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Figure 1: Treewith falling leawes: In this scene)eawesfall from the treeand undergonon-rigid motion. Theycollide with otherleavesand branches.The
environmentconsistsof morethan 40K trianglesand 150 leawes. Our algorithm, FAR, can computeall the collisionsin about35 msecpertime step.

ABSTRACT

We presentreliableculling algorithmthatenablefastandaccu-
rate collision detectionbetweentriangulatedmodelsin a comple
ervironment.Our algorithmperformsfastvisibility querieson the
GPUsfor eliminatinga subsetof primitivesthat arenot in close
proximity. To overcometheaccurag problemscausedy thelim-
ited viewport resolution,we computethe Minkowski sumof each
primitive with a sphereandperformreliable2.5D overlaptestsbe-
tweenthe primitives. We areableto achieze more effective colli-
sion culling ascomparedo prior object-spaceulling algorithms.
We integrateour culling algorithmwith CULLIDE [8] anduseit to
performreliableGPU-basedollision queriesatinteractive rateson
all typesof models,includingnon-manifoldgeometrydeformable
models,andbreakingobjects.

Categoriesand Subject Descriptors

I.3.1[HardwareAr chitecture]: Graphicgprocessord;3.7[Three-
Dimensional Graphics and Realism: Visible surfacealgorithms,
animation, virtual reality; 1.3.5 [Computational Geometry and

Object Modeling]: Geometricalgorithms
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1. INTRODUCTION

Graphicsprocessingunits (GPUs)have beenincreasinglyused
for collisionandproximity computationsGPUsarewell-optimized
for 3-D vectorand matrix operationsand comple« computations
ontheframe-tuffer pixel or imagedata.Differentalgorithmshave
exploitedthesecapabilitieso computeinterferenceor overlapping
regionsor to cull away portionsof the modelsthatarenotin close
proximity. Most of thesealgorithmsinvolve no preprocessingnd
thereforeapply to both rigid and deformablemodels. In mary
casesGPU-basealgorithmscanoffer betterruntimeperformance
ascomparedo object-spacalgorithms.

GPU-basedollision detectionalgorithms,however, often suf-
fer from limited precision. This is dueto the viewport resolution,
samplingerrors,and depthprecisionerrors. For example,current
GPUsprovide a viewport resolutionof 2K~ 2K pixels, which
is equivalentto about11 bits of x ed-precisionarithmetic. The
low precisionand samplingerrorscanresultin missedcollisions
betweentwo objects. In contrast,object-spaceollision detection
algorithmsareableto performmoreaccuratenterferencecompu-
tationsusinglEEE 32 or 64-bit oating arithmeticonthe CPUs.
Main Results: We presenta simple and ef cient algorithm FAR
for fastandreliablecollision culling betweertriangulatedmodels
in alarge ervironmentusing GPUs. We performvisibility queries
to eliminatea subsetof primitivesthatarenotin closeproximity,
therebyreducingthe numberof pairwiseteststhat are performed
for exactproximity computation We shav thatthe Minkowskisum
of eachprimitive with a sphereprovidesa conserative boundfor
performingreliable2.5D overlaptestsusing GPUs. The radiusof



the sphereis a function of viewport resolutionand depth buffer
precision.For eachgeometricprimitive (a collectionof triangles),
ouralgorithmcomputesatight boundingoffsetrepresentatioriThe
boundingoffsetrepresentatiois a unionof object-orientedound-
ing boxes(UOBB) whereeachOBB encloses singletriangle.Our
algorithmperformsvisibility queriesusingtheseUOBBson GPUs
to rejectprimitivesthatarenotin closeproximity. Overall, our al-
gorithmguaranteethatno collisionswill be misseddueto limited
framehuffer precisionor quantizatiorerrorsduringrasterization.
Thekey advantage®f our approactare:

More reliablecomputation®ver prior GPU-basednethods;
More effective culling over existing CPU-basedlgorithms;

Broad applicability to non-manifoldgeometry deformable
models,andbreakingobjects;

Interactve performancevith nopreprocessingndlow mem-
ory overhead.

We have combinedour culling algorithmwith CULLIDE [8] to
perform collision detectionin complex ervironments. We utilize
the GPU for fastandreliable pruning of primitive pairs and per
form exact interferencetestson the CPU. We have implemented
this collision culling algorithmon a PentiumlV PCwith NVIDIA
GeForceFX 5950card. We areableto performinteractie collision
detectiorbetweercomplex objectscomposedf tensof thousands
of trianglesthatundepgorigid andnon-rigidmotion,includingfrac-
turing anddeformation.

Organization: The restof the paperis organizedin the follow-

ing manner In Sec.2, we give a brief overview of relatedwork in

collision detection. We presentsufcient conditionsfor eliminat-
ing image-basedamplingerrorsin Sec.3. In Sec.4, we present
detailsfor fastcomputatiorof boundingoffsetrepresentationand
our conserative culling algorithm.We describéts implementation
in Sec.5 andhighlight its performanceon differenternvironments.
Finally, we analyzeour algorithmanddescribesomeof its limita-

tionsin Sec.6.

2. RELATED WORK

The problem of collision detectionhas beenwell studiedfor
morethanthreedecadesSeerecentsuneysin [19] and[14] for an
overview. Prioralgorithmsfor collision detectiorbetweertriangu-
latedmodelscanbe classi ed into threebroadcateyories: object-
spaceculling, image-spacentersectioncomputation,and hybrid
approaches.

Object-spaceculling: Most of the commonlyusedtechniquego

acceleratecollision detectionbetweentwo objectsutilize spatial
datastructuresincludingspatialpartitioningandboundingvolume
hierarchies Someof the commonlyusedboundingvolumehierar

chiesincludesphere-treefl 3, 26], AABB-trees|[5, 25], OBB-trees
[7, 4], k-DOP-treeq11, 17], etc. Theserepresentationareusedto

cull away portionsof eachobjectthat arenot in closeproximity.

Typically, theserepresentationarebuilt in a pre-processingtage
to accelerateuntimequeries.In practice they work well for rigid

objects. However, the overheadof recomputingthe hierarcly on

the y for deformablamodelscanbe quitesigni cant [2, 12].

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

viewportresolution.Theaccurag of collisiondetectioralsovaries
basedon the relative distancebetweenthe objects,i.e. collision
gueriesare lessaccuratef the objectsare separatedy distances
greaterthantheir averagesize. Secondmostof thesealgorithms
needto readbackthecolor or depthbuffer contentdor furtherpro-
cessingandreadbacksanbeslow on currentgraphicssystemg18,
8]. Thereexists softwareimplementationgor reliableinterference
detectionusingfat edgesandreadbackmultiple depthlayers[28],
but they work well only on sceneswith two objectsandfew con-
tacts. Also, [28] doesnot addresghe issueof aliasingin depth
buffer. This limitation is addresse¢h [27] andusedfor rendering
image-precisiorsilnouetteedges|[27] fattenthe back-facingpoly-
gonsfor renderingsilhouetteedges.Thefront-facingpolygonsare
not fattenedas the techniqueonly rendes silhouetteedges. As
somepolygonsare not fattened,the techniquedescribedin [27]
may missinterferenceslueto limited imageprecision.

Hybrid methods: Hybrid algorithmscombinesomeof the ben-
e ts of the object-spacandimage-spaceapproachesKim et al.

[16] computethe closestdistancerom a pointto the unionof 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. Heidelbeger et
al. [10] computelayer depthimages(LDIs) on the GPU, usethe
LDlIs for explicit computatiorof the intersectionvolumesbetween
two closedobjects.andperformvertex-in-volumetests.In all these
casesGPU-basedechniquesreusedo acceleratéheoverallcom-
putation. However, viewport resolutiongovernsthe accurag of

thesealgorithms.

3. RELIABLE CULLING USING GPUS

In this section,we presentour culling algorithmthat performs
visibility querieson GPUsand culls away primitivesthat are not
in closeproximity. We alsoanalyzethe samplingproblemscaused
by limited viewport resolutionandpresent sufcient conditionto
performconserative andreliableculling.

3.1 Overlap Tests

Figure 2: In this gure, the objectsare not colliding. Using view 1, we
determinea separatingsurfacewith unit depthcomplexityalong the view
and concludefrom the existenceof such a surfacethat the objectsare
not colliding. This is a sufcient but not a necessarycondition. Obsere
that in view 2, there doesnot exista separatingsurfacewith unit depth
complexitybut the objectsare not interfering.

Interferencecomputationalgorithmsemploy GPUsto perform
either2D overlaptestsusingcolorandstencilbuffersor 2.5D over-
lap testswith additionaldepthinformation. The 2.5D overlaptests
arelessconserative andcanbe performedusingocclusionqueries
on currentgraphicgprocessor§s].

Visibility-based overlap tests: Govindarajuet al. [8] perform
visibility computationgo checkwhethertwo primitives, P; and



P,, overlap. The approachchooses view directionand checks
whetherP; is fully visible with respecto P, alongthatdirection.
If Py isfully visible thenthereexistsa separatingurfacebetween
P1 andP,. We call this the visibility-based-werlap (VO) query

which providesa sufcient conditionthatthetwo primitivesdo not

overlapandis illustratedin Fig. 2. TheVVO queryis performedef-

ciently on GPUs. Usingthreeor lessmutually orthogonalortho-
graphicviews, mary complex objectsthatarein closeproximity

(asshowvnin Fig. 2) canbe pruned.However, dueto limited view-

port and frame buffer resolution,VO queriescan miss collisions
andthis problemis typical of ary GPU-basednterferencedetec-
tion algorithm. Our goalis to developreliable VO querieson the
GPUsfor ef ciently pruningcomplex con gurationsasshawn in

Fig 2, without missingary collisions.

CULLIDE: We now briey describeCULLIDE [8] which per

forms VO queriesbetweenmultiple objectsand computesa po-
tentially colliding set (PCS)of objects. Given n objectsthat are
potentially colliding Py ; :::; Pn, Govindarajuet al. [8] describea
linear time two-passrenderingalgorithmto testif anobjectP; is
fully visible againstthe remainingobjects,alonga view direction.
The algorithm usesocclusionqueriesto testif an objectis fully

visible or not. To testif anobjectP is fully visible againsta setof

objectsS, CULLIDE rst rendersS into theframebuffer. Next, it

setsthe depthfunctionto GL_.GEQUAL anddisablesdepthwrites.
TheobjectP isrenderedusinganocclusionquery If thepixel pass
countreturnedby occlusionqueryis zero,thentheobjectP is fully

visible andtherefore doesnot collide with S. Usingthis formula-
tion, Govindarajuet al. [8] pruneobjectsP; thatdo not overlap
with otherobjectsin the ervironment. The algorithmbegins with

emptyframebuffer andproceedsn two passessfollows:

In the rst pass,CULLIDE rasterizeghe primitivesin the order
P1;:::; Py testingif they arefully visible. In this pass,if a primi-
tive P; is fully visible, thenit doesnotintersectary of the objects
P1;::; Pi 1. In the secondpassiit performsthe sameoperations
but rendersthe primitivesin the order Py ; ::; P1. In this pass,if
a primitive P; is fully visible, thenit doesnotintersectary of the
objectsPy ; :;; Pi+1 . At theendof two passesf a primitiveis fully
visible in boththe passesthe primitive doesnot interferewith the
remainingprimitivesandis remosedfrom thePCS.Theview direc-
tionsarechoseralongtheworld-spaceaxesandcollision culling is
performedusingorthographigrojections.

3.2 Sampling Err ors

We de ne thenotationusedin therestof paperandtheissuesn
performinginterferencaletectionon GPUs.

Orthographic projection: LetA beanaxis,whereA 2 fX;Y;Zg
and, A pin and Amax de ne the lower and upperboundson Py
andP, alongA'sdirectionin 3D. Let RES(A) de ne theresolution
along an axis. The viewport resolutionof a GPU is RES(X )
ReS(Y) (e.g.2**  2'') andthedepthbuffer precisionis RES(Z)
(e.g.2%%).

Let O beanorthographigrojectionwith bounds
(Xmin ; Xmax ; Ymin ; Ymax ;Zmin ; Zmax ) On the 3D primitives.
The dimensionof the grid along an axis in 3D is given by da
whered, = Amec_fmn_. Rasterizatiorof a primitive underor-
thographigrojectionperformdinearinterpolatiorof thevertex co-
ordinatesof eachprimitive and mapseachpoint on a primitive to
the 3D grid. This mappingis basedon samplingof a primitive at
x edlocationsin thegrid. Whenwe rasterizethe primitivesto per
form VO queries,mary errorsarisedueto sampling. Thereare
threetypesof errors:
1. Projective and perspectve aliasing errors: Theseerrorscan

resultin someof the primitives not gettingrasterized.This error
mayresultin anincorrectanswero the VO query

2. Image sampling errors: We can missinterferencedetween
trianglesdueto samplingat the x edlocations.In this case.each
triangleis sampledbut the intersectionset of the trianglesis not
sampledseeFig. 3).

3. Depth-buffer precisionerrors: If the distancebetweentwo
primitivesis lessthan RES(Z), VO query may not be ableto ac-
curatelycomputewhetheroneis fully visible with respectto the
other

3.3 Reliable VO Queries

We can overcomethe errorsdescribedin Section3.2 by gen-
eratinga “fattened’representatio © for eachtriangleT. If a
triangle T interfereswith a setof primitivesS within a pixel, we
may missinterferencedecausehe triangleis inaccuratelyclassi-
ed fully visible dueto thefollowing possibilities:

Error 1: afragmentis notgeneratedvhenrasterizingT or
S.

Error 2: afragmentis generatedut doesnot samplethe
interferingpointswithin the pixel.

Error 3: afragmentis generatechind sampleghe interfer
ing pointswithin a pixel but the precisionof frameor depth
buffer is not suf cient.

Theseerrorscorrespondo the threetypesof errorsdiscussedn
Section3.2. Our approactsolvestheseproblemsusing“f attened”
representationsf trianglesthat

Generatest leasttwo fragmentsfor eachpixel touched" by
atriangle.

For eachpixel touchedby a triangle,the depthof the corre-
spondingtwo fragmentsboundthe depthof all pointsof the
trianglethatprojectinsidethe pixel.

Usingaclosedfattenedepresentatioft ® for eachtriangleT in
CULLIDE providesasufcient conditionfor eliminatingthe sam-
pling andprecisionerrors.Supposéwo primitivesT; andT; inter
sectatsomepointwithin apixel X thatmayor maynotbesampled.
ThenTg is notfully visible with respecto T asrasterizatiorof
T generateswo fragmentscorrespondingo X andat leastone
of thetwo fragmentgfails the depthtest. Similarly, T2 is notfully
visible with respecto TE . ThereforeneitherTy nor Tz is pruned
from the PCS.In therestof the sectionwe formally prove thatfor
agivenorthographiosiew, the Minkowski sumof aboundingcube
B centeredat the origin with T providesa conserative fattened
representatio ® and eliminatessamplingor precisionerrorsir-
respectie of the samplingstratgy. The sizeof the boundingcube
B is a function of the world spacepixel dimensionsandin prac-
tice, is very small. ThereforeP B is averytight t to theoriginal
geometrigorimitive P .

Our algorithmdoesnot make ary assumptiongboutsampling
the primitiveswithin a pixel. We computean axis-alignedbound-
ing boxB with dimensiorpwherep = max(2 dx ;2 dy;2 dz)
centeredat the origin. In practice,this boundmay be consera-
tive. If a GPUusessomeuniform supersamplinglgorithmduring
rasterizationp canbe further reduced. For example,if the GPU
samplesachpixel in the centerthenp canbereducecby half.

Let B beanaxis-alignectubecenteredat the origin with dimen-
sionp. Giventwo primitives,P1 andP2, let Q bea pointon their

IA pixel is touchedby a triangle if somepoint of the triangle
projectsinsidethe pixel



Figure 3: Samplingerrors: Q is a point on the line of intersectionbe-
tweentwo trianglesin 3D. The left gure highlights its orthographic
projectionin the screenspace.The intersectionof two triangles doesnot
contain the centerof the pixel (C) and therefore, we can missa collision
betweenthetriangles. QB isthe Mink owskisumof Q andan axis-aligned
boundingbox (B ) centeredat the origin with dimensionp. QB translates
B tothepoint Q. During rasterization the projectionof QB sampleghe
centerof pixel and generatesat leasttwo fragmentsthat boundthe depth
of Q.

line of intersection. We usethe conceptof Minkowskisumof a
primitive P with B, (P® = P B), which canbe de ned as:
fp+ bjp 2 P; b2 Bg. Nextweshav thatP B canbeused
to performreliableVO queries.We rst statetwo lemmasanduse
themto derive the mainresultasatheorem.

Lemma 1: UnderorthographidransformatiorO, therasterization
of Minkowski sumQ® = (Q B), whereQ is a pointin 3D

spacethat projectsinsidea pixel X , samplesX with at leasttwo

fragmentsoundingthe depthvalueof Q.

Proof: QB is a box centeredat Q andits projectioncovers the
centerof X asshownin Figure3. As aresult,Q is sampledby the
rasterizatiorhardware andtwo fragmentsthat boundthe depthof

Q aregenerated2

Lemma 2: Givena primitive P; andits Minkowski sumP£ =P,
B. Let X beapixel partly or fully coveredby the orthographic
projectionof P;. Let usde ne MIN-DEPTH(P1; X ) and MAX-
DePTH(P1; X ) asthe minimum andmaximumdepthvalueof the
pointsof P; thatprojectinside X , respectrely. Therasterization
of P£ generatest leasttwo fragmentswvhosedepthvaluesbound
both MIN-DEPTH(P1,X) andMAX-DEPTH(P,X) for eachpixel
X.
Proof: The proof follows from Lemmal. This lemmaindicates
thatatleasttwo fragmentsaregeneratedfterrasterizingP £ such
thattheirdepthvaluesprovide lowerandupperboundgo thedepth
of all pointsof P; thatprojectinsideX . Thisresultholdsirrespec-
tive of projective or perspectie errors. 2

Theorem 1. Given the Minkowski sum of two primitives with
B, P2 andP£. If P, and P, overlap, then a rasterizationof
their Minkowski sumsunderorthographicprojectionoverlapsin
theviewport.

Proof: Let P; and P, intersectat a point Q inside a pixel X.
Basedon Lemma2, we cangenerateat leasttwo fragmentsras-
terizing P£ andP£ . Thesefragmentsboundall the 3D points
of P1 andP, thatprojectinside X. Shaving thatthe pairs(MIN-
DEPTH(P1, X), MAX-DEPTH(P1,X)) and (MIN-DEPTH(P2, X),
MAaXx-DEPTH(P2,X)) overlapis sufcient. This obsenration fol-
lowstrivially asMIN-DEPTH(P1, X) Depth@Q), MIN-DEPTH(P2,
X) Depth@Q) andMax(P1, X) Depth@Q), MAX (P2, X)
Depth@Q). 2

3.4 Collision Culling

A corollary of Theoreml is thatif PP andP£ do notoverlap,
thenP;1 andP, do not overlap. In practice,this testcanbe con-
senative, but it won't missary collisionsbecausef viewport or
depthresolution.However, the Minkowski sums,PE andP£ , are

only usefulwhenthe primitivesareprojectedalongthe Z-axis. To
generatea view-independenbound, we comthgthe Minkowski
sumof a primitive P with a sphereS of radius 3p=2 centerecht
theorigin. The Minkowski sumof a primitive with a spherds the
sameastheoffsetof thatprimitive.

4. INTERACTIVE COLLISION DETECTION

In this section,we presentour reliable collision culling algo-
rithm. We rst describea boundingoffsetrepresentatiofior each
primitive andintegrateit with CULLIDE for interactve collision
detection.

4.1 Bounding Offset Representations

In orderto overcomesamplingerrors,we usea boundingoffset
for eachprimitive asimpliedby Theorem. Ourcollisionculling al-
gorithmrendershoundingoffsetrepresentation® cull away prim-
itivesthatarenotin closeproximity. Several choicesarepossible
for computingboundingoffsetsandthey trade-of tightnessof t
with therenderingcost.

Exact Offsets: The boundaryof an exact offset of a trian-
gle consistsof piecevise 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
alongthe normalof the original triangleby the Radius (S).
Theexactoffsetis thetightest tting volumethatcanberen-
deredusing graphicsprocessorensuringreliable interfer
encecomputation. Using fragmentprogramsiit is possible
to renderthe exactoffsetrepresentatiofor eachtrianglebut
canberelatively expensve.

Bounded Exact Offsets: Another possibility is to tightly
boundthe exactoffsetsusingthreeedgeaxisalignedbound-
ing boxeseachboundinga cylinderandasphere Thisrepre-
sentations atighter t andreplacesachtrianglewith three
boundingboxes and two triangles,thus generating30 ver
tices. In our implementationwe obsened thatthe tight t
providesbetterculling but is vertex-transformlimited.

Union of Object-oriented Bounding Boxes(UOBBSs): A
tight- tting conserative boundingrepresentatiofor aprim-
itive is a union of object-orientecboundingboxes (OBBs)
whereeachOBB encloses singletriangle of the primitive.
Givenatriangle T, we computethetightest tting rectangle
R thatenclosedT; oneof its axesis alignedwith thelongest
edgeof thetriangle. We computethe OBB for a triangleas
the Minkowski sumof B andR, whereB is alocally axis-
alignedboundingcubeof width Diameter (S). The width
of the OBB, alonga dimg@iomrthogonato theplanecon-
taining R, is setequalto  3p. Theboundingoffsetof atri-
angulatedbjectis the union of OBBs of eachtriangle(see
Fig. 4). We renderthis boundingoffset by renderingeach
OBB separatelandperformVO queries.In practice thisis
a very tight boundingvolumefor an object,ascomparedo
usingasinglesphere AABB (axis-alignedoundingbox) or
anOBB thatenclosesheentireobject.

Our algorithm usesUOBBSs as boundingoffset representations
asshown in Fig. 4 for reliablecollision culling. The computation
of anOBB for atrianglerequire24 multiplications 41 additions 6
divisionsand2 comparisoroperationsFurtheroptimizationssuch
assharededgesbetweenadjacentrianglescanbe usedto reduce



the numberof operations Alternatively, othertight boundingvol-
umessuchastriangularprismscould be used. However, they can
be expensve to computeascomparedo OBBsandaremorecon-
senative for long, skinry triangles.In particular computatiorof a
triangularprisminvolves 48 multiplications,51 additions,9 divi-
sionoperations.

Figure4: Thisimageshavsan objectwith threetrianglesandits bound-

ing offsetrepresentatioUOBB) in wireframe. The UOBB is represented
asthe union of OBBsof ead triangle. In practice,this bounding offset

isatight tting boundingvolumeand usedfor culling.

4.2 Algorithm

We have integratedour culling algorithm with CULLIDE [8]
to performreliable collision detectionbetweenobjectsin a com-
plex ervironment. As describedn section3, CULLIDE usesVO
queriesto perform collision culling on GPUs. We extend CUL-
LIDE to performreliablecollision culling on GPUsby usingreli-
ableVVO queriesdescribedabore. For eachprimitive in the PCS,
we computdts boundingoffset(i.e. unionof OBBs)representation
andusethe boundingoffsetrepresentationsn CULLIDE to testif
theprimitivesbelongto PCSor not.

Our collision detectionalgorithm,FAR, proceedsn threesteps.
First we computethe PCSat the objectlevel. We usesweep-and-
prune[6] onthe PCSto computetheoverlappingpairsatthe object
level. Next we computethe PCSat the sub-objectievel andthe
overlappingpairs. Finally, we performexactinterferenceestsbe-
tweenthetrianglesonthe CPU [21].

4.2.1 Optimizations

We have implementedseveral optimizationsin our algorithm.
Boundingoffsetrepresentationgeneratenearlytwice the amount
of Il in comparisorto the original geometricprimitives. As the
offsetrepresentatiofor eachtriangleis closed,we canreducethe

Il requirementsor ouralgorithmby afactorof two by usingface-
culling. In our optimizedalgorithm,we cull front faceswhile ren-
deringtheoffsetrepresentationsith occlusionqueriesandwe cull
backfaceswhile renderingthe offsetrepresentationt the frame
buffer. Theseoperationscanbe performedef ciently usingbad-
faceculling on graphicshardware. We alsoreducethe numberof
occlusionqueriesin the secondpassof our algorithm by testing
only thoseprimitiveswhoseoffsetrepresentationarefully visible
in rst pass.

Thepseudo-codéor our optimizedalgorithmis givenbelow:

First pass:

1. Clearthedepthbuffer (useorthographicprojection)
2. ForeachobjectP;,i = 1;:;n
— Disablethe depthmaskand setthe depthfunction
to GL.GEQUAL.
— Enablebadk-faceculling to cull frontfaces.
— For eac sub-objecfT}, in P;

Renderoffset representationof T, using
anocclusionquery
— Enablethe depthmaskand setthe depthfunction
to GL_LEQUAL.

— Enablebadk-faceculling to cull bad faces.
— For eac sub-objectT}, in P;

Renderffsetrepresentatiorof T}
3. For eath objectP;,i = 1;:;;n
— For each sub-objecfT} in P;

Testif T} is notvisiblewith respecto the
depthbuffer. If it is notvisible setatag to
noteit asfully visible

Secondpass:

SamaeasFir st pass.exceptthatthetwo “For each
object” loops are run with i = n;::;1 andwe
performocclusionqueriesonly if the primitive is
fully visiblein r stpass.

4.3 Localized DistanceCulling

Many algorithmsaim to computeall pairsof objectswhosesep-
arationdistanceis lessthan a constantdistanceD . In this case,
we modify GPU-basedulling algorithmsto cull away primitives
whoseseparatiordistanceis morethanD. Given a distanced,
our goalis to prunetrianglesfurtherthand. We caneasilymodify
the culling algorithm presentedibore to performthis query We
compryt_ethe offset of eachprimitive by using a sphereof radius

3p

% + 2P rasterizeheseoffsetsandpruneaway a subseof prim-

itiveswhoseseparatiordistancds morethanD .

4.4 Accuracy

We performreliable VO queriesby renderingthe boundingoff-
setsof primitives. Theoreml guaranteeshatwe won't missary
collisionsdue to the viewport resolutionor samplingerrors. We
performorthographigrojectionsasopposedo perspectie projec-
tions. Further the rasterizationof a primitive involveslinearin-
terpolationalongall the dimensions.As a result, the rasterization
of the boundingoffsetsguaranteeshat we won't missary colli-
sion due to depth-luffer precision. If the distancebetweentwo
primitivesis lessthanthe depthbuffer precision,ﬁs(z), thenVO

queryontheir offsetswill alwaysreturnthemasoverlapping.Con-
sequentlythe accurag of the culling algorithmis governedby the
accuray of the hardware usedfor performingvertex transforma-
tions and mappingto the 3D grid. For example,mary of the cur

rentGPUsuselEEE 32-bit oating pointhardwareto performthese
computations.

5. IMPLEMENT ATION

We have implemented=AR onaDell precisionworkstationwith
a2:8 GHz Xeonprocessarl GB of mainmemory anda NVIDIA
GeForceFX 5950Ultra graphicscard. We usea viewport resolu-
tion of 1400 1400to performall the computationsWe improve
therenderingthroughputby usingvertex arraysanduse
GL_NV _occlusionqueryto performthevisibility queries.

5.1 Benchmarks

We have testedour algorithmon threecomplex scenesindhave
comparedits culling performanceand accurag with someprior



Figure5: Breakingobjectscene:In this simulation, the bunny modelfalls on the dragonwhich ewentually breaksinto hundredsof pieces.FAR computes
collisionsamongthe newpiecesof small objectsintroducedinto the environmentand takes30 to 60 msecper frame.

approaches.

Dynamically generatedbreakingobjects: Thesceneconsistof a
dragonmodelinitially with 112K polygons,andabunrny with 35K
polygons,asshawvn in Fig. 5. In this simulation,the bunry falls
on the dragon,causingthe dragonto breakinto mary piecesover
the courseof the simulation. Eachpieceis treatedas a separate
objectfor collision detection.Eventuallyhundredsof new objects
areintroducedinto the environment. We performcollision culling
to computewhich objectpairsarein closeproximity. It takesabout
35 msectowardsthe beginning of the simulation, and about50
msecat the endwhenthe numberof objectsin the sceneis much
higher

Figure 6: Relative culling performance on breaking objects scene:
This graph highlights the improved culling performance of our algo-
rithm ascomparedto a CPU-basecdtulling algorithm (I-COLLIDE) that
usesAABBSs (axis-alignedboundingboxes)to cull away non-overlapping
pairs. FAR reports6:9 timesfewer pairs over the entire simulation.

We comparedheculling performancef our GPU-basedeliable
culling algorithmwith animplementatiorof the sweep-and-prune
algorithmavailablein I-COLLIDE [6]. The sweep-and-prunal-
gorithm computesan axis-alignedooundingbox (AABB) for each
objectin the sceneand checksall the AABBs for pairwiseover
laps.Fig. 6 shavsthecomparisorbetweertheculling ef ciency of
AABB-basedalgorithmvs. FAR. Overall, FAR returns6:9 times
fewer overlappingpairs. This reductionoccursmainly because
FAR usesmuchtighterboundingvolumes,i.e. the unionof OBBs
for an objectas comparedo an AABB andis ableto cull away
moreprimitive pairs.

Interfer encecomputation betweencomplexmodels: In thisscene,
we computeall theoverlappingrianglespairsbetweera 68K trian-
glesbunry thatis moving with respecto anotherbunry, alsowith
68K triangles. The bunniesare deeplypenetratingand the inter-

sectionboundaryconsistf 2; 000  4; 000trianglepairs. In this
case,the accurag of FAR equalsthat of a CPU-basedlgorithm
using32-bit IEEE oating pointarithmetic.In contrastCULLIDE
missesa numberof overlappingpairswhile usinga viewport reso-
lution of 1;400 1;400. Theintersectiorsetscomputedby FAR
andCULLIDE areshavnin Fig. 7.

Multiple objectswith non-rigid motion: This sceneconsistsof
anon-rigidsimulationin which leavesfall from thetree,asshovn
in Fig. 1. We computecollisionsamongthe leavesof thetreeand
amongtheleavesandbranche®of thetree.Eachleafis represented
using156 trianglesandthe completeernvironmentconsistof 40K
triangles.The averagecollision detectiontime is 35 msecpertime
step.

5.2 Comparisonwith Other Approaches

We have comparedur algorithmwith a CPU-basedmplemen-
tation SOLID [30] ontheernvironmentwith dynamicallygenerated
breakingobjects. SOLID is a publicly availablelibrary that uses
pre-computed\ABB-treesfor collision culling. As the objectsin
our scenearedynamicallygeneratecandthe topology of existing
objects(eg. dragon)changewe needto dynamicallycomputethe
hierarchies.Moreover, asthe hierarchiesarerecomputedthereis
an additionaloverheadof allocatingand deallocatingmemoryin
SOLID. Ignoringtheoverheadlueto memorywe obsenedthatthe
pre-computatiorof data-structurefor SOLID requirel00 176
ms per frame. Thesetimings do not includethe pruningtime. On
thecontrary we areableto computeall collisionswithin 50ms(in-
cludingUOBB computatiortime andpruningtime).

We have also comparedour algorithmwith an optimizedGPU
implementationof CULLIDE. Our implementatiorruns nearly 3
timesslower dueto the overheadf rasterizingboundingboxesin-
steadof triangles.However, asshowvn in Fig. 7, CULLIDE misses
severalinterferencesndmayleadto inaccuratesimulations.

6. ANALYSIS AND LIMIT ATIONS

Threekey issuesexist relatedto the performanceof consera-
tive collision culling algorithms: ef ciency, level of culling, and
precision.

Ef ciency: Threefactorsgoverntherunningtime of ouralgorithm:
boundingoffset computation renderingthe boundingoffsetsand
occlusionqueries.The costof computingthe OBBsfor eachprim-
itive is very small. The costof renderingthe OBBs on the GPUs
is mainly governedby the transformations.In our currentimple-
mentationwe have achieved renderingratesof 40M trianglesper
second. Finally, our algorithmusesocclusionqueriesto perform



(a) Interferencecomputatioron two bunnies

(b) Intersection curve com-
putedby CULLIDE

(c) Intersection curve com-
putedby FAR

Figure 7: Reliableinterferencecomputation: This image highlights the intersectionsetbetweentwo bunnies, ead with 68K triangles (shown in Fig
7(a)). Fig. 7(c) showsthe output of FAR and Fig. 7(b) highlights the output of CULLIDE running at a resolutionof 1400 1400. CULLIDE misses

many collisionsdueto the viewportresolutionand samplingerrors.

VO queries.Thesequeriescanbe Il boundfor large objects.The
currentimplementationof thesequeriesis not optimized,yet we
areableto perform 1:2 million queriesper second. FAR is able
to computeall the collisionsbetweermodelscomposedf tensof

thousand®f primitivesat interactive rates.In morecomplex ervi-

ronmentge.g. with millions of triangles) renderingandocclusion
queriexcanbecomeabottleneck However, giventhegrowth rateof

GPU performancedat a ratefasterthanMoore's law) andincreas-
ing bus bandwidthbasedon PCI-X, we expectthat our algorithm
canhandlemorecomplex modelsin the nearfuture.

Culling: The effectivenessof mostcollision detectionalgorithms
dependon how efciently they cancull away the primitivesthat
arenot in closeproximity. FAR usesunion of OBBs asthe un-
derlyingboundingvolumeandis lessconserative ascomparedo
CPU basedalgorithmsthat use AABBs or spherego boundthe
primitives(seeFig. 6).

Precision: Our culling algorithmis conserative andits precision
is governedby thatof the VO queries.Theaccurag of the culling
algorithmis equivalentto thatof the oating point hardware (e.g.
32-bitIEEE oating point) insidethe GPUsusedto performtrans-
formationsand rasterization. The precisionis not governedby
viewportresolutionor depth-luffer precision.

7. CONCLUSIONS AND FUTURE WORK

In this paper we have presented reliable GPU-basedatollision
culling algorithm. We use boundingoffsetsof the primitivesto
performvisibility-based2.5D queriesandcull avay primitivesthat
arenot in closeproximity. Our new algorithmovercomesa ma-
jor limitation of earlier GPU-baseaollision detectionalgorithms
andis ableto performreliableinterferencequeries. Furthermore,
the culling efciency of our algorithmis higher as comparedto

prior CPU-basedlgorithmsthatuse AABBs or spheredor colli-

sionculling. Moreover, theculling ef ciency andperformancean
besigni cantly enhancedby usingQuick-CULLIDE [24]. We have
demonstratedts performancen complex scenariosvhereobjects
undegorigid andnon-rigidmotion.

Desirable Hardware Features: We proposea simplearchitecture
for thegraphicspipelineto acceleratéhe performancef ouralgo-
rithm. Themodi ed architecturerequiresthe following character
istics:

Precision: In orderto obtain oating point precision,the
graphicipelineshouldsupportoating pointdepthbuffers.
However, it is importantto notethatthe viewport resolution
is mainly responsibldor the samplingerrorsthanthe depth
buffer precision.Therefore,oating pointdepthbuffersalone
cannotsolve the samplingproblem.

Rasterization Rules: We seta statein which the following
rasterizationulesareused.Theseaulesareusedto overcome
theviewportresolutionproblems.

— A fragmentis generatedor eachpixel thata triangle
touches.

— For eachpixel, depthis computedat all thefour corner
samplesof therectangulapixel. A depthsetfunction
is appliedonto the four depthsamplesand one of the
four valuesis outputasthe depthof currentfragment.
Thedepthsetfunction could eitherbe f max,ming and
is speci edasa statebeforerasterizinga primitive. The
functionmaxcomputeghe maximumvalueof thefour
depthsamplesandmin computeghe minimumvalueof
thefour depthsamples.

The above rules are sufcient to designan algorithm ensuring
oating pointprecisiorfor interferenc&omputationsin thepseudo-



codedescribedn section4.2.1,while renderinga primitive to the
frame buffer, we setthe depthsetfunctionto min alongwith the
depthfunction GL_LEQUAL. This operationensureghatfor each
pixel touchedby a primitive, we computethe minimum depthof
all pointsof the primitive thatprojectontothe pixel. While testing
thefully visible statusof a primitive, the depthsetfunctionis set
to max This operationensureghatwe testif the maximumdepth
of all pointsof a primitive thatprojectontothepixel is fully visible
or not. It is easyto seethatthesetwo operationscanbe usedto
conseratively testif a primitive interfereswith anotherprimitive
or not.

Most graphicshardwareimplementationsnvolve tile-basedras-
terization[1, 15, 20, 22]. All the pixelscoveredby a primitive and
within a tiled region, say a region consistingof 4 4 pixels are
computedbeforemoving to the next tile. As adjacenpixelsshare
commonsamplepoints, it is possibleo designasimplearchitecture
computingthe depthat a samplepoint, sayleft cornerof a pixel,
anddepthvaluesat the samplescoveringthe top andright corners
of atile. A simplehardwarecanbeusedto computehemaxor min
valuesof thesefragmentdn atile andoutputthe sampledepths.

The proposedmplementatiorrequiresthe computatiorof more
sampleghanthe actualnumberof samplesn normalrasterization
pipeline. However, the overheadof this computationcanbe mini-
mizedby usingadditionalhardware.

In termsof futurework, we wouldlik eto developreliableandac-
curateGPU-basedeometrialgorithmsfor otherproximity queries
suchaspenetratioranddistancecomputationaswell asvisibility
andshadev computations.
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