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ABSTRACT

We presenta fastcollision culling algorithmfor performinginter-
and intra-object collision detectionamongcomplex models us-
ing graphicshardware. Our algorithmis basedon CULLIDE [8]
and performsvisibility querieson the GPUsto eliminatea sub-
set of geometricprimitives that are not in closeproximity. We
presentan extensionto CULLIDE to performintra-objector self-
collisionsbetweencomplex models. Furthermore,we describea
novel visibility-basedclassi�cationschemeto computepotentially-
colliding andcollision-freesubsetsof objectsandprimitives,which
considerablyimproves the culling performance.We have imple-
mentedour algorithmon a PCwith anNVIDIA GeForceFX 6800
Ultra graphicscard and applied it to threecomplex simulations,
eachconsistingof objectswith tensof thousandsof triangles. In
practice,weareableto computeall theself-collisionsfor clothsim-
ulationup to image-spaceprecisionat interactive rates.

CR Categories: I.3.1 [ComputingMethodologies]: Hardware
Architecture—GraphicsProcessors;I.3.7 [ComputingMethodolo-
gies]: Three-DimensionalGraphics and Realism—Visible sur-
face algorithms, animation, virtual reality; I.3.5 [Computing
Methodologies]:ComputationalGeometryandObjectModeling—
Geometricalgorithms;

Keywords: Collision detection,physically-basedsimulation,vir-
tualenvironment,graphicshardware,physicalinteraction

1 I NTRODUCTI ON

Theproblemof detectingcollisionsbetweenrealandvirtual objects
is fundamentalin virtual reality (VR), physically-basedsimulation,
andvirtual prototyping.As we simulatethemotionof avatarsand
otherobjectsin a virtual environment,it is essentialto computeall
inter-objectandintra-objectcontactsat interactive ratesfor gener-
atingrealisticmotionandbehavior.

Collision detectionand contactdeterminationproblemshave
beeninvestigatedfor morethanthreedecades.Someof the com-
monly usedalgorithmsarebasedon boundingvolumehierarchies
andthey work well on objectsundergoingrigid motion. However,
thesealgorithmsmay not work well on non-rigid or deformable
objectsdueto theoverheadof updatingtheboundingvolumehier-
archy. Furthermore,it is a majorchallengeto computeintra-object
or self-collisionsat interactive ratesfor complex modelswith sub-
stantialamountof deformation.Suchscenariosfrequentlyarisein
thecontext of avatarmotion,clothor hair simulation.
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Recently, GPU-basedalgorithmsare increasinglyusedto per-
form collision andproximity computations[1, 2, 8, 9, 11, 15, 21,
24, 25, 27]. Thesealgorithmsexploit the rasterizationcapabilities
of theGPUsto checkfor overlapsandinvolve no precomputation.
As a result,thesealgorithmsareapplicableto deformableandnon-
rigid models. However, currentGPU-basedalgorithmsareeither
restrictedto closedobjectsor donotcheckfor self-collisionsor un-
ableto performcollisiondetectionat interactiveratesfor interactive
VR applications.
Main Contrib utions: We presenta fast algorithm for collision
culling anddetectionamongpolygon-soupmodelsusinggraphics
hardware. Similar to CULLIDE [8], our algorithmusesvisibility
queriesto computea potentiallycolliding set(PCS)of objectsor
primitives(asshown in Fig. 1) duringeachframe. Eventually, we
performexactCPU-basedcollision detectionbetweenthe triangu-
latedprimitives in the PCS.In order to handlecomplex environ-
ments,wepresenttwo majorextensionsoverCULLIDE.

� Wegeneralizetheformulationof PCSto checkfor bothinter-
objectandintra-objectcollisions. As a result,we canauto-
maticallycomputeself-collisionsin complex modelsat inter-
active rates.

� We improve the pruning and culling algorithm to compute
collision-free subsetsbasedon visibility computations. In
particular, we presentnovel relationshipsbetweencollision
culling and visibility-basedordering of objects. The new
culling algorithmcansigni�cantly lower the numberof vis-
ibility queriesandtherasterizationoverhead.

The overall collision detection algorithm, Quick-CULLIDE,
makesnoassumptionsabouttheunderlyingmodels,haslow band-
width requirements,andperformsinter-objectandintra-objectcol-
lision computationsat image-precision. We have implemented
Quick-CULLIDE on a 3:4 GHz PC with NVIDIA GeForce FX
6800Ultra cardandappliedit to threecomplex simulationswith
objectscomposedof tensof thousandsup to 250K triangles.Our
algorithmis ableto computeall thecontactsupto image-spacepre-
cisionin tensof milliseconds.
Organization: Therestof thepaperis organizedasfollows. We
give a brief survey of prior work on collision detectionandhard-
wareacceleratedcomputationsin Section2. We give anoverview
of CULLIDE in Section3 andextendit to handleself-collisions.
We presentthenovel culling algorithmin Section4. In Section5,
we describeits implementationand highlight its performanceon
threedifferentenvironments.Wealsoanalyzeits accuracy andper-
formance.

2 REL ATED WORK

Theproblemof interferenceandcollision detectionhasbeenstud-
ied for morethanthreedecadesandmany recentsurveys areavail-
able[17, 26]. Theseinteractionsrequirefastandreliableinterfer-
ence



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

Many rigid body algorithmsusespatialdatastructuresto accel-
erateinterferencecomputations.Commonspatialdatastructures
includespatial-partitioningstructuresandbounding-volumehierar-
chies[3, 6, 12, 14, 22, 23]. At run-time,thehierarchy is traversed,
andboundingvolumesareusedto cull awayportionsof objectsthat
arenot in closeproximity. Typically, theserepresentationsarebuilt
duringthepre-processingstageandareusedto acceleraterun-time
queries.

Ef�cient algorithmsfor handlinglargeenvironmentsconsisting
of multiple moving objectshave alsobeendesigned.Thesetech-
niquesreducethe numberof pairwisecollision checksby using
spatialsubdivision algorithmsor checkingwhetherthe bounding
boxesof theobjectsoverlap[2, 4].

2.2 Deformable Modelsand Cloth Simulation

Hierarchicaldatastructureshave alsobeenusedto acceleratecol-
lision computationsbetweenobjectsundergoingnon-rigidmotion.
Theseincludefastupdateof hierarchiesof axis-alignedbounding
boxes(AABBs) [16] andreduceddeformablemodelsthat canbe
expressedusinglinearsuperpositionof precomputeddisplacement
�elds [13]. Many specializedalgorithmshave beenproposedfor
collision detectionin cloth simulation[5, 10,19, 28] andthey also
checkfor self-collisions.

2.3 GPU-basedAlgorithms

Many image-spacealgorithmsutilize graphicsprocessors(GPUs)
for interferenceandcollisioncomputations[1, 9,11, 15, 18, 21, 24,
25, 27]. Thesealgorithmsrequireno pre-processingandtherefore
arewell suitedfor handlingnon-rigidmotion. Most of thesealgo-
rithmsperformvisibility computationsto computeoverlappingre-
gionsbetweentheobjects.Objectsarerenderedfrom aview-point,
andeither2D or 2.5D overlaptestsareperformedin image-space.
Many of thesealgorithmsarelimited to closedobjectsor involve
frame-buffer readbacks.Frame-buffer readbackscan be slow on
currentgraphicssystems,as they involve graphicspipelinestalls,
andarelimited by thebandwidthfrom theGPUto theCPU[8, 15].

Many hybrid algorithms[8, 9, 10, 11] combinesomeof theben-
e�ts of theobject-spaceapproachesalongwith GPU-basedacceler-
ations.Heidelbergeret al. [9] computelayerdepthimages(LDIs)
on theGPU,usetheLDIs for explicit computationof theintersec-
tion volumesbetweentwo closedobjects,andperformvertex-in-
volumetests. Recently, the algorithmwasextendedto checkfor
self-collisionsbetweenwater-tight objects[10].

3 COL L I SI ON CUL L I NG USI NG V I SI BI L I TY QUERI ES

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

3.1 CULLIDE

In this section,we brie�y describeCULLIDE [8] which performs
visibility computationson GPUsto eliminategeometricprimitives
that arenot in closeproximity. The algorithmis basedon a suf-
�cient condition for testingwhethera separatingsurfaceof unit
depthcomplexity existsbetweena geometricprimitive P anda set
of primitives S along the 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 onGPUsusingocclusion
queries.To testif anobjectP is fully visibleagainstasetof objects
S, CULLIDE �rst rendersS into theframebuffer. Next, it setsthe
depthfunctionto GL GEQUAL anddisablesthedepthwrites. The
objectP is renderedusinganocclusionquery. Theocclusionquery
computesthenumberof pixels thatpassthecountanddetermines
whetherP is fully visible. The full visibility of P is a suf�cient
conditionthatP doesnotoverlapwith S.

Given n objectsthat arepotentiallycolliding P1 ; :::; Pn , CUL-
LIDE performsthe full-visibility testsandcomputesa potentially
colliding set(PCS)of objects(asshown in Fig. 1). A linear time
two-passrenderingalgorithmis usedto testif anobjectPi is fully
visibleagainsttheremainingobjects,alongtheview direction.

Thealgorithmbeginswith anemptyframebuffer andproceeds
in two passesasfollows:

� First pass: Rasterizethe primitives in the order P1 ; :::; Pn

andtestif they arefully visible. In this pass,if a primitive Pi

is fully visible,thenit doesnotoverlapwith any of theobjects
P1 ; :::; Pi � 1 .

� Secondpass:Performthesameoperationsasin the�rst pass
but the order of renderingis changedto Pn ; ::; P1 . In this
pass,if a primitivePi is fully visible, thenit doesnot overlap
with any of theobjectsPn ; ::; Pi +1 .

At the end of two passes,if a primitive is fully visible in both
thepasses,thentheprimitive doesnot interferewith theremaining
primitivesandis prunedfrom thePCS.Theview directionsarecho-
senalongthe world-spaceaxesandcollision culling is performed
usingorthographicprojections.Thisculling stepis performedatan
objectlevel, aswell asa sub-objectlevel to prunethePCS.Even-
tually theprimitivesin thePCSaretestedfor exactcollision using
a CPU-basedtriangleoverlaproutine. In practice,thereexist two
majorlimitationsof CULLIDE:

� Self-collisions: The pruning performed by CULLIDE is
basedon the existenceof a separatingsurfacebetweenthe
geometricprimitives.Therefore,thePCScomputedby CUL-
LIDE could be very conservative on mesheswith connected
triangles.

� Culling performance: The extent of culling dependsupon
the numberof objectsoccludedby other objectsalong the
view direction. In theworstcase,we maypruneat mostone
objecteventhoughnoobjectis colliding alongtheview direc-
tion. Thisaffectstheculling ef�ciency aswell asperformance
of theoverall algorithm.

Wepresenttwo novel algorithmsto overcometheselimitations.



Figure 2: This �gure illustrates a close-proximity scenario between
an object P and a set of objects S = f P1 ; 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.

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-CollisionCulling usingGPUs

We extendthe PCScomputationalgorithmin CULLIDE to com-
pute potentially self-intersectingregions of deformableobjects.
Our algorithm can handlepolygonalsoupsand doesnot require
meshconnectivity informationfor self-collisionpruning. We im-
plicitly computethe connectivity information in the depthbuffer
while performingcollisionpruning.

We classify the possiblecontactsbetweenthe geometricprim-
itives including contactsbetweenneighboringprimitives into two
categories:

� Touching Contacts: Thesecontactsoccurwhen the primi-
tivestoucheachotherat a point or alongan edge. Contacts
computedbetweenneighboringprimitivesbelongto this cat-
egory.

� Penetrating Contacts: Thesecontactsoccurwhenprimitives
penetrateeachother.

Thetouchingcontactsoftenleadto robustnessissuesin collision
detection.Ouralgorithmignoresthesecasesandconsidersonly the
penetratingcontactsfor self-collisioncomputations.Self-collision
detectionalgorithmsdo not computethe collisions betweenthe

neighboringprimitives.Sincewe ignoretouchingcontacts,our al-
gorithmdoesnot reportcollisionsbetweentwo neighboringprimi-
tivesthatshareboundaryalongavertex or anedge.

Our self-collision culling algorithm proceedsin the following
manner. First, we initialize thePCSusedfor self-collisionculling
by includingall thepotentiallyself-collidinggeometricprimitives
in anobjectO. We treateachgeometricprimitive P asa separate
objectfor collision culling. Next, we performvisibility queriesin
imagespaceto test whethera triangle is potentially penetrating.
A geometricprimitiveP is notpotentiallypenetratingwith asetof
rasterizedgeometricprimitivesif all thefragmentsgeneratedby the
rasterizationof P have depthvalueslessthanor equalto thoseof
thecorrespondingpixels in theframebuffer. We usethefollowing
lemmato computethePCSof self-collidingprimitives.

Lemma 1: Givenn geometricprimitivesP1 ; P2 ; :::; Pn , ageomet-
ric primitivePi doesnot belongto thePCSof self-collidingprimi-
tivesif it doesnot overlapwith P1 ; ::; Pi � 1 ; Pi +1 ; :::; Pn , 1 � i �
n. This test can be easily decomposedas follows: a geometric
primitive Pi doesnot belongto the PCSof self-colliding primi-
tivesif it doesnot overlapwith P1 ; ::; Pi � 1 andwith Pi +1 ; :::; Pn ,
1 � i � n.
Proof: Follows trivially from the de�nition of the PCSand our
formulationof self-collisions. �

We usevisibility-basedcomputationsdescribedin the previous
sectionto prunethePCSof self-collidingprimitivesef�ciently . We
classifyageometricprimitiveasfully visiblefor self-collisioncom-
putationbasedon thefollowing de�nition.
De�nition: A geometricprimitive is consideredfully visible for
self-collisionculling if it is notpotentiallypenetrating.

Our self-collisionculling algorithmusesthetwo-passrendering
algorithmto performobject-level pruningwith theabovede�nition
to computethe fully visible statusof a primitive. The geometric
primitivescomputedaspotentiallypenetratingare thentestedfor
exactoverlapusingaCPU-basedtriangleintersectionroutine.

4 QUI CK -CUL L I DE

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

4.1 Ef�cient Culling

Theperformanceof ourcollisiondetectionalgorithmdependsupon
the culling ef�ciency obtainedby our pruning algorithm. It also
dependsuponthenumberof pair-wiseoverlaptestsperformedbe-
tweenthegeometricprimitivesin thePCSduringtheexactcollision
detectionphase.We usethevisibility informationin our two-pass
renderingalgorithmto computecollision-freesets.A collision-free
setis de�ned asa setof objectsthatdo not collide with eachother.
Weusethesecollision-freesetsto:

� impr ove the culling ef�ciency by removing redundantvisi-
bility computationsonobjectsin thePCSin subsequentprun-
ing iterations,

� impr overasterization performanceby reducingthenumber
of renderingoperations,and

� reducethe number of pair-wisecollision testsby eliminat-
ing collisioncomputationsamongobjectsin thecollision-free
sets.

We classifythe objectsin the PCSduring eachiterationof our
two-passrenderingalgorithminto four categories:



1. BFV: Theseobjectsarefully visiblein boththepassesandare
prunedfrom thePCS.

2. FFV: Theseobjectsarefully visibleonly in the�rst pass.

3. SFV: Objectsin SF V are fully visible only in the second
pass.

4. NFV: Theseobjectsarenot fully visible in boththepasses.

Theobjectsin eachof thesesetsareorderedbasedon their render-
ing orderin the �rst passof the algorithm. Eachobject is associ-
atedwith an index. For e.g.,objectOi hasindex i . Also, thesets
B F V; F F V; SF V; andN F V aredisjoint. We now presentsome
of the propertiesof thesesetsandusethemto designan ef�cient
collisionculling algorithm.

Lemma 2: F F V andSF V arecollision-freesets.
Proof: Let S denotethe set F F V and be composedof objects
f O1

S ; O2
S ; :::; Om

S g. We now prove thatno two objectsO i
S andOj

S
in S collide with eachother. Without lossof generality, let i < j .
Then, in the two-passrenderingalgorithm, the objectO i

S is ren-
deredprior to theobjectO j

S . As theobjectOj
S is fully visiblewith

respectto Oi
S , usingLemma1 in CULLIDE, we concludethatthe

two objectsdo not collide. Therefore,F F V is collision-free.The
proof for S = SF V is collision-freeis similar. �

Weusethefollowing lemmasto designabetterculling algorithm.

Lemma 3: For eachobjectOi 2 F F V , let Si = f Oj ; j > i; Oj 2
Sg whereS = SF V [ N F V . If anobjectOi 2 F F V doesnot
collide with Si , thenit doesnot collide with any of the objectsin
SF V or N F V andcanbeprunedfrom thePCS.
Proof: Follows from Lemma1 in CULLIDE [8]. This lemmaim-
pliesthatif anobjectOi 2 F F V andis fully visible in thesecond
passof thepruningalgorithm,thenit providesasuf�cient condition
to prunetheobjectfrom thePCS. �

Lemma 4: For eachobjectOi 2 SF V , let Si = f Oj ; j < i; Oj 2
Sg whereS = F F V [ N F V . If anobjectOi 2 SF V doesnot
collide with Si , thenit doesnot collide with any of the objectsin
F F V or N F V andcanbeprunedfrom thePCS.
Proof: Follows from Lemma1 in CULLIDE [8]. This lemmaim-
pliesthatif anobjectOi 2 SF V andis fully visiblein the�rst pass
of thepruningalgorithm,thenit providesa suf�cient conditionto
prunetheobjectfrom thePCS. �

Lemma 5: Let S1 = F F V [ N F V be a setorderedby object
indicesin the increasingorderandS2 = SF V [ N F V be a set
orderedby objectindicesin thedecreasingorder. In the two-pass
renderingalgorithm,if weperformthe�rst passusingobjectsin S1

andthesecondpassusingobjectsin S2 , andanobjectOi is fully
visible in both the passes,thenit doesnot collide with any of the
objectsin F F V , SF V or N F V .
Proof: Clearly the objectOi belongsto N F V = S1 \ S2 as it
is fully visible in boththepasses.It is trivial to seethat theobject
doesnot collide with any of the objectsin N F V . We now prove
thattheobjectdoesnotcollidewith any objectOj 2 F F V .

� If j < i , thenOi doesnotcollidewith Oj asOi is fully visible
in the�rst pass.

� If j > i , thenOj doesnot collidewith Oi asOj 2 F F V .

Similarly, we prove thattheOi doesnot collide with theobjectsin
SF V . �

UsingLemmas3, 4, and5, wecomeup with anef�cient culling
algorithm.Wemodify the�rst passof CULLIDE asfollows:

� For eachobjectOi in PCS,i=1,..,n

– If Oi 2 SF V or Oi 2 N F V , testwhethertheobject
is fully visibleusinganocclusionquery.

– If Oi 2 F F V or Oi 2 N F V , renderthe object into
theframebuffer.

� For eachobjectOi in PCS,i=1,..,n

– If Oi 2 SF V or Oi 2 N F V , andtheocclusionquery
determinesOi asfully visible

� If Oi 2 SF V , thentagOi asamemberof B F V .
� If Oi 2 N F V , thentagOi asamemberof F F V .

Similarly, wemodify thesecondpassasfollows:

� For eachobjectOi in PCS,i=n,..,1

– If Oi 2 F F V or Oi 2 N F V , testwhethertheobject
is fully visibleusinganocclusionquery.

– If Oi 2 SF V or Oi 2 N F V , renderthe object into
theframebuffer.

� For eachobjectOi in PCS,i=n,..,1

– If Oi 2 F F V or Oi 2 N F V , andtheocclusionquery
determinesOi asfully visible

� If Oi 2 F F V , thentagOi asamemberof B F V .
� If Oi 2 N F V , thentagOi asamemberof SF V .

The modi�ed algorithmcomputesthe differentsetsin the fol-
lowing manner:

1. Objectsthatarefully visible in boththepasses:

� This subsetof objectsbelongingto N F V arepruned
from thePCS(basedonLemma5).

2. Objectsthatarefully visible in the�rst pass:

� NFV: Theseobjectsareremovedfrom NFV andplaced
in FFV.

� SFV: Theseobjectsareremoved from the PCS(based
onLemma4).

� FFV: Visibility computationsare not performedfor
theseobjectsin thispass.

3. Objectsthatarefully visible in thesecondpass:

� NFV: Theseobjectsareremovedfrom NFV andplaced
in SFV.

� FFV: Theseobjectsareremoved from thePCS(based
onLemma3).

� SFV: Visibility computationsare not performedfor
theseobjectsin thispass.

Theimprovedculling algorithmreducesthenumberof rendering
operationsandocclusionquerieseachby sizeof(F F V [ SF V ), as
comparedto CULLIDE.

4.2 Collision Detection

Our collision detectionalgorithm, Quick-CULLIDE, proceedsin
threesteps.First we computethePCSat theobjectlevel usingour
improved culling algorithm. We usesweep-and-prune[4] on the
PCSto computetheoverlappingpairsat theobjectlevel. Next we
computethePCSat thesub-objectlevel andtheoverlappingpairs.
Finally, we performexact interferencetestsbetweenthe triangles
on theCPU[20]. For self-collisioncomputations,we usethealgo-
rithm describedin Section3.2.



(a)Clothsimulation (b) Wireframeof thecloth (Fig. a)

(c) Onesnapshotin thetimesequence (d) PCScomputedusingQuick-CULLIDE
in thesnapshotin Fig. (c)

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

(f) Anothersnapshotin thetimesequence (g) PCScomputedusingQuick-CULLIDE
in thesecondsnapshot(Fig. f)

(h) PCScomputedusingCULLIDE-based
culling algorithm applied to the second
snapshot(Fig. 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 I M PL EM ENTATI ON AND PERFORM ANCE

We have implementedour collision detection algorithm using
OpenGL on a PC with a 3.4 GHz Intel Pentium IV CPU, an
NVIDIA GeForceFX 6800Ultra GPU, and2 GB of main mem-
ory. ThePCis runningon theWindows XP operatingsystemand
the data is transferredfrom the CPU to the GPU using an AGP
8X interface.We have performedcollision culling on theGPUus-
ing an offscreenbuffer with a viewport resolutionof 4K � 4K .
Therenderingoperationsareperformedef�ciently usingvertex ar-
raysandwe useGL NV occlusionquery for performingthe visi-
bility queriesasynchronously. We have testedour systemon three
complex environmentsandcomparedthelevel 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 representedusinga rectangulargrid
with 20K trianglesandthesimulationis performedusingthe
verletintegrationmethod.In thissimulation,theclothfallson

acirculartableandasthesimulationprogresses,theclothgen-
eratesseveral folds andwrinkles. We have performedcolli-
sionculling at thetriangle-level usingtwo axis-alignedviews
(alongX andZ axes). Fig. 4 shows a sequenceof thesnap-
shotsof thecloth simulationbasedon time. Theaveragecol-
lision pruningtime is 20 � 22 msec.

� BreakingObjects: In thisenvironment,abunny composedof
35K polygonsrepeatedlyfallsonadragoncomposedof 250K
polygonsandfracturesthe dragon.During the courseof the
simulation,hundredsof new objectpiecesaregeneratedinto
thesceneasthebunny breaksthedragon.Wehaveusedthree
axis-alignedviews for performingthe collision culling. Our
algorithmis ableto detectall thecollisionswithin 25 msec.

� ObjectsUndergoingNon-Rigid Motion: In this simulation,
severaldeformableleavesfall from thetree,andcollide with
eachotherandthebranchesof thetreeasshown in Fig. 6. The
averagecollisiondetectiontime is nearly25 msecperframe.



(a) PCS(shown in red)computedusingQuick-CULLIDE (b) PCS(shown 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 comparedthe culling ef�ciency of our algorithmQuick-
CULLIDE with an implementationof CULLIDE within the cloth
simulationsystem. In order to comparethe algorithms,we have
usedthe samecollision culling resolutionandthe view directions
in both the algorithms.Fig. 7 shows the comparisonbetweenthe
culling ef�ciency obtainedby Quick-CULLIDE vs. CULLIDE. In
this simulation,Quick-CULLIDE reducesthe sizeof the PCS,as
well asthenumberof overlappingpairsby nearlyoneorderof mag-
nitudeascomparedto CULLIDE.

5.1.2 Performance

We have comparedthe performanceof Quick-CULLIDE with
CULLIDE on eachof the threesimulations.Fig. 8 shows a com-
parisonof the performance. In this simulation,we observe that
Quick-CULLIDE can computeall the overlappingpairs of trian-
glesfasterthanCULLIDE. Table2 summarizestheaverageperfor-
manceobtainedby Quick-CULLIDE andCULLIDE oneachof the
threebenchmarks.

5.1.3 Factors

A numberof factorsaffect theperformance,aswell astheculling
ef�ciency of Quick-CULLIDE. Theseinclude:

AveragePCSsize(triangles)
Simulation Quick-CULLIDE CULLIDE

Cloth 210 1340
Breakingobjects 1400 3600
Non-rigidmotion 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 directiondependsuponthe numberof
objectsthatprojectonto thescreen-spacealongthatview di-
rection.

� Order of rendering: Our collision culling algorithmworks
best in sceneswherethe objectsare renderedin a back-to-
front orderalongtheview direction. Thelevel of culling ob-
tainedby Quick-CULLIDE is alwaysbetterthanCULLIDE.

� Number of views: Theculling ef�ciency alsodependsupon
the numberof views, as well as the choiceof the view di-
rectionsusedto performcollision detection.As the number
of views usedfor collision detectionincrease,thepruningef-
�ciency of CULLIDE approachesthat of Quick-CULLIDE.
However, asthenumberof views increases,thecostof colli-
sionculling increasesaswell.



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.

Averagecollision time (in msec)
Simulation Quick-CULLIDE CULLIDE

Cloth 21 30
Breakingobjects 25 35
Non-rigidmotion 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-collisiondetectionalgorithms[1, 9]. Our algorithmis
ableto computeself-collisionsamonggeneraldeformablemodels
whereas[1, 9] aredesignedto work well for closedor water-tight
models.Therefore,it is dif�cult to performdirect timing compar-
isons. Instead,we comparesomeof the featuresof our algorithm
with thesealgorithms.

Our algorithm is able to handleself-collisionsand collisions
amonga largenumberof objects,whereas[1, 9] work on pairsof
objects. The GPU-basedimplementationsof Heidelberger et al.
[9], andBaciu andWong [1] readbackthe framebuffer which can
be expensive on currentPCs. In contrast,our algorithmdoesnot
perform framebuffer readbacks.Moreover, we perform collision
culling at a very high image-spaceresolutionof 4K � 4K within
justafew milliseconds(< 40msec).Mostof theearlierapproaches
usedalowerimage-spaceresolution.Finally, ouralgorithmis well-
suitedto handledeformable,breaking,andnon-rigidgeometry, as
well aspolygon-soupmodels.

5.3 Limitations

Our algorithmhassomelimitations. Our pruningalgorithmcom-
putesa PCSof geometricprimitives, and doesnot computethe
overlapinformationor theextentof penetration.However, a post-
processingstepcanbeaddedto extracttheinformation.Thepreci-
sionof ourself-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-spacealgorithms.Also, our self-
collision culling algorithmignorestouchingcontacts.Our pruning
algorithmachievesbestperformancewhentheobjectsarerendered
in a back-to-frontorder. Furthermore,the culling ef�ciency de-
pendson therelativeobjectcon�gurations,andthedepthcomplex-
ity of thescenealongtheview.

6 CONCL USI ONS AND FUTURE WORK

We have presentedan ef�cient GPU-basedcollision culling algo-
rithm for performinginter- andintra-objectcollisiondetection.Our
algorithm usesa novel visibility-basedclassi�cation to compute
potentiallycolliding andcollision-freesubsetsof geometricprim-
itives. The preliminarycomparisonsof our algorithmwith CUL-
LIDE indicateup to anorderof magnitudeimprovementin culling
ef�ciency for somescenarios.Thecollision computationsareper-
formeduptoimage-resolutionandcanbeimprovedto singlepreci-
sion�oating-point computationusingour recenttechniques[7].

Many avenuesexist for future research.It may be possibleto



usethe collision-freesetsfor pair-wise overlapcomputation.We
would like to extendthesealgorithmsfor otherproximity computa-
tions,includingdistanceandpenetrationdepthcomputation,aswell
asexploring thenew programmabilityfeaturesof GPUsto further
improve theperformanceof our algorithm.
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