSduring eachiterationof our
two-pasgenderingalgorithminto four categyories:



1. BFV: Theseobjectsarefully visiblein boththepasseandare
prunedfrom the PCS.

2. FFV: Theseobjectsarefully visible only in the rst pass.

3. SFV: Objectsin SFV arefully visible only in the second
pass.

4. NFV: Theseobjectsarenotfully visible in boththe passes.

The objectsin eachof thesesetsareorderedbasedon their render
ing orderin the rst passof the algorithm. Eachobjectis associ-
atedwith anindex. For e.g.,objectO; hasindex i. Also, thesets
BFV;FFV;SFV; andN FV aredisjoint. We now presentsome
of the propertiesof thesesetsand usethemto designan ef cient
collision culling algorithm.

Lemma?2: FFV andSFV arecollision-freesets.

Proof: Let S denotethe setF FV and be composedof objects
f03; 0%;:::; O g. We now prove thatno two objectsOs andO)

in S collide with eachother Withoutlossof generalityleti < j.

Then, in the two-passrenderingalgorithm, the objectOg is ren-
deredprior to the objectO% . As theobjectOX is fully visible with

respecto Og, usingLemmal in CULLIDE, we concludethatthe
two objectsdo not collide. ThereforeF F V is collision-free. The
prooffor S = SFV is collision-freeis similar.

We usethefollowing lemmasto designa betterculling algorithm.

Lemma 3: ForeachobjectO; 2 FFV,letS; = fO;;j > i; O; 2

SgwhereS = SFV [ NFV. If anobjectO; 2 FFV doesnot
collide with S;, thenit doesnot collide with ary of the objectsin

SFV or N FV andcanbeprunedfrom the PCS.

Proof: Follows from Lemmal in CULLIDE [8]. Thislemmaim-

pliesthatif anobjectO; 2 FFV andis fully visiblein thesecond
pasof thepruningalgorithm,thenit providesasufcient condition
to prunetheobjectfrom the PCS.

Lemma4: ForeachobjectO; 2 SFV,letS; = fO;;j <i; 0; 2

SgwhereS = FFV [ NFV. If anobjectO; 2 SFV doesnot
collide with S;, thenit doesnot collide with ary of the objectsin

FFV orNFV andcanbeprunedfrom the PCS.

Proof: Follows from Lemmal in CULLIDE [8]. Thislemmaim-

pliesthatif anobjectO; 2 SFV andis fully visiblein the rst pass
of the pruningalgorithm, thenit providesa sufcient conditionto
prunetheobjectfrom the PCS.

Lemmab: LetS: = FFV [ NFV bea setorderedby object
indicesin the increasingorderandS,; = SFV [ NFV beaset
orderedby objectindicesin the decreasingrder In the two-pass
renderingalgorithm,if we performthe rst pasausingobjectsin S;

andthe secondpassusingobjectsin S;, andanobjectQ; is fully

visible in both the passesthenit doesnot collide with ary of the
objectsn FFV,SFV orNFV.

Proof: Clearlythe objectO; belongsto NFV = S;\ S, asit

is fully visible in boththe passesilt is trivial to seethatthe object
doesnot collide with ary of the objectsin NF V. We now prove

thatthe objectdoesnot collide with ary objectO; 2 FFV.

If j < i,thenO; doesnotcollidewith O; asO; isfully visible
in the rst pass.

If j > i,thenO; doesnotcollidewith O; asO; 2 FFV.

Similarly, we prove thatthe O; doesnot collide with the objectsin
SFV.

UsingLemmas3, 4, and5, we comeup with anef cient culling
algorithm.We modify the rst passof CULLIDE asfollows:

For eachobjectO; in PCS,i=1,..,n

—IfOi 2 SFV orO; 2 NFV, testwhetherthe object
is fully visible usinganocclusionquery

—IfOi 2 FFV orO; 2 NFV, renderthe objectinto
theframebuffer.

For eachobjectO; in PCS,i=1,..,n

— If Oy 2 SFV orO; 2 NFV, andtheocclusionquery
determine$); asfully visible

If O; 2 SFV, thentagO; asamembenfBFV.

If Oi 2 NFV,thentagO; asamembenfFFV.

Similarly, we modify the secondpassasfollows:
For eachobjectO; in PCS,i=n,..,1

—IfOi 2 FFV orO; 2 NFV, testwhetherthe object
is fully visible usinganocclusionquery

—IfOi 2 SFV orO; 2 NFV, renderthe objectinto
theframebuffer.

For eachobjectO; in PCS,i=n,..,1

- IfOi 2 FFV orO; 2 NFV, andtheocclusionquery
determine<O; asfully visible

If O; 2 FFV,thentagO; asamembenfBFV.

If O; 2 NFV,thentagO; asamembernf SFV.

The modi ed algorithm computeshe differentsetsin the fol-
lowing manner:

1. Objectsthatarefully visible in boththepasses:

This subsetof objectsbelongingto N FV are pruned
from the PCS(basedn Lemmabs).

2. Objectsthatarefully visiblein the rst pass:

NFV: Theseobjectsareremovedfrom NFV andplaced
in FFV.

SFV: Theseobjectsareremoved from the PCS(based
onLemma4).

FFV: Visibility computationsare not performedfor
theseobjectsin this pass.

3. Objectsthatarefully visible in the secondpass:

NFV: Theseobjectsareremovedfrom NFV andplaced
in SFV.

FFV: Theseobjectsareremoved from the PCS(based
onLemmag3).

SFV: Visibility computationsare not performedfor
theseobjectsin this pass.

Theimprovedculling algorithmreduceshenumberof rendering
operationsandocclusionquerieseachby sizeoff FV [ SFV), as
comparedo CULLIDE.

4.2 Collision Detection

Our collision detectionalgorithm, Quick-CULLIDE, proceedsn

threesteps.First we computethe PCSat the objectlevel usingour
improved culling algorithm. We usesweep-and-prungt] on the
PCSto computethe overlappingpairsat the objectlevel. Next we
computethe PCSat the sub-objectevel andthe overlappingpairs.
Finally, we performexact interferenceestsbetweenthe triangles
onthe CPU[20]. For self-collisioncomputationsye usethe algo-
rithm describedn Section3.2.



(a) Cloth simulation

(b) Wireframeof thecloth (Fig. a)

(c) Onesnapshoin thetime sequence

(d) PCScomputedusing Quick-CULLIDE
in thesnapshoin Fig. (c)

(e) PCScomputedusing CULLIDE-based
culling algorithmappliedto the snapshoin
Fig. (c)

(f) Anothersnapshoin thetime sequence (g9) PCScomputedusing Quick-CULLIDE
in thesecondsnapshofFig. f)

(h) PCScomputedusing CULLIDE-based
culling algorithm applied to the second
shapshotFig. f)

Figure 4: Cloth simulation: These sequence of images show various instances of a cloth piece falling over a circular table. The cloth is modeled
using 20K triangles as shown in Fig. (a). A wireframe of the cloth is shown in Fig. (b). The simulation is performed using our self-collision
detection algorithm Quick-CULLIDE and we demonstrate its bene t over CULLIDE. Figs. (d) & (e), and (g) & (h) show the PCS computed using
(Quick-CULLIDE) & (CULLIDE), respectively, for the instances shown in Figures (c) & (f), respectively. Quick-CULLIDE is able to perform more
culling and computes a PCS with size smaller by one order of magnitude in comparison to the size of the PCS computed by CULLIDE. The

average collision detection time is 21 msec using Quick-CULLIDE.
5 |IMPLEMENTATION AND PERFORMANCE

We have implementedour collision detection algorithm using
OpenGL on a PC with a 3.4 GHz Intel PentiumIV CPU, an
NVIDIA GeForce FX 6800Ultra GPU, and2 GB of main mem-
ory. The PCis runningon the Windows XP operatingsystemand
the datais transferredfrom the CPU to the GPU using an AGP
8X interface. We have performedcollision culling on the GPU us-
ing an offscreenbuffer with a viewport resolutionof 4K 4K.
Therenderingoperationsareperformedef ciently usingvertex ar-
raysandwe use GL_NV_occlusionqueryfor performingthe visi-
bility queriesasynchronouslyWe have testedour systemon three
complex ervironmentsandcomparedhelevel of culling in Quick-
CULLIDE with thatin CULLIDE.

Cloth Simulation: We have implementeda cloth simulator
andusedQuick-CULLIDE to checkfor inter andintra-object
collisions. The cloth is representedisinga rectangulamgrid
with 20K trianglesandthe simulationis performedusingthe
verletintegrationmethod.In this simulation theclothfallson

acirculartableandasthesimulationprogressegheclothgen-
eratesseveral folds andwrinkles. We have performedcolli-

sionculling atthetriangle-level usingtwo axis-alignedviews
(alongX andZ axes). Fig. 4 shavs a sequencef the snap-
shotsof the cloth simulationbasedon time. The averagecol-

lision pruningtimeis 20 22 msec.

Breaking Objects: In thisenvironment,abunry composeaf

35K polygonsrepeatedlyallsonadragoncomposeaf 250K

polygonsandfracturesthe dragon. During the courseof the
simulation,hundredsof new objectpiecesaregeneratednto

thesceneasthebunry breakshedragon.We have usedthree
axis-alignedviews for performingthe collision culling. Our
algorithmis ableto detectall the collisionswithin 25 msec.

Objects Undergoing Non-Rigid Motion: In this simulation,
several deformabldeavesfall from the tree,andcollide with
eachotherandthebranche®f thetreeasshavnin Fig. 6. The
averagecollision detectiontime is nearly25 msecperframe.



(a) PCS(shawn in red) computedusingQuick-CULLIDE

(b) PCS(shavn in red) computedusingCULLIDE

Figure 5: Breaking objects simulation: In this simulation, a bunny composed of 35K triangles fractures a dragon composed of 250K triangles.
As the simulation progresses, hundreds of new objects in close proximity are introduced into the scene. Our algorithm Quick-CULLIDE is able
to compute all the collisions within 25ms on a PC with a NVIDIA GeForce FX 6800 Ultra GPU. Moreover, our algorithm is able to perform more
pruning and computes a more compact PCS in comparison to CULLIDE. Figures (a) and (b) show the PCS - rendered in color red, computed

using Quick-CULLIDE and CULLIDE, respectively.

5.1 Analysis

In this section,we analyzethe culling ef ciency and the perfor
manceobtainedby our algorithm.

5.1.1 Culling Ef ciency

We have comparedhe culling ef ciency of our algorithm Quick-
CULLIDE with animplementatiorof CULLIDE within the cloth

simulationsystem. In orderto comparethe algorithms,we have
usedthe samecollision culling resolutionandthe view directions
in boththe algorithms. Fig. 7 shavs the comparisorbetweerthe
culling ef ciency obtainedby Quick-CULLIDE vs. CULLIDE. In

this simulation, Quick-CULLIDE reducesghe size of the PCS,as
well asthenumberof overlappingpairsby nearlyoneorderof mag-
nitudeascomparedo CULLIDE.

5.1.2 Performance

We have comparedthe performanceof Quick-CULLIDE with
CULLIDE on eachof the threesimulations.Fig. 8 shavs acom-
parisonof the performance. In this simulation, we obsere that
Quick-CULLIDE cancomputeall the overlappingpairs of trian-
glesfasterthanCULLIDE. Table2 summarizeshe averageperfor
manceobtainedby Quick-CULLIDE andCULLIDE oneachof the
threebenchmarks.

5.1.3 Factors

A numberof factorsaffect the performanceaswell asthe culling
ef ciency of Quick-CULLIDE. Theseinclude:

AveragePCSsize(triangles)
Simulation Quick-CULLIDE | cuLLIDE
Cloth 210 1340
Breakingobjects 1400 3600
Non-rigid motion 450 1200

Table 1: This table highlights the average PCS size computed by
Quick-CULLIDE and CULLIDE on the three simulations. We ob-
serve that Quick-CULLIDE is able to prune 4 10 times more non-
overlapping triangles as compared to CULLIDE upto image-precision
resolution.

Depth complexity: Theextentof culling obtainedby our al-
gorithm alonga view directiondependsiponthe numberof
objectsthat projectontothe screen-spacalongthatview di-
rection.

Order of rendering: Our collision culling algorithmworks
bestin sceneswvherethe objectsare renderedn a back-to-
front orderalongtheview direction. Thelevel of culling ob-
tainedby Quick-CULLIDE is alwaysbetterthanCULLIDE.

Number of views: The culling ef ciency alsodependsipon
the numberof views, aswell asthe choiceof the view di-

rectionsusedto performcollision detection. As the number
of views usedfor collision detectionincreasethe pruningef-

ciency of CULLIDE approacheshat of Quick-CULLIDE.

However, asthe numberof views increasesthe costof colli-

sionculling increasesiswell.



Figure 6: Simulation with non-rigid objects: In this simulation, many
leaves are falling from the tree. They undergo non-rigid motion and
collide with other leaves and branches of the tree. Our algorithm
Quick-CULLIDE is able to compute all the collisions reliably within 25
msec on a PC with NVIDIA GeForce FX 6800 Ultra GPU.

Averagecollisiontime (in msec)
Simulation Quick-CULLIDE | cuLLIDE
Cloth 21 30
Breakingobjects 25 35
Non-rigid motion 25 31

Table 2: This table highlights the real-time performance obtained by
using Quick-CULLIDE and CULLIDE on the three simulations. We
observe that Quick-CULLIDE is faster than CULLIDE in each of the
three simulations.

5.2 Comparisonwith Other Approaches

In this section,we compareour algorithm with two other GPU-
basedself-collision detectionalgorithms[1, 9]. Our algorithmis
ableto computeself-collisionsamonggeneraldeformablemodels
wheread1, 9] aredesignedo work well for closedor watertight
models. Therefore,it is dif cult to performdirecttiming compar
isons. Instead we comparesomeof the featuresof our algorithm
with thesealgorithms.

Our algorithm is able to handle self-collisionsand collisions
amonga large numberof objects,whereaq1, 9] work on pairsof
objects. The GPU-basedmplementationsof Heidelbeger et al.
[9], andBaciuandWong [1] readbackhe frametuffer which can
be expensve on currentPCs. In contrast,our algorithmdoesnot
perform frametuffer readbacks.Moreover, we perform collision
culling at a very highimage-spaceesolutionof 4K 4K within
justafew millisecondg< 40msec).Mostof theearlierapproaches
usedalowerimage-spaceesolution.Finally, ouralgorithmis well-
suitedto handledeformable preaking,and non-rigid geometry as
well aspolygon-soupmodels.

5.3 Limitations

Our algorithmhassomelimitations. Our pruningalgorithmcom-
putesa PCSof geometricprimitives, and doesnot computethe
overlapinformationor the extentof penetration. However, a post-
processingtepcanbe addedo extracttheinformation. The preci-
sionof our self-collisionculling algorithmis limited to imagereso-

Figure 7: Comparison of pruning performance between Quick-
CULLIDE and CULLIDE: This graph shows the number of triangles
in the PCS computed using Quick-CULLIDE and CULLIDE respec-
tively on the cloth simulation. We observe that Quick-CULLIDE is
able to reduce the PCS size by nearly a magnitude in comparison to
CULLIDE.

Figure 8: Performance comparison between Quick-CULLIDE and
CULLIDE: This graph compares the time taken by Quick-CULLIDE
vs. CULLIDE to compute all the collisions during each frame in cloth
simulation.

lution andis lower thanof object-spacalgorithms.Also, our self-

collision culling algorithmignorestouchingcontacts.Our pruning
algorithmachiesesbestperformancavhenthe objectsarerendered
in a back-to-frontorder Furthermore the culling ef ciency de-

pendsontherelative objectcon gurations,andthedepthcomplex-

ity of thescenealongtheview.

6 CONCLUSIONS AND FUTURE WORK

We have presentedan ef cient GPU-basedtollision culling algo-
rithm for performinginter andintra-objectollisiondetection.Our
algorithm usesa novel visibility-basedclassi cation to compute
potentially colliding and collision-freesubsetof geometricprim-
itives. The preliminary comparison®f our algorithmwith CUL-
LIDE indicateup to anorderof magnitudemprovementin culling
ef ciency for somescenariosThe collision computationsre per
formeduptoimage-resolutiomndcanbeimprovedto singlepreci-
sion oating-point computatiorusingour recenttechniqueg7].
Many avenuesexist for future research.It may be possibleto



usethe collision-freesetsfor pairwise overlap computation. We
would like to extendthesealgorithmsfor otherproximity computa-
tions,includingdistanceandpenetratiordepthcomputationaswell

asexploring the new programmabilityfeaturesof GPUsto further
improve the performancef our algorithm.
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