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Figure 1: Treewith falling leaves: In this scene,leavesfall from thetreeandundergonon-rigid motion. Theycollidewith other leavesandbranches.The
environmentconsistsof morethan 40K trianglesand150 leaves.Our algorithm, FAR, cancomputeall thecollisionsin about35 msecper timestep.

ABSTRACT
We presenta reliableculling algorithmthatenablesfastandaccu-
ratecollision detectionbetweentriangulatedmodelsin a complex
environment.Our algorithmperformsfastvisibility querieson the
GPUsfor eliminatinga subsetof primitives that arenot in close
proximity. To overcometheaccuracy problemscausedby thelim-
ited viewport resolution,we computetheMinkowski sumof each
primitivewith a sphereandperformreliable2.5Doverlaptestsbe-
tweentheprimitives. We areableto achieve moreeffective colli-
sionculling ascomparedto prior object-spaceculling algorithms.
Weintegrateourculling algorithmwith CULLIDE [8] anduseit to
performreliableGPU-basedcollisionqueriesat interactiverateson
all typesof models,includingnon-manifoldgeometry, deformable
models,andbreakingobjects.

Categoriesand SubjectDescriptors
I.3.1[HardwareAr chitecture]: Graphicsprocessors;I.3.7[Thr ee-
DimensionalGraphics and Realism]: Visiblesurfacealgorithms,
animation,virtual reality; I.3.5 [Computational Geometry and
Object Modeling]: Geometricalgorithms
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1. INTRODUCTION
Graphicsprocessingunits (GPUs)have beenincreasinglyused

for collisionandproximitycomputations.GPUsarewell-optimized
for 3-D vectorandmatrix operations,andcomplex computations
on theframe-buffer pixel or imagedata.Differentalgorithmshave
exploitedthesecapabilitiesto computeinterferenceor overlapping
regionsor to cull away portionsof themodelsthatarenot in close
proximity. Most of thesealgorithmsinvolve no preprocessingand
thereforeapply to both rigid and deformablemodels. In many
cases,GPU-basedalgorithmscanoffer betterruntimeperformance
ascomparedto object-spacealgorithms.

GPU-basedcollision detectionalgorithms,however, often suf-
fer from limited precision.This is dueto theviewport resolution,
samplingerrors,anddepthprecisionerrors. For example,current
GPUsprovide a viewport resolutionof 2K � 2K pixels, which
is equivalent to about11 bits of �x ed-precisionarithmetic. The
low precisionandsamplingerrorscanresult in missedcollisions
betweentwo objects. In contrast,object-spacecollision detection
algorithmsareableto performmoreaccurateinterferencecompu-
tationsusingIEEE32 or 64-bit �oating arithmeticon theCPUs.
Main Results: We presenta simpleandef�cient algorithmFAR
for fastandreliablecollision culling betweentriangulatedmodels
in a largeenvironmentusingGPUs.We performvisibility queries
to eliminatea subsetof primitivesthat arenot in closeproximity,
therebyreducingthe numberof pairwiseteststhat areperformed
for exactproximity computation.Weshow thattheMinkowskisum
of eachprimitive with a sphereprovidesa conservative boundfor
performingreliable2.5D overlaptestsusingGPUs. Theradiusof



the sphereis a function of viewport resolutionand depthbuffer
precision.For eachgeometricprimitive (a collectionof triangles),
ouralgorithmcomputesatight boundingoffsetrepresentation.The
boundingoffsetrepresentationis aunionof object-orientedbound-
ing boxes(UOBB) whereeachOBB enclosesasingletriangle.Our
algorithmperformsvisibility queriesusingtheseUOBBsonGPUs
to rejectprimitivesthatarenot in closeproximity. Overall, our al-
gorithmguaranteesthatno collisionswill bemisseddueto limited
framebuffer precisionor quantizationerrorsduringrasterization.

Thekey advantagesof ourapproachare:

� More reliablecomputationsoverprior GPU-basedmethods;

� Moreeffectiveculling overexistingCPU-basedalgorithms;

� Broad applicability to non-manifoldgeometry, deformable
models,andbreakingobjects;

� Interactiveperformancewith nopreprocessingandlow mem-
ory overhead.

We have combinedour culling algorithmwith CULLIDE [8] to
performcollision detectionin complex environments. We utilize
the GPU for fastandreliablepruningof primitive pairsandper-
form exact interferencetestson the CPU. We have implemented
this collision culling algorithmon a PentiumIV PCwith NVIDIA
GeForceFX 5950card.Weareableto performinteractivecollision
detectionbetweencomplex objectscomposedof tensof thousands
of trianglesthatundergorigid andnon-rigidmotion,includingfrac-
turinganddeformation.

Organization: The rest of the paperis organizedin the follow-
ing manner. In Sec.2, we give a brief overview of relatedwork in
collision detection.We presentsuf�cient conditionsfor eliminat-
ing image-basedsamplingerrorsin Sec.3. In Sec.4, we present
detailsfor fastcomputationof boundingoffsetrepresentationsand
ourconservativeculling algorithm.Wedescribeits implementation
in Sec.5 andhighlight its performanceon differentenvironments.
Finally, we analyzeour algorithmanddescribesomeof its limita-
tionsin Sec.6.

2. RELATED WORK
The problem of collision detectionhas beenwell studiedfor

morethanthreedecades.Seerecentsurveys in [19] and[14] for an
overview. Prioralgorithmsfor collisiondetectionbetweentriangu-
latedmodelscanbeclassi�ed into threebroadcategories:object-
spaceculling, image-spaceintersectioncomputation,and hybrid
approaches.

Object-spaceculling: Most of the commonlyusedtechniquesto
acceleratecollision detectionbetweentwo objectsutilize spatial
datastructures,includingspatialpartitioningandboundingvolume
hierarchies.Someof thecommonlyusedboundingvolumehierar-
chiesincludesphere-trees[13,26],AABB-trees[5, 25],OBB-trees
[7, 4], k-DOP-trees[11, 17], etc.Theserepresentationsareusedto
cull away portionsof eachobject that arenot in closeproximity.
Typically, theserepresentationsarebuilt in a pre-processingstage
to accelerateruntimequeries.In practice,they work well for rigid
objects. However, the overheadof recomputingthe hierarchy on
the�y for deformablemodelscanbequitesigni�cant [2, 12].

Image-spaceinterfer encecomputation: Severalalgorithmshave
usedgraphicshardwarefor interferenceandcollisioncomputations
[2, 3, 9, 10, 12, 18, 23, 28, 29, 31]. Thesealgorithmsrequire
no preprocessing;they work well on commodityGPUs.However,
they have somelimitations. First, they candetecta collision up to

viewport resolution.Theaccuracy of collisiondetectionalsovaries
basedon the relative distancebetweenthe objects,i.e. collision
queriesare lessaccurateif the objectsareseparatedby distances
greaterthantheir averagesize. Second,mostof thesealgorithms
needto readbackthecoloror depthbuffer contentsfor furtherpro-
cessingandreadbackscanbeslow oncurrentgraphicssystems[18,
8]. Thereexistssoftwareimplementationsfor reliableinterference
detectionusingfat edgesandreadbackmultiple depthlayers[28],
but they work well only on sceneswith two objectsandfew con-
tacts. Also, [28] doesnot addressthe issueof aliasingin depth
buffer. This limitation is addressedin [27] andusedfor rendering
image-precisionsilhouetteedges.[27] fattentheback-facingpoly-
gonsfor renderingsilhouetteedges.Thefront-facingpolygonsare
not fattenedas the techniqueonly renders silhouetteedges. As
somepolygonsare not fattened,the techniquedescribedin [27]
maymissinterferencesdueto limited imageprecision.

Hybrid methods: Hybrid algorithmscombinesomeof the ben-
e�ts of the object-spaceandimage-spaceapproaches.Kim et al.
[16] computetheclosestdistancefrom apoint to theunionof con-
vex polytopesusing the GPU, re�ning the answeron the CPU.
Govindarajuet al. [8] useocclusionquerieson the GPU to cull
away objectsthat are not colliding with others. Heidelberger et
al. [10] computelayer depthimages(LDIs) on the GPU,usethe
LDIs for explicit computationof theintersectionvolumesbetween
two closedobjects,andperformvertex-in-volumetests.In all these
cases,GPU-basedtechniquesareusedtoacceleratetheoverallcom-
putation. However, viewport resolutiongovernsthe accuracy of
thesealgorithms.

3. RELIABLE CULLING USING GPUS
In this section,we presentour culling algorithmthat performs

visibility querieson GPUsandculls away primitivesthat arenot
in closeproximity. We alsoanalyzethesamplingproblemscaused
by limited viewport resolutionandpresentasuf�cient conditionto
performconservativeandreliableculling.

3.1 Overlap Tests

Figure 2: In this �gure, the objectsare not colliding. Using view1, we
determinea separatingsurfacewith unit depthcomplexityalong theview
and concludefrom the existenceof such a surface that the objectsare
not colliding. This is a suf�cient but not a necessarycondition. Observe
that in view 2, there doesnot exist a separatingsurfacewith unit depth
complexitybut theobjectsarenot interfering.

Interferencecomputationalgorithmsemploy GPUsto perform
either2D overlaptestsusingcolorandstencilbuffersor 2.5Dover-
lap testswith additionaldepthinformation.The2.5Doverlaptests
arelessconservativeandcanbeperformedusingocclusionqueries
oncurrentgraphicsprocessors[8].

Visibility-based overlap tests: Govindarajuet al. [8] perform
visibility computationsto checkwhethertwo primitives, P1 and



P2 , overlap. The approachchoosesa view directionand checks
whetherP1 is fully visible with respectto P2 alongthatdirection.
If P1 is fully visible thenthereexistsa separatingsurfacebetween
P1 andP2 . We call this the visibility-based-overlap (VO) query,
whichprovidesasuf�cient conditionthatthetwo primitivesdonot
overlapandis illustratedin Fig. 2. TheVO queryis performedef-
�ciently on GPUs.Usingthreeor lessmutuallyorthogonalortho-
graphicviews, many complex objectsthat are in closeproximity
(asshown in Fig. 2) canbepruned.However, dueto limited view-
port and framebuffer resolution,VO queriescanmisscollisions
andthis problemis typical of any GPU-basedinterferencedetec-
tion algorithm. Our goal is to develop reliableVO querieson the
GPUsfor ef�ciently pruningcomplex con�gurationsasshown in
Fig 2, withoutmissingany collisions.

CULLIDE: We now brie�y describeCULLIDE [8] which per-
forms VO queriesbetweenmultiple objectsand computesa po-
tentially colliding set (PCS)of objects. Given n objectsthat are
potentiallycolliding P1 ; :::; Pn , Govindarajuet al. [8] describea
linear time two-passrenderingalgorithmto test if an objectPi is
fully visible againsttheremainingobjects,alonga view direction.
The algorithm usesocclusionqueriesto test if an object is fully
visible or not. To testif anobjectP is fully visible againsta setof
objectsS, CULLIDE �rst rendersS into theframebuffer. Next, it
setsthedepthfunctionto GL GEQUAL anddisablesdepthwrites.
TheobjectP is renderedusinganocclusionquery. If thepixel pass
countreturnedby occlusionqueryis zero,thentheobjectP is fully
visible andtherefore,doesnot collide with S. Usingthis formula-
tion, Govindarajuet al. [8] pruneobjectsPi that do not overlap
with otherobjectsin theenvironment. Thealgorithmbeginswith
emptyframebuffer andproceedsin two passesasfollows:

In the�rst pass,CULLIDE rasterizestheprimitivesin theorder
P1 ; :::; Pn testingif they arefully visible. In this pass,if a primi-
tive Pi is fully visible, thenit doesnot intersectany of theobjects
P1 ; :::; Pi � 1 . In the secondpass,it performsthe sameoperations
but rendersthe primitives in the orderPn ; ::; P1 . In this pass,if
a primitive Pi is fully visible, thenit doesnot intersectany of the
objectsPn ; ::; Pi +1 . At theendof two passes,if aprimitive is fully
visible in boththepasses,theprimitive doesnot interferewith the
remainingprimitivesandis removedfrom thePCS.Theview direc-
tionsarechosenalongtheworld-spaceaxesandcollisionculling is
performedusingorthographicprojections.

3.2 SamplingErr ors
Wede�ne thenotationusedin therestof paperandtheissuesin

performinginterferencedetectiononGPUs.

Orthographic projection: LetA beanaxis,whereA 2 f X ; Y; Z g
and,Amin andAmax de�ne the lower andupperboundson P1

andP2 alongA'sdirectionin 3D. Let RES(A) de�ne theresolution
along an axis. The viewport resolutionof a GPU is RES(X ) �
RES(Y ) (e.g.211 � 211 ) andthedepthbuffer precisionis RES(Z)
(e.g.224 ).

Let O beanorthographicprojectionwith bounds
(X min ; X max ; Ymin ; Ymax ; Zmin ; Zmax ) on the 3D primitives.
The dimensionof the grid along an axis in 3D is given by dA

wheredA = A max � A min
RES( A ) . Rasterizationof a primitive underor-

thographicprojectionperformslinearinterpolationof thevertex co-
ordinatesof eachprimitive andmapseachpoint on a primitive to
the3D grid. This mappingis basedon samplingof a primitive at
�x edlocationsin thegrid. Whenwerasterizetheprimitivesto per-
form VO queries,many errorsarisedue to sampling. Thereare
threetypesof errors:
1. Projective and perspective aliasing errors: Theseerrorscan

result in someof the primitivesnot gettingrasterized.This error
mayresultin anincorrectanswerto theVO query.
2. Image sampling errors: We canmiss interferencesbetween
trianglesdueto samplingat the �x ed locations.In this case,each
triangle is sampledbut the intersectionsetof the trianglesis not
sampled(seeFig. 3).
3. Depth-buffer precision errors: If the distancebetweentwo
primitives is lessthan RES(Z), VO querymay not be able to ac-
curatelycomputewhetherone is fully visible with respectto the
other.

3.3 ReliableVO Queries
We can overcomethe errorsdescribedin Section3.2 by gen-

eratinga “f attened”representationT B for eachtriangle T . If a
triangleT interfereswith a setof primitivesS within a pixel, we
maymissinterferencesbecausethe triangleis inaccuratelyclassi-
�ed fully visibledueto thefollowing possibilities:

� Err or 1: a fragmentis not generatedwhenrasterizingT or
S.

� Err or 2: a fragmentis generatedbut doesnot samplethe
interferingpointswithin thepixel.

� Err or 3: a fragmentis generatedandsamplesthe interfer-
ing pointswithin a pixel but theprecisionof frameor depth
buffer is not suf�cient.

Theseerrorscorrespondto thethreetypesof errorsdiscussedin
Section3.2. Our approachsolvestheseproblemsusing“f attened”
representationsof trianglesthat

� Generatesat leasttwo fragmentsfor eachpixel touched1 by
a triangle.

� For eachpixel touchedby a triangle,thedepthof thecorre-
spondingtwo fragmentsboundthedepthof all pointsof the
trianglethatprojectinsidethepixel.

UsingaclosedfattenedrepresentationT B for eachtriangleT in
CULLIDE providesa suf�cient conditionfor eliminatingthesam-
pling andprecisionerrors.Supposetwo primitivesT1 andT2 inter-
sectatsomepointwithin apixel X thatmayormaynotbesampled.
ThenT B

1 is not fully visible with respectto T B
2 asrasterizationof

T B
1 generatestwo fragmentscorrespondingto X andat leastone

of thetwo fragmentsfails thedepthtest.Similarly, T B
2 is not fully

visible with respectto T B
1 . Therefore,neitherT1 nor T2 is pruned

from thePCS.In therestof thesection,we formally prove thatfor
agivenorthographicview, theMinkowski sumof aboundingcube
B centeredat the origin with T providesa conservative fattened
representationT B andeliminatessamplingor precisionerrorsir-
respective of thesamplingstrategy. Thesizeof theboundingcube
B is a function of the world spacepixel dimensionsandin prac-
tice, is very small. Therefore,P B is a very tight �t to theoriginal
geometricprimitiveP .

Our algorithmdoesnot make any assumptionsaboutsampling
theprimitiveswithin a pixel. We computeanaxis-alignedbound-
ing boxB with dimensionp wherep = max (2� dX ; 2� dY ; 2� dZ )
centeredat the origin. In practice,this boundmay be conserva-
tive. If a GPUusessomeuniform supersamplingalgorithmduring
rasterization,p canbe further reduced.For example,if the GPU
sampleseachpixel in thecenter, thenp canbereducedby half.

Let B beanaxis-alignedcubecenteredat theorigin with dimen-
sionp. Giventwo primitives,P1 andP2 , let Q bea point on their
1A pixel is touchedby a triangle if somepoint of the triangle
projectsinsidethepixel



Figure 3: Samplingerrors: Q is a point on the line of intersectionbe-
tween two triangles in 3D . The left �gure highlights its orthographic
projectionin the screenspace.The intersectionof two trianglesdoesnot
contain the centerof the pixel (C) and therefore,we can missa collision
betweenthetriangles.QB is theMinkowskisumof Q andanaxis-aligned
boundingbox (B ) centeredat theorigin with dimensionp. QB translates
B to thepoint Q. During rasterization,theprojectionof QB samplesthe
centerof pixel and generatesat leasttwo fragmentsthat boundthe depth
of Q.

line of intersection. We usethe conceptof Minkowski sumof a
primitive P with B , (P B = P � B ), which canbe de�ned as:
f p + b j p 2 P; b 2 B g. Next we show thatP � B canbeused
to performreliableVO queries.We �rst statetwo lemmasanduse
themto derive themainresultasa theorem.

Lemma 1: UnderorthographictransformationO, therasterization
of Minkowski sum QB = (Q � B), whereQ is a point in 3D
spacethat projectsinsidea pixel X , samplesX with at leasttwo
fragmentsboundingthedepthvalueof Q.
Proof: QB is a box centeredat Q and its projectioncovers the
centerof X asshown in Figure3. As a result,Q is sampledby the
rasterizationhardwareandtwo fragmentsthat boundthe depthof
Q aregenerated.2

Lemma 2: Givena primitive P1 andits Minkowski sumP B
1 = P1

� B. Let X bea pixel partly or fully coveredby theorthographic
projectionof P1 . Let us de�ne M IN-DEPTH(P1 ; X ) and MAX-
DEPTH(P1 ; X ) astheminimumandmaximumdepthvalueof the
pointsof P1 thatprojectinsideX , respectively. The rasterization
of P B

1 generatesat leasttwo fragmentswhosedepthvaluesbound
both M IN-DEPTH(P1 ,X) andMAX-DEPTH(P1 ,X) for eachpixel
X.
Proof: The proof follows from Lemma1. This lemmaindicates
thatat leasttwo fragmentsaregeneratedafterrasterizingP B

1 such
thattheirdepthvaluesprovidelowerandupperboundsto thedepth
of all pointsof P1 thatprojectinsideX . This resultholdsirrespec-
tiveof projectiveor perspectiveerrors. 2

Theorem 1: Given the Minkowski sum of two primitives with
B, P B

1 and P B
2 . If P1 and P2 overlap, then a rasterizationof

their Minkowski sumsunderorthographicprojectionoverlapsin
theviewport.
Proof: Let P1 and P2 intersectat a point Q inside a pixel X.
Basedon Lemma2, we cangenerateat leasttwo fragmentsras-
terizing P B

1 and P B
2 . Thesefragmentsboundall the 3D points

of P1 andP2 thatprojectinsideX. Showing that thepairs(M IN-
DEPTH(P1 , X), MAX-DEPTH(P1 ,X)) and (M IN-DEPTH(P2 , X),
MAX-DEPTH(P2 ,X)) overlap is suf�cient. This observation fol-
lowstrivially asM IN-DEPTH(P1 , X) � Depth(Q), M IN-DEPTH(P2 ,
X) � Depth(Q) andMAX(P1 , X) � Depth(Q), MAX(P2 , X) �
Depth(Q). 2

3.4 Collision Culling
A corollaryof Theorem1 is that if P B

1 andP B
2 do not overlap,

thenP1 andP2 do not overlap. In practice,this testcanbe con-
servative, but it won't missany collisionsbecauseof viewport or
depthresolution.However, theMinkowski sums,P B

1 andP B
2 , are

only usefulwhentheprimitivesareprojectedalongtheZ-axis. To
generatea view-independentbound,we computethe Minkowski
sumof a primitive P with a sphereS of radius

p
3p=2 centeredat

theorigin. TheMinkowski sumof a primitive with a sphereis the
sameastheoffsetof thatprimitive.

4. INTERA CTIVE COLLISION DETECTION
In this section,we presentour reliable collision culling algo-

rithm. We �rst describea boundingoffset representationfor each
primitive andintegrateit with CULLIDE for interactive collision
detection.

4.1 Bounding Offset Representations
In orderto overcomesamplingerrors,we usea boundingoffset

for eachprimitiveasimpliedbyTheoremI. Ourcollisioncullingal-
gorithmrendersboundingoffsetrepresentationsto cull awayprim-
itivesthatarenot in closeproximity. Severalchoicesarepossible
for computingboundingoffsetsandthey trade-off tightnessof �t
with therenderingcost.

� Exact Offsets: The boundaryof an exact offset of a trian-
gle consistsof piecewise linear and sphericalsurfaces. In
particular, the Minkowski sumof a triangleT anda sphere
S centeredat the origin is the union of threeedgealigned
cylindersof thicknessRadius(S), threespheresS centered
attheverticesandtwo triangles.Thetwo trianglesareshifted
alongthenormalof theoriginal triangleby theRadius(S).
Theexactoffsetis thetightest�tting volumethatcanberen-
deredusing graphicsprocessorsensuringreliable interfer-
encecomputation.Using fragmentprograms,it is possible
to rendertheexactoffsetrepresentationfor eachtrianglebut
canberelatively expensive.

� Bounded Exact Offsets: Another possibility is to tightly
boundtheexactoffsetsusingthreeedgeaxisalignedbound-
ing boxeseachboundingacylinderandasphere.Thisrepre-
sentationis a tighter�t andreplaceseachtrianglewith three
boundingboxes and two triangles,thus generating30 ver-
tices. In our implementation,we observed that the tight �t
providesbetterculling but is vertex-transformlimited.

� Union of Object-oriented Bounding Boxes(UOBBs): A
tight-�tting conservativeboundingrepresentationfor aprim-
itive is a union of object-orientedboundingboxes (OBBs)
whereeachOBB enclosesa singletriangleof theprimitive.
Givena triangleT, we computethetightest�tting rectangle
R thatenclosesT; oneof its axesis alignedwith thelongest
edgeof the triangle. We computetheOBB for a triangleas
theMinkowski sumof B andR, whereB is a locally axis-
alignedboundingcubeof width D iameter (S). The width
of theOBB, alonga dimensionorthogonalto theplanecon-
tainingR, is setequalto

p
3p. Theboundingoffsetof a tri-

angulatedobjectis theunionof OBBsof eachtriangle(see
Fig. 4). We renderthis boundingoffset by renderingeach
OBB separatelyandperformVO queries.In practice,this is
a very tight boundingvolumefor anobject,ascomparedto
usingasinglesphere,AABB (axis-alignedboundingbox)or
anOBB thatenclosestheentireobject.

Our algorithmusesUOBBs asboundingoffset representations
asshown in Fig. 4 for reliablecollision culling. Thecomputation
of anOBB for atrianglerequires24multiplications,41additions,6
divisionsand2 comparisonoperations.Furtheroptimizationssuch
assharededgesbetweenadjacenttrianglescanbe usedto reduce



thenumberof operations.Alternatively, othertight boundingvol-
umessuchastriangularprismscouldbeused.However, they can
beexpensive to computeascomparedto OBBsandaremorecon-
servative for long,skinny triangles.In particular, computationof a
triangularprism involves48 multiplications,51 additions,9 divi-
sionoperations.

Figure4: This imageshowsan objectwith threetrianglesandits bound-
ing offsetrepresentation(UOBB) in wireframe.TheUOBB is represented
as the union of OBBsof each triangle. In practice,this boundingoffset
is a tight �tting boundingvolumeandusedfor culling.

4.2 Algorithm
We have integratedour culling algorithm with CULLIDE [8]

to performreliablecollision detectionbetweenobjectsin a com-
plex environment. As describedin section3, CULLIDE usesVO
queriesto perform collision culling on GPUs. We extend CUL-
LIDE to performreliablecollision culling on GPUsby usingreli-
ableVO queriesdescribedabove. For eachprimitive in the PCS,
wecomputeits boundingoffset(i.e. unionof OBBs)representation
andusetheboundingoffsetrepresentationsin CULLIDE to testif
theprimitivesbelongto PCSor not.

Our collision detectionalgorithm,FAR, proceedsin threesteps.
First we computethePCSat theobjectlevel. We usesweep-and-
prune[6] onthePCSto computetheoverlappingpairsat theobject
level. Next we computethe PCSat the sub-objectlevel and the
overlappingpairs. Finally, we performexact interferencetestsbe-
tweenthetriangleson theCPU[21].

4.2.1 Optimizations
We have implementedseveral optimizationsin our algorithm.

Boundingoffset representationsgeneratenearlytwice theamount
of �ll in comparisonto the original geometricprimitives. As the
offsetrepresentationfor eachtriangleis closed,we canreducethe
�ll requirementsfor ouralgorithmby afactorof two by usingface-
culling. In our optimizedalgorithm,we cull front faceswhile ren-
deringtheoffsetrepresentationswith occlusionqueriesandwecull
backfaceswhile renderingthe offset representationsto the frame
buffer. Theseoperationscanbeperformedef�ciently usingback-
faceculling on graphicshardware. We alsoreducethenumberof
occlusionqueriesin the secondpassof our algorithm by testing
only thoseprimitiveswhoseoffsetrepresentationsarefully visible
in �rst pass.
Thepseudo-codefor ouroptimizedalgorithmis givenbelow:

� First pass:

1. Clear thedepthbuffer (useorthographicprojection)

2. For each objectPi , i = 1; ::; n

– Disablethedepthmaskandsetthedepthfunction
to GL GEQUAL.

– Enableback-faceculling to cull front faces.
– For each sub-objectT i

k in Pi

Renderoffset representationof T i
k using

anocclusionquery
– Enablethedepthmaskandsetthedepthfunction

to GL LEQUAL.
– Enableback-faceculling to cull back faces.
– For each sub-objectT i

k in Pi

Renderoffsetrepresentationof T i
k

3. For each objectPi , i = 1; ::; n

– For each sub-objectT i
k in Pi

Testif T i
k is not visiblewith respectto the

depthbuffer. If it is notvisible, seta tag to
noteit asfully visible.

� Secondpass:

SameasFirstpass,exceptthat thetwo “For each
object” loops are run with i = n; ::; 1 and we
performocclusionqueriesonly if theprimitive is
fully visiblein �r st pass.

4.3 LocalizedDistanceCulling
Many algorithmsaim to computeall pairsof objectswhosesep-

arationdistanceis lessthana constantdistanceD . In this case,
we modify GPU-basedculling algorithmsto cull away primitives
whoseseparationdistanceis more than D . Given a distanced,
our goal is to prunetrianglesfurtherthand. We caneasilymodify
the culling algorithmpresentedabove to performthis query. We
computethe offset of eachprimitive by usinga sphereof radius
D
2 +

p
3p
2 , rasterizetheseoffsetsandpruneaway asubsetof prim-

itiveswhoseseparationdistanceis morethanD .

4.4 Accuracy
We performreliableVO queriesby renderingtheboundingoff-

setsof primitives. TheoremI guaranteesthat we won't missany
collisionsdue to the viewport resolutionor samplingerrors. We
performorthographicprojectionsasopposedto perspectiveprojec-
tions. Further, the rasterizationof a primitive involves linear in-
terpolationalongall thedimensions.As a result,the rasterization
of the boundingoffsetsguaranteesthat we won't missany colli-
sion due to depth-buffer precision. If the distancebetweentwo
primitivesis lessthanthedepthbuffer precision, 1

RES( Z )
, thenVO

queryontheiroffsetswill alwaysreturnthemasoverlapping.Con-
sequently, theaccuracy of theculling algorithmis governedby the
accuracy of the hardwareusedfor performingvertex transforma-
tionsandmappingto the3D grid. For example,many of thecur-
rentGPUsuseIEEE32-bit �oating pointhardwaretoperformthese
computations.

5. IMPLEMENT ATION
Wehave implementedFAR onaDell precisionworkstationwith

a 2:8 GHz Xeonprocessor, 1 GB of mainmemory, anda NVIDIA
GeForceFX 5950Ultra graphicscard. We usea viewport resolu-
tion of 1400� 1400to performall thecomputations.We improve
therenderingthroughputby usingvertex arraysanduse
GL NV occlusionqueryto performthevisibility queries.

5.1 Benchmarks
We have testedour algorithmon threecomplex scenesandhave

comparedits culling performanceand accuracy with someprior



Figure5: Breakingobjectscene:In this simulation,thebunny modelfalls on thedragonwhich eventuallybreaksinto hundredsof pieces.FAR computes
collisionsamongthenewpiecesof small objectsintroducedinto theenvironmentand takes30 to 60 msecper frame.

approaches.

Dynamically generatedbreakingobjects: Thesceneconsistsof a
dragonmodelinitially with 112K polygons,andabunny with 35K
polygons,asshown in Fig. 5. In this simulation,the bunny falls
on thedragon,causingthedragonto breakinto many piecesover
the courseof the simulation. Eachpieceis treatedasa separate
objectfor collision detection.Eventuallyhundredsof new objects
areintroducedinto theenvironment.We performcollision culling
to computewhichobjectpairsarein closeproximity. It takesabout
35 msectowards the beginning of the simulation,and about50
msecat the endwhenthenumberof objectsin thesceneis much
higher.

Figure 6: Relative culling performance on breaking objectsscene:
This graph highlights the improved culling performance of our algo-
rithm ascomparedto a CPU-basedculling algorithm (I-COLLIDE) that
usesAABBs(axis-alignedboundingboxes)to cull awaynon-overlapping
pairs. FAR reports6:9 timesfewer pairsover theentiresimulation.

Wecomparedthecullingperformanceof ourGPU-basedreliable
culling algorithmwith an implementationof thesweep-and-prune
algorithmavailable in I-COLLIDE [6]. The sweep-and-pruneal-
gorithmcomputesanaxis-alignedboundingbox (AABB) for each
object in the sceneandchecksall the AABBs for pairwiseover-
laps.Fig.6 showsthecomparisonbetweentheculling ef�ciency of
AABB-basedalgorithmvs. FAR. Overall, FAR returns6:9 times
fewer overlappingpairs. This reductionoccursmainly because
FAR usesmuchtighterboundingvolumes,i.e. theunionof OBBs
for an objectascomparedto an AABB and is able to cull away
moreprimitivepairs.

Interfer encecomputationbetweencomplexmodels: In thisscene,
wecomputeall theoverlappingtrianglespairsbetweena68K trian-
glesbunny that is moving with respectto anotherbunny, alsowith
68K triangles. The bunniesaredeeplypenetratingandthe inter-

sectionboundaryconsistsof 2; 000� 4; 000 trianglepairs. In this
case,the accuracy of FAR equalsthat of a CPU-basedalgorithm
using32-bit IEEE�oating pointarithmetic.In contrast,CULLIDE
missesa numberof overlappingpairswhile usinga viewport reso-
lution of 1; 400 � 1; 400. Theintersectionsetscomputedby FAR
andCULLIDE areshown in Fig. 7.

Multiple objects with non-rigid motion: This sceneconsistsof
a non-rigidsimulationin which leavesfall from thetree,asshown
in Fig. 1. We computecollisionsamongtheleavesof thetreeand
amongtheleavesandbranchesof thetree.Eachleaf is represented
using156 trianglesandthecompleteenvironmentconsistsof 40K
triangles.Theaveragecollision detectiontime is 35 msecpertime
step.

5.2 Comparisonwith Other Approaches
We have comparedour algorithmwith a CPU-basedimplemen-

tationSOLID [30] on theenvironmentwith dynamicallygenerated
breakingobjects. SOLID is a publicly available library that uses
pre-computedAABB-treesfor collision culling. As theobjectsin
our scenearedynamicallygeneratedandthe topologyof existing
objects(eg. dragon)change,we needto dynamicallycomputethe
hierarchies.Moreover, asthehierarchiesarerecomputed,thereis
an additionaloverheadof allocatinganddeallocatingmemoryin
SOLID. Ignoringtheoverheadduetomemory, weobservedthatthe
pre-computationof data-structuresfor SOLID require100 � 176
msper frame. Thesetimingsdo not includethepruningtime. On
thecontrary, weareableto computeall collisionswithin 50ms(in-
cludingUOBB computationtimeandpruningtime).

We have alsocomparedour algorithmwith an optimizedGPU
implementationof CULLIDE. Our implementationrunsnearly3
timesslower dueto theoverheadof rasterizingboundingboxesin-
steadof triangles.However, asshown in Fig. 7, CULLIDE misses
severalinterferencesandmayleadto inaccuratesimulations.

6. ANALYSIS AND LIMIT ATIONS
Threekey issuesexist relatedto the performanceof conserva-

tive collision culling algorithms: ef�ciency, level of culling, and
precision.

Ef�ciency: Threefactorsgoverntherunningtimeof ouralgorithm:
boundingoffset computation,renderingthe boundingoffsetsand
occlusionqueries.Thecostof computingtheOBBsfor eachprim-
itive is very small. The costof renderingthe OBBs on the GPUs
is mainly governedby the transformations.In our currentimple-
mentation,we have achievedrenderingratesof 40M trianglesper
second.Finally, our algorithmusesocclusionqueriesto perform



(a) Interferencecomputationon twobunnies (b) Intersection curve com-
putedby CULLIDE

(c) Intersection curve com-
putedby FAR

Figure 7: Reliableinterferencecomputation: This imagehighlights the intersectionsetbetweentwo bunnies,each with 68K triangles (shown in Fig
7(a)). Fig. 7(c) shows the output of FAR and Fig. 7(b) highlights the output of CULLIDE running at a resolutionof 1400 � 1400. CULLIDE misses
manycollisionsdueto theviewportresolutionandsamplingerrors.

VO queries.Thesequeriescanbe�ll boundfor largeobjects.The
currentimplementationof thesequeriesis not optimized,yet we
areable to perform1:2 million queriesper second. FAR is able
to computeall thecollisionsbetweenmodelscomposedof tensof
thousandsof primitivesat interactive rates.In morecomplex envi-
ronments(e.g.with millions of triangles),renderingandocclusion
queriescanbecomeabottleneck.However, giventhegrowth rateof
GPUperformance(at a ratefasterthanMoore's law) andincreas-
ing bus bandwidthbasedon PCI-X, we expectthat our algorithm
canhandlemorecomplex modelsin thenearfuture.

Culling: Theeffectivenessof mostcollision detectionalgorithms
dependson how ef�ciently they cancull away the primitivesthat
arenot in closeproximity. FAR usesunion of OBBs as the un-
derlyingboundingvolumeandis lessconservative ascomparedto
CPU basedalgorithmsthat useAABBs or spheresto boundthe
primitives(seeFig. 6).

Precision: Our culling algorithmis conservative andits precision
is governedby thatof theVO queries.Theaccuracy of theculling
algorithmis equivalentto thatof the �oating point hardware(e.g.
32-bit IEEE �oating point) insidetheGPUsusedto performtrans-
formationsand rasterization. The precisionis not governedby
viewport resolutionor depth-buffer precision.

7. CONCLUSIONS AND FUTURE WORK
In this paper, we have presenteda reliableGPU-basedcollision

culling algorithm. We useboundingoffsetsof the primitives to
performvisibility-based2.5Dqueriesandcull awayprimitivesthat
arenot in closeproximity. Our new algorithmovercomesa ma-
jor limitation of earlierGPU-basedcollision detectionalgorithms
andis ableto performreliableinterferencequeries.Furthermore,
the culling ef�ciency of our algorithm is higher as comparedto

prior CPU-basedalgorithmsthat useAABBs or spheresfor colli-
sionculling. Moreover, theculling ef�ciency andperformancecan
besigni�cantly enhancedby usingQuick-CULLIDE[24]. Wehave
demonstratedits performancein complex scenarioswhereobjects
undergo rigid andnon-rigidmotion.

DesirableHardware Features: We proposea simplearchitecture
for thegraphicspipelineto acceleratetheperformanceof ouralgo-
rithm. Themodi�ed architecturerequiresthefollowing character-
istics:

� Precision: In order to obtain �oating point precision,the
graphicspipelineshouldsupport�oating pointdepthbuffers.
However, it is importantto notethat theviewport resolution
is mainly responsiblefor thesamplingerrorsthanthedepth
bufferprecision.Therefore,�oating pointdepthbuffersalone
cannotsolve thesamplingproblem.

� Rasterization Rules: We seta statein which the following
rasterizationrulesareused.Theserulesareusedto overcome
theviewport resolutionproblems.

– A fragmentis generatedfor eachpixel that a triangle
touches.

– For eachpixel, depthis computedatall thefour corner
samplesof the rectangularpixel. A depthsetfunction
is appliedonto the four depthsamplesandoneof the
four valuesis outputasthedepthof currentfragment.
Thedepthsetfunctioncouldeitherbef max,ming and
is speci�edasastatebeforerasterizingaprimitive. The
functionmaxcomputesthemaximumvalueof thefour
depthsamplesandmincomputestheminimumvalueof
thefour depthsamples.

The above rulesaresuf�cient to designan algorithmensuring
�oating pointprecisionfor interferencecomputations.In thepseudo-



codedescribedin section4.2.1,while renderinga primitive to the
framebuffer, we set the depthset function to min alongwith the
depthfunctionGL LEQUAL. This operationensuresthat for each
pixel touchedby a primitive, we computethe minimum depthof
all pointsof theprimitive thatprojectontothepixel. While testing
the fully visible statusof a primitive, the depthsetfunction is set
to max. This operationensuresthatwe testif themaximumdepth
of all pointsof aprimitive thatprojectontothepixel is fully visible
or not. It is easyto seethat thesetwo operationscanbe usedto
conservatively test if a primitive interfereswith anotherprimitive
or not.

Most graphicshardwareimplementationsinvolve tile-basedras-
terization[1, 15,20,22]. All thepixelscoveredby a primitive and
within a tiled region, saya region consistingof 4 � 4 pixels are
computedbeforemoving to thenext tile. As adjacentpixelsshare
commonsamplepoints,it ispossibletodesignasimplearchitecture
computingthe depthat a samplepoint, sayleft cornerof a pixel,
anddepthvaluesat thesamplescoveringthetop andright corners
of atile. A simplehardwarecanbeusedto computethemaxor min
valuesof thesefragmentsin a tile andoutputthesampledepths.

Theproposedimplementationrequiresthecomputationof more
samplesthantheactualnumberof samplesin normalrasterization
pipeline. However, theoverheadof this computationcanbemini-
mizedby usingadditionalhardware.

In termsof futurework,wewouldliketo developreliableandac-
curateGPU-basedgeometricalgorithmsfor otherproximityqueries
suchaspenetrationanddistancecomputation,aswell asvisibility
andshadow computations.
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