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Abstract
Wepresenta novelalgorithmto computecache-ef�cient layoutsof boundingvolumehierarchies(BVHs)of polygonal
models.Our approach doesnot make any assumptionsabout the cache parameters or block sizesof the memory
hierarchy. We introducea new probabilistic model to predict the runtime accesspatternsof a BVH. Our layout
computationalgorithm utilizes parent-child and spatial localities betweenthe accessednodesto reduceboth the
numberof cache missesand the sizeof the working set. Our algorithm also works well for spatial partitioning
hierarchiesincludingkd-trees.Weuseour algorithmto computelayoutsof BVHsandspatialpartitioninghierarchies
of large modelscomposedof millions of triangles.We compare our cache-ef�cient layoutswith other layoutsin the
context of collision detectionandray tracing. In our benchmarks,our layoutsconsistentlyshowbetterperformance
overotherlayoutsandimprovetheperformanceof theseapplicationsby26%–300%withoutanymodi�cation of the
underlyingalgorithmsor runtimeapplications.

CategoriesandSubjectDescriptors(accordingto ACM CCS): I.3.3 [ComputerGraphics]:Hierarchy andGeometric
Transformations

1. Intr oduction

Boundingvolumehierarchies(BVHs) arewidely usedto ac-
celeratetheperformanceof geometricprocessingandinterac-
tive graphicsapplications.The applicationsincluderay trac-
ing, visibility culling, collisiondetection,andgeometriccom-
putationson largedatasets.Most of thesealgorithmsprecom-
putea BVH andtraversethehierarchy at runtimeto perform
intersectiontestsor culling.

The leaf nodesof a BVH correspondto the trianglesof
the original model.The intermediatenodesarethe bounding
volumes(BVs) suchasspheres,axis-alignedboundingboxes
(AABBs), orientedboundingboxes(OBBs),andconvex poly-
topes.The memoryrequirementsof BVHs can be high for
largedatasets.For example,thestoragecostof a hierarchy of
OBBs(i.e.,anOBB-tree)is approximately64bytespernode.
As a result,BVHs of largedatasetscomposedof tensof mil-
lionsof trianglescanrequiregigabytesof space.

Our goal is to computecache-ef�cient layouts of BVHs
to reducethe numberof cachemissesand improve the per-
formanceof BVH-basedalgorithms.As the gap betweenthe
processorspeedandmainmemoryspeedwidens,systemde-
signersincreasinglyusecachesandmemoryhierarchiesto re-
ducememorylatency. Theaccesstimesof differentlevelsof
a memoryhierarchy canvary by ordersof magnitude.As a
result,therunningtimeof analgorithmvariesasa functionof
its cacheaccesspattern.

Many meshrepresentationsandalgorithmshave beenpro-
posedto improvethecacheaccesspatternsof geometricmod-
els for speci�c applications.Theserepresentationsandalgo-
rithmsincluderenderingsequences(e.g.,trianglestrips),pro-
cessingsequences(e.g.,streamingmeshes),layoutscomputed
usingspace�lling curves,andminimum linear arrangement
(MLA). However, theserepresentationsandalgorithmsmay

not improve thecacheaccesspatternsfor differentgeometric
applications.

Main Results: We presenta novel algorithm to compute
cache-ef�cient layouts of BVHs of large models.Our ap-
proachis cache-obliviousasit doesnotrequireany knowledge
of cacheparametersor block sizesof the memoryhierarchy
andis applicableto all kindsof BVHs andspatialpartitioning
hierarchiesthat canbe representedasa tree.We representa
BVH astwo separatelinear sequencesof BVs andtriangles.
Our problemis reducedto computingcache-ef�cient layouts
of theBVs andthetriangles.Weintroduceanew probabilistic
modeltopredicttheruntimeaccesspatternsof BVHsbasedon
localities.Speci�cally, weutilize two typesof localitiesduring
traversalof aBVH: parent-childandspatiallocalitiesbetween
theaccessednodes.Ourapproachalsousesthetreedecompo-
sition algorithm[GI99] andcache-oblivious meshlayout al-
gorithms[YLPM05, YL06] to computea layout that reduces
thenumberof cachemissesandthesizeof theworkingset.

We use our algorithm to computelayouts of OBB trees
andkd-treesof large modelscomposedof millions of trian-
gles.Basedontheselayouts,weacceleratetheperformanceof
collision detectionandray tracingwithout any modi�cations
to the underlyingalgorithmsor runtimeapplication.We also
comparetheperformanceof our layoutswith otherlayoutsin-
cludingdepth-�rst layout,breadth�rst layout,vanEmdeBoas
layout,cache-obliviousmeshlayout,andcache-awarelayouts.
We have observed26%–2600%improvementin performance
basedon our cache-ef�cient layouts.Moreover, in someap-
plicationsthe performanceof our cache-oblivious layoutsis
comparableto that of cache-aware layouts.Overall, our ap-
proachoffersthefollowing bene�ts:

1. Generality: Our algorithmis generalandapplicableto a
widerangeof BVHs andspatialpartitioninghierarchies.It
doesnot requireany knowledgeof cacheparametersor of
theblocksizesof amemoryhierarchy.

2. Applicability: Our algorithmdoesnot requireany modi-
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Figure 1: Ray Tracing the Lucy model: We apply a standard
kd-treebasedraytracingalgorithmto theLucy modelconsistingof 28
million triangles.A re�ective planeis placedbehindtheLucy model
andthescenealsohasshadows.We computea cache-ef�cient layout
of thekd-treeof theLucy modelusingour algorithm.Our layoutim-
provestheperformanceof raytracingby upto two timesoverprevious
layouts,withoutany changeto theunderlyingalgorithm.

�cation of BVH-basedalgorithmsor the runtimeapplica-
tion. layouts.

3. Impr oved performance: Our layoutsreducethe number
of cachemissesduringtraversalsof BVHs andspatialpar-
titioning hierarchies.We are able to improve the perfor-
manceof standardcollisiondetectionandray tracingalgo-
rithms.

Organization: The restof the paperis organizedin the fol-
lowing manner. Wegiveabrief survey of relatedwork in Sec-
tion 2 andan overview of memoryhierarchiesandBVHs in
Section3. Section4 describesthe localitiesthat areusedby
our algorithm.We presenta novel probabilisticmodelto pre-
dict theruntimeaccesspatternsof BVHs in Section5 andde-
scribeour layoutalgorithmin Section6.Wehighlightsits per-
formancein Section7 andcompareits performancewith prior
approachesin Section8.

2. RelatedWork

In this section,we give a brief overview of relatedwork on
cache-ef�cient algorithmsandlayoutsof BVHs andgeometric
models.

2.1. Cache-Ef�cient Algorithms

Cache-ef�cient algorithmshave received considerableatten-
tion over lasttwo decadesin theoreticalcomputerscienceand
compilerliterature.Thesealgorithmsincludetheoreticalmod-
elsof cachebehavior [Vit01,SCD02] , andcompileroptimiza-
tionsbasedon tiling, strip-mining,andloop interchangingto
minimizecachemisses[CM95].

At a high level, cache-ef�cient algorithmscan be classi-
�ed as either cache-aware or cache-oblivious. Cache-aware
algorithmsutilize knowledge of cacheparameters,such as
cacheblock size[Vit01]. On the otherhand,cache-oblivious
algorithmsdo not assumeany knowledgeof cacheparame-
ters[FLPR99]. Thereis considerableliteratureon developing
cache-ef�cient algorithmsfor speci�c problemsandapplica-
tions[ABF04,Vit01].

2.2. Layouts of BVHs

The impact of different layouts of tree structureshas been
widely studied.Thereis considerablework oncache-coherent
layoutsof tree-basedrepresentationsincludingwork onaccel-
eratingsearchqueries.Given the cacheparameters,Gil and
Itai [GI99] castcache-coherentlayoutcomputationasanop-
timization problem.They proposea dynamicprogramming
algorithm to minimize the numberof cachemissesduring
traversalsof searchqueries.However, the computedlayout
may not be storageef�cient. Alstrup et al. [ABFC� 03] pro-
posea methodto computecache-oblivious layoutsof search
treesby recursively partitioningthetrees.

Thereis relatively lesswork on cache-coherentlayoutsof
BVHs. We refer the readersto a recentbook on real-time
collision detection[Eri04]. Opcode[Ter03] usesa blocking
methodthatmergesseveralboundingvolumesnodestogether
to reducethenumberof cachemisses.Theblocking is based
on van EmdeBoaslayout of completetrees[vEB77]. How-
ever, it is not clearthatvanEmdeBoaslayoutscanminimize
thenumberof cachemissesduringtraversalof generalBVHs.
Havrananalyzesvariouslayoutsof BVHs in thecontext of ray
tracingandimprovestheperformanceby usingacompactlay-
out representationof BVHs [Hav97]. Yoon et al. [YLPM05]
proposea cache-obliviousmeshlayoutalgorithmto compute
layouts of geometricmeshesand boundingvolume hierar-
chies.We compareour approachwith this algorithmin Sec-
tion 8.2.

Layouts of geometric meshes:Many algorithmsandrepre-
sentationshavebeenproposedtocomputecoherentlayoutsfor
specializedapplications.Renderingsequences(e.g., triangle
strips)[Dee95,Hop99] areusedto improverenderingthrough-
put by optimizing thevertex cachehits in theGPU.Isenburg
andGumhold[IG03] proposeprocessingsequences,includ-
ing streamingmeshes[IL04], asanextensionof renderingse-
quencesfor large-dataprocessing.In thesecases,globalmesh
accessis restrictedto a �x edtraversalorder. Many algorithms
use space�lling curves [Sag94] to computecache-friendly
layouts of volumetric grids or height �elds. Theselayouts
are widely usedto improve performanceof imageprocess-
ing [VG91] andterrainor volumevisualization[PF01,LP01].
However, it is unclearwhetherspace�lling curveswould ex-
tendto computelayoutsof unstructuredmodelsandtheirhier-
archies.In graphtheory, minimumlineararrangement(MLA)
[DPS02] hasbeenwidely researchedto minimize thesumof
edgelengthsof all theedgesin agraphlayout.However, there
is no direct relationshipbetweenreducingthe sum of edge
lengthsandminimizingthenumberof cachemisses.Recently,
Yoon andLindstrom[YL06] show that the MLA metric is a
cache-obliviousmetricassumingthatall thecacheblocksizes
areemployedat runtime.Moreover, they alsoshowedthatthe
sum of a log function of edgelengthsis a practicalcache-
oblivious metric derived from assumingpower-of-two block
sizes.

3. Memory Hierar chiesand BVH Layouts

In this section,we give an overview of memoryhierarchies,
BVHs, andtheir layouts.We alsointroducesomeof the ter-
minologyusedin therestof thepaper.

3.1. Memory Hierar chy and Caches

Most moderncomputerarchitecturesusehierarchiesof mem-
ory levels,whereeachlevel of memoryservesasa cachefor
thenext level.Thememoryhierarchieshavetwo maincharac-
teristics[AV88]. First,higherlevelsin thehierarchy arelarger
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in size,fartheraway from theprocessor, andhave slower ac-
cesstimes.Second,datais moved in large cacheblocksbe-
tweendifferent memorylevels. The BVH layout is initially
storedin thehighestmemorylevel, typically thedisk.Thepor-
tion of thelayoutaccessedby theapplicationis transferredin
largeblocksinto thenext lower level, suchasthemainmem-
ory. A transferis performedwhenever thereis a cachemiss
betweentwo adjacentlevels of the memoryhierarchy. The
numberof cachemissesdependson thelayoutof theBVH in
memoryandtheaccesspatternsof theapplication.If thenodes
of aBVH arepackedin blocksin acache-coherentmanner, the
numberof cachemissescanbereduced.For thesake of clar-
ity, we will usethe termof cacheblock to indicateblocksof
differentcachesincludingL1/L2, mainmemory, anddisk.

3.2. Bounding VolumeHierar chies

BVHs arewidely usedin variousapplicationsto acceleratethe
performanceof intersectionor culling tests.Theleafnodeof a
BVH correspondsto thetriangulatedprimitivesandtheinter-
mediatenodesaretheboundingvolumes(BVs).EachBV con-
servatively enclosesits geometrycontainedin thenode.Some
of the commonlyusedBVHs include sphere-trees[Hub93],
OBB-trees[GLM96], andk-DOP-trees[KHM � 98]. In therest
of this paper, we usecollision or intersectionqueriesas the
driving applicationto explain theconceptsbehindcomputing
cache-ef�cient layoutsof BVHs. Thesealgorithmstypically
take two inputs: two 3D objectsor one3D objectanda ray.
TheruntimealgorithmtraversestheBVHs of eachobjectus-
ing a depth-�rst or a breadth-�rstorder. Thedepth-�rst order
is typically usedwhenwe needto checkfor ray-objectinter-
sectionor to checkwhethertwo objectsoverlap.Thebreadth-
�rst traversalorder is preferredwhen the runtimealgorithm
can be interruptedand may return approximateresults,e.g.
time-criticalcomputationsor constantframe-raterenderingof
largemodels.

Extensive work has been done on evaluating the per-
formance of different BVHs for ray-tracing and proxim-
ity queries.Theseinclude the cost equationsfor ray-tracing
[WHG84] andcollision detection[GLM96,KHM � 98]. These
costequationstake into accountthe tightnessof �t for a BV
and the relative cost of computingintersectionsor overlaps
with thoseBVs basedon thetraversalpattern.However, these
formulationsdo not take into accountthecostof memoryac-
cessesor of cachemissesincurredwhile traversingtheBVHs.
If theunderlyingmodelandits BVH cannot�t into themain
memory, the costof memoryaccessesandcachemissescan
becomeasigni�cant factor.

3.3. Layout of BVH

Weusethefollowing notationto representtheBVs of aBVH.
We de�ne n1

i asthe ith BV nodeat the leaf level of thehier-
archy andnk

i asa BV nodeat the kth level of the hierarchy.
Wealsode�ne Lef t(nk

i ) andRight(nk
i ) to betheleft andright

child nodesof thenk
i . A parentnodeanda grandparentnode

of thenk
i aredenotedby usingParent(nk

i ) andGrand(nk
i ).

Formally speaking,a BVH is a directed acyclic graph,
G(N;E), whereN is a setof BV nodes,nk

i , andE is a setof
directededgesfrom a node,nk

i , to eachchild node,Lef t(nk
i )

andRight(nk
i ), in theBVH. A layoutof aBVH is composedof

two parts:a BV layoutanda trianglelayout.A BV layoutof
aBVH, G(N;A), is aone-to-onemappingof BVs to positions
in the layout, j : N ! f 1; : : : ; jNjg. Our goal is to computea
mapping,j , that minimizesthe numberof cachemissesand

Figure 2: Hugo and 1M Power Plant Models: The Hugo robot
modelis placedin thetop left of thepower plantmodel,whoseover-
all shapeis shown on the right. We areableto achieve 35%–2600%
performanceimprovementin collision detectionby usingour cache-
ef�cient layoutsof theOBB-treeoverothertestedlayouts.

thesizeof theworking setduringthetraversalof theBVH at
runtime.Similarly, we alsocomputea trianglelayout to min-
imize thecachemissesandtheworking setsizeduringBVH
traversals.

4. Localities in BVH Traversal

In this section,we de�ne two localitiesthatareusedto com-
putea cache-ef�cient layout of a BVH. We alsogive a brief
overview of prior work on packingtreesandcache-oblivious
meshlayout algorithms,which areusedby our novel layout
algorithm.

4.1. AccessPatternsduring BVH Traversal

Collision queriestraverseBVHs as long as eachquery be-
tweentwo BVs reportsa collision betweenthem.We decom-
posetheaccesspatternduringa traversalinto a setof search
queries.We de�ne a search query, S(nk

i ), to be the traversal
from the root nodeof the BVH to the node,nk

i , which can
be eithera leaf or an intermediatenode.Let us assumethat
thetraversalof acollisionquerystartsfrom therootnodeand

endsat nodes,nk(1)
i(1) ; : : : ;nk(m)

i(m) (= BV1; : : : ;BVm). In this case,

thenodes,(BV1; : : : ;BVm), de�ne a front of theBVH for this
traversal.Werepresentthis traversalastheunionof traversals
of m differentsearchqueries,S(BVj ). An exampleof an ac-
cesspatternbetweentwo colliding objectsis shown in Fig. 3.
In framei, thecollision queryendsat n3

1 andn3
5 startingfrom

therootnode,n4
1, of theBVH of object1.Wecanrepresentthe

accesspatternsof thiscollisionquerywith two searchqueries
endingatn3

1 andn3
5.

Therearetwo differentlocalities,parent-childlocality and
spatiallocality, whichariseduringthetraversal.

1. Parent-child locality: Oncea nodeof a hierarchy is ac-
cessedby a searchquery, it is likely that its child nodes
will beaccessedsoon.For example,in framei of Fig. 3, if
theroot nodeof theBVH is accessed,its two child nodes,
n3

1 andn3
5, arelikely to beaccessedsoon.Moreover, after

n3
1 is accessedduring framei, its child nodesarelikely to

beaccessedin thenext frame.
2. Spatial locality: Whenever a nodeis accessedby a search

query, othernodesin closeproximity arealsohighly likely
to beaccessedby othersearchqueries.For example,colli-
sionsor contactsbetweentwo objectsoccurin smalllocal-
ized regionsof a mesh.Therefore,if a nodeof a BVH is

c
 TheEurographicsAssociationandBlackwellPublishing2006.



Sung-EuiYoon& DineshManocha / Cache-Ef�cient Layoutsof BoundingVolumeHierarchies

n4
1

n2
1

n3
1

n1
1 n1

1n1
1 n1

2

n2
3

n1
3 n1

4

n2
5

n3
5

n1
5 n1

6

n2
7

n1
7 n1

8

n2
1

n2
3 n2

7

n2
5

n4
1

n2
1

n3
1

n1
1 n1

1n1
1 n1

2

n2
3

n1
3 n1

4

n2
5

n3
5

n1
5 n1

6

n2
7

n1
7 n1

8

n2
1

n2
3 n2

7

n2
5

Obj 1

Obj 2

Frame i

Frame i + 1

Parent-child locality

A BVH of Obj 1

Spatial locality

Obj 1

Obj 2

Figure 3: Two localities within BVHs: We show two successive
framesfrom a dynamicsimulationandthechangein accesspatterns
(shown with bluearrows)of aBVH. In thissimulation,object2 drops
on object1, asshown on the left. The accesspatternof the BVH of
object1 duringeachframeis shown on the right. TheBVs from the
2nd level in theBVH areshown within object1 on the left. We also
illustrate the front traversedwithin eachBVH during eachframein
green.The top BVH shows the parent-childlocality, when the root
node,n4

1, of theBVH of object1 collideswith theBVs of objects2.
During framei + 1, object2 is colliding with object1. In this con�g-
uration,theBVs n2

3 andn2
7 (andtheir sub-nodes)areaccesseddueto

their closespatiallocality.

accessed,othernearbynodesareeithercolliding or arein
closeproximity andmaybeaccessedsoon.In framei + 1
of Fig. 3, if oneof two nodes,n1

4 andn1
7, is accessed,the

othernodeis alsolikely to be accessedduring that frame
or subsequentframes.

Weconsidereachof thesetwo localitiesandusethemto com-
putethelayoutof aBVH. In theremainderof thissection,we
brie�y summarizeseveralknown resultsrelatedto theselocal-
ities.

4.2. Parent-Child Locality

Weuseseveralresultspresentedby Gil andItai [GI99] to com-
putea cache-coherentlayout of a BVH. Gil andItai address
the problemof computinga good layout for searchqueries
on a tree.They de�ne two differentmeasuresfor the cache-
coherenceof a layoutof a tree.Thetwo measureare:

1. The number of cachemisses(or pagefaults): PF1(BVi)
is de�nedasthenumberof cachemisses,givenacachethat
canhold only singlecacheblock during the traversalof a
searchqueryendingatBVi .

2. The size of working set: The working set during the
traversalof thesearchqueryis a setof thedifferentcache
blocksthatareaccessed.WS(BVi ) is de�ned asthesizeof
theworkingset.

Intuitively speaking,PF1(BVi) measuresthenumberof times
thataccessingBVs crossesboundariesof cacheblocksof the
layoutduringthetraversal.Additionally, [GI99] introduceda
virtual probability function, Pr(BVi), that can measurehow
many times BVi is accessedduring any searchqueryon the
tree.Theexpectedsizeof working set,WS, of the layoutcan
beformulatedas:

WS= å
BVi 2 BVH

Pr(BVi)WS(BVi );

for all nodesBVi in thehierarchy. Similarly, wecande�ne the
expectednumberof cachemisses,PF1, of a layoutby multi-
plying Pr(BVi) by PF1(BVi) for all nodesBVi in thetree.If a
treelayout is optimalgiven thePF1 or WSmeasure,the tree
layoutis de�ned asPF1-optimalor WS-optimal,respectively.

Lemma 1 (Convexity): If a layoutof a treeis PF1-optimalor
WS-optimal,thelayoutis convex [GI99].

The layoutof a treeis convex if all the intermediateBVs be-
tweenBV0 andBVk arestoredin thesameblock whena node
BV0 andits descendantBVk arestoredin thesamecacheblock.

Lemma 2 (Equivalence):A layoutof a treeis PF1-optimalif
andonly if it is WS-optimal[GI99].

Lemma 3 (NP-Completeness):Computinga layoutof a tree
that is aWS-optimalwith a minimumstorage is NP-Complete
[GI99].

Weusethesepropertiesandlemmasto designourlayoutal-
gorithmthatconsidersparent-childlocality duringthetraver-
salof searchqueries.

4.3. Spatial Locality

Recently, Yoonet al. proposedapproachesto computecache-
coherentlayouts of meshesand graphs[YLPM05, YL06].
They constructagraphto representcache-coherentaccesspat-
ternson aninput mesh. Eachvertex of thegraphrepresentsa
dataelement(e.g.avertex of themesh)thatanapplicationac-
cesses.Dependingonthespatiallocalitybetweentwovertices,
anedgeconnectingtwo verticesis createdwith a weight that
is proportionalto thespatiallocality. Also, to computecache-
coherentlayoutsof meshes,Yoon et al. performmulti-level
optimizationgiven thecache-obliviousmetric to measurethe
expectednumberof cachemissesfor eachedge.

We summarizetwo major resultsthat are relevant to our
work. First, Yoon et al. show that the expectednumberof
cachemissesduringaccessinganedgeconsistingof two ver-
tices has high correlationwith a log function of the edge
length,theindex gapof thetwo verticesin thelayout.There-
fore, the multi-level layout constructionseeksa layout that
hasa lower sumof the log functionsof edgelengthsto min-
imize theexpectednumberof cachemisses.Second,any lay-
out computedby the multi-level layout constructionmethod
that recursively divideseachchunkof themeshinto k subset
asproposedin [YLPM05] is implicitly sub-optimizedto con-
struct cache-oblivious layoutsof meshes.Thesetwo results
areusedaspartof our layoutalgorithmwith our probabilistic
model.

5. Probabilistic Model

In this sectionwe presentour probabilisticmodel,which is
usedto predicttheruntimeaccesspatternson BVHs. We de-
rive our formulationbasedon the geometricrelationshipbe-
tweenthenodesof BVHs.

We assignto a BV, nk
i a probability, Pr(nk

i ), that the node
would be accessedduring the traversal as part of a search
query. Supposethe parentnode,Parent(nk

i ), of a node,nk
i ,

of anobjectcollideswith a BV node,BVObj2, of anotherob-
ject. In this case,the two childrenof Parent(nk

i ) arefetched
andtestedto further localizethe colliding region. Therefore,
Pr(nk

i ) can be computedby multiplying two factors:1) the
probabilitythatParent(nk

i ) is accessed,and2) theprobability
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Figure4: Layoutcomputationof a BVH: A depth-�rst layoutof aBVH is shown in theleftmost�gure andacache-obliviouslayoutof thesame
treeis shown in therightmost�gure. Thenumberwithin eachBV nodein theleftmostandtherightmost�gures is anindex of theorderingof BVs in
thelayout.Themiddle�gure shows theoutputof theclusteringstep.Thetopmostclusteris therootclusterandtherestarechild clusters.Directed
edges(shown in blue) indicateorderingbetweenclusters.Also, the middle �gure indicatesthat leftmostclusteris mergedwith its neighboring
cluster.

thatParent(nk
i ) collideswith BVObj2. If thereis acollisionbe-

tweenthetwo nodes,eachnodeis furtherre�ned with its two
child nodes.Thus,thesecondprobabilitycanbecomputedby
assumingthat therewasalsoa collision betweenGrand(nk

i )
and BVObj2. The probability that nk

i is accessedduring the
traversalcanberecursively formulatedasfollowing:

Pr(nk
i ) = Pr(Parent(nk

i ))Pr(nk
i ;Xp = 1jXg = 1) (1)

whereXp and Xg are two binary randomvariablesindicat-
ing whethertherearecollisionsbetweenthe Parent(nk

i ) and
BVObj2 andbetweenGrand(nk

i ) andBVObj2, respectively.

5.1. Probability Computation

Ourgoalis to ef�ciently computePr(nk
i ;Xp = 1jXg = 1) given

the recursive probability formulation presentedin Eq. (1).
Sincewe computeprobabilitiesfor nodesof the BVH as a
preprocess,we do not know anything aboutthe size or BV
type of BVObj2, a BV nodeof anotherobject.Insteadof as-
sumingany particularBV for BVObj2, we enumerateall pos-
siblecon�gurationsof BVs for BVObj2 andcomputetheprob-
ability. Let Sg(nk

i ) be the set that representall possiblecon-
�gurations of BVObj2 that collide with Grand(nk

i ). We can
similarly de�ne Sp(nk

i ). For example,if BVObj2 is a sphere,
Sp(nk

i ) can be constructedby Minkowski sum: Sp(nk
i ; r) =

Parent(nk
i )

L
Sphere(r) whereSphere(r) is a spherewith a

radius,r 2 [0;1 ) and
L

is the Minkowski sumoperator. In
the moregeneralcase,BVObj2 would correspondto a box or
a convex shapeandcouldhave arbitraryorientation.As a re-
sult,bothSg(nk

i ) andSp(nk
i ) canberepresentedashighdimen-

sional con�guration-space. Given the formulationof Sp(nk
i )

andSg(nk
i ), Pr(nk

i ;Xp = 1jXg = 1) canbede�ned as:

Pr(nk
i ;Xp = 1jXg = 1) =

Pr(Xp = 1\ Xg = 1)
Pr(Xg)

=
Vol(Sp(nk

i ) \ Sg(nk
i ))

Vol(Sg(nk
i ))

;
(2)

whereVol(A) representsthe volumeof A. Intuitively speak-
ing, theprobabilityis theratioof thevolumeof theintersected
spacebetweenSp(nk

i ) and Sg(nk
i ) to the volume of Sg(nk

i ).
We refer to the intersectedvolumeratio betweenSp(nk

i ) and
Sg(nk

i ), asVintersected(n
k
i ).

It is, however, complex and expensive to construct the

Minkowski sumor thecon�gurationspacein general[VM04].
Thecombinatorialcomplexity is high andthe resultingalgo-
rithms are susceptibleto degeneraciesand robustnessprob-
lems.As a result,exactcomputationof Pr(nk

i ) is non-trivial.

5.2. ApproximateProbability Computation

We proposea simplemethodto approximatethe probability
functiondescribedin Eq. (2). We observe that theintersected
volume ratio computedwhen BVObj2 is consideredto be a
point–therefore,BVObj2 haszeroextent–isagoodapproxima-
tion of theprobability, which is the intersectedvolumeratio,
Vintersected(nk

i ), betweenSp(nk
i ) and Sg(nk

i ). In other words,
weuseanintersectedvolumeratio,Vintersected(nk

i ;0), between
Parent(nk

i )(= Sp(nk
i ;0)) andGrand(nk

i )(= Sg(nk
i ;0)) for the

probability de�ned in Eq. 2. This approximationis basedon
thefollowing observations:

� Relative importance of probabilities during layout com-
putation: Supposethatour layoutalgorithmconsiderstwo
nodes,n1 andn2, to decidewhich nodeshouldbeordered
�rst. Our layout algorithm will choosea nodethat hasa
higherprobability.

� Importance of Sp(nk
i ;0) and Sg(nk

i ;0) for probability
computation: Supposethat an intersectedvolume ratio,
Vintersected(n1;0), betweenParent(n1) and Grand(n1) is
biggerthanits counterpart,Vintersected(n2;0), of Parent(n2)
and Grand(n2), when r is zero. It is then likely that
the intersectedvolume ratio, Vintersected(n1; r), between
Sp(n1; r) andSg(n1; r) is alsobigger than its counterpart,
Vintersected(n2; r), of n2, when r is non-zero.Therefore,
we can approximatethe relative importanceof the inter-
sectedvolume ratio, Vintersected(n

k
i ), betweenSp(nk

i ) and
Sg(nk

i ) as the relative importanceof the intersectedvol-
ume ratio, Vintersected(n

k
i ;0), betweenBVs of Parent(nk

i )
andGrand(nk

i ).

In order to quantitatively verify our approximation,we
selectedtwo nodes,n1 and n2, during layout computation
of the dragon model and measuredVintersected(n1; r) and
Vintersected(n2; r) as r geometricallyincreasesfrom zero.We
observed that less than 5% of relative importancebetween
Vintersected(n1;0) andVintersected(n22;0) is reversedas com-
paredtoVintersected(n1; r) andVintersected(n2; r), whenweused
ahigherradiusfor BVObj2 asasphere.

Discretization: In order to approximatethe volume ratio
of the intersectedareabetweenParent(nk

i ) and Grand(nk
i )

to Grand(nk
i ), we overlay a uniform grid on the BV of
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Grand(nk
i ) andmeasurethe numberof cells of the grid that

arecontainedin theBV of Parent(nk
i ). We generatea sample

point in eachcell to performthiscontainmenttest.In practice,
we found that using 64 samplesto computethe probability
wassuf�cient.

6. Layout Computation

In this section,we presenta simplegreedyalgorithmto com-
puteacache-ef�cient layoutof aBVH. Weusetheproperties,
lemmas,andthe probabilitymodeldescribedin the previous
sectionsto computecache-ef�cient layoutsof BVHs.

6.1. Overall Algorithm

At thetop level, our algorithmdecomposesa BVH into clus-
ters.If we knew thecacheparametersandtheblock size,we
couldcomputehow many BV nodes�t into thecacheblock.
Giventhis information,we coulddecomposetheBVH into a
set of clusters,suchthat the sizeof eachclusteris equalto
thesizeof thecacheblock. However, our algorithmdoesnot
assumeany particularcachesizeandconstructsa layout that
workswell with any cacheparameter. In orderto achieve this
goal,werecursively computetheclusters.We�rst decompose
theBVH into asetof clustersandrecursively decomposeeach
cluster. In this case,the cacheblock boundariescanlie any-
wherewithin a layout that correspondsto the nodesof these
clusters.Therefore,we needto computea cache-ef�cient or-
deringof theclusterscomputedateachlevel of recursion.

Our algorithm has two different componentsthat handle
parent-childandspatiallocalities.In particular, the �rst part
of ouralgorithmdecomposesaBVH into asetof clustersthat
minimizethecachemissesfor parent-childlocality. Theclus-
tersareclassi�edasa root clusterandchild clusters.Theroot
clustercontainsthe root nodeof the BVH andchild clusters
arecreatedfor eachnodeoutsidethe root clusterwhosepar-
ent nodeis in the root cluster(seethe middle imagein Fig.
4). Thesecondpartof thealgorithmcomputesanorderingof
theclustersandstorestheroot clusterat thebeginningof the
ordering.The orderingof child clustersis computedby con-
sideringtheir spatiallocality. Then,we canmerge two child
clustersif it canfurtherdecreasethesizeof theworking set.
We recursively apply this two-fold procedureto computean
orderingof all theBVs in theBVH.

Cluster size:For eachlevel of recursion,we decomposethe
BVH into a setof clustersthat have approximatelythe same
numberof BV nodes.Supposethat a root clusterhasB BV
nodes.Then,the root clusterhasB+ 1 child clustersandwe
decomposetheBVH into B+ 2 clusters.Assumingthateach
clusteris reasonablybalancedin termsof the numberof BV
nodesbelongingto eachcluster, B� (B+ 2) shouldbebigger
than n, the numberof nodesin the BVH, to containall the
nodesin theBVH. Therefore,B is setto bed

p
n+ 1� 1e.

6.2. Cluster Decomposition

Beforecomputingclustersfrom the BVH, we �rst compute
andassigna probability, Pr(nk

i ), to a BV, nk
i , asdescribedin

the previous section.Then,we partition the BVH into B+ 2
clusters,whereB is thenumberof nodesin theroot cluster.

Ourgoalin thisstepis to storetheBV nodes,whichareac-
cessedtogetherdueto theparent-childlocality, into thesame
clusterin orderto minimizethenumberof cachemisses.Ac-
cordingto our probabilitymodelshown in Eq. (1), theproba-
bility assignedto eachnodecanalsobeconsideredtheproba-
bility thatthenodeis accessed,giventhatarootnodeof aclus-
ter is alreadyaccessed.Therefore,wecanachieveourgoalby

maximizingthesumof probabilitiesof BVs belongingto the
rootcluster. Moreover, maximizingthissumto therootcluster
alsominimizestheprobabilityof accessingthenodesbelong-
ing to thechild clusters.This formulationalsominimizesthe
numberof timesthata searchqueryaccessesthedataacross
the boundariesof cacheblocks of the layout, quanti�ed by
PF1 measure.Accordingto Lemma2, computinganoptimal
layout for the PF1 metric is equivalent to computingan op-
timal layout thatminimizestheexpectedsizeof working set,
WS. Therefore,maximizingthe sumof probabilitiesof BVs
belongingto the root clusterminimizesthe expectedsizeof
theworkingsetduringcollisionqueriesin theend.

However, computinga layout that minimizesthe working
set and the numberof cachemissesfor all possiblesearch
querieswith minimum spaceof a layout is NP-complete(as
per Lemma3). As a result, we employ a greedyalgorithm
to ef�ciently computea cache-oblivious layout of the BVH.
Our algorithmgreedilytraversestheBVH andmergesnodes
from the root nodeof the BVH into the root clusterby lo-
cally choosinga nodethat hasthe highestprobability. Once
the root clusterhasB nodes,we stopmerging thenodesinto
theroot cluster. Then,eachchild nodeof thenodesinsidethe
rootclusterwhosechild nodesareoutsidetherootclustercon-
sistsof a child clustercontainingall thenodesof its sub-tree.
The layoutcomputedby our greedyapproachalsomaintains
theconvexity of thelayoutasde�ned by Lemma1.

6.3. Layouts of Clusters

Giventhecomputedclustersateachlevel of therecursion,we
computeacache-obliviousorderingof theclustersby consid-
ering their spatiallocality. During eachrecursive stepof the
algorithm,the numberof BV nodesbelongingto eachclus-
ter roughlyreducesby a factorof B+ 2, basedon our cluster
computationalgorithm.This causesconsiderabledifferences
betweenthesizesof clusterscreatedduringthepreviouslevel
of therecursionandthecurrentlevel of therecursion.There-
fore, it is importantto computea cache-coherentorderingof
theclustersin orderto furtherreducethecachemisses.This is
becausethereis high likelihoodthatthesizeof a cacheblock
maylie betweentheclustersizeof theprevious level andthe
currentlevel of recursion.

Weplacetherootclusterat thebeginningof theorderingof
clusters,sincethetraversaltypically startsat theroot nodeof
theBVH. In ordertocomputeanorderingof childclusters,We
testtwo differentlayoutmethodsbasedontwo resultssumma-
rizedin Sec.4.3.

Our �rst approachis to constructa cache-oblivious layout
of child clustersby computinganundirectedgraphthatrepre-
sentsaccesspatternsbetweenclusters.To constructthegraph,
weconstructanedgebetweentwo clustersif they arein close
proximity, that is, if their BVs overlap.Then,we computea
probabilitythataBV of aclusterhascollidedgiventhataBV
of anotherclusterhascollided basedon the probability for-
mulationdescribedin Eq. 2. Oncethe graphis computed,a
cache-obliviouslayoutof child clustersis computedusingthe
cache-obliviousmeshlayoutalgorithm[YLPM05]. We found
that this methodeffectively reducesthe sizeof working set.
However, we alsofound that the runtimeperformanceof the
applicationcanincrease,especially, whentheperformanceis
dominatedby disk accesstime. This is mainly becausethe
layoutof child clustersis constructedsolelybasedon spatial
locality betweentheclusters,althougharuntimeapplicationis
likely to accesschild clustersfrom left to right clusterssince
theapplicationtypicallyusesdepth-�rstorbreadth-�rsttraver-
sal.
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Figure5: DynamicSimulationbetweenDragonandTurbine Mod-
els: This imagesequenceshows discretepositionsfrom our dynamic
simulationbetweendragonandCAD turbinemodels.We areableto
achieve 38%–215%performanceimprovementin collision detection
by usingourcache-ef�cient layoutsof theOBB-treeoverothertested
layouts.

To addressthis issue,welayoutchild clustersfrom leftmost
to rightmostfollowing theirpositionin theBVH asoursecond
approach.Notethatthisordercanbeviewedto beconstructed
througha multi-level layout constructionmethodsinceroot
nodesof child clusterscan be consideredto be recursively
divided from their commonroot nodeof the child clusters.
Therefore,thissimplelayoutof child clusterscanbealsocon-
sideredas a sub-optimizedcache-oblivious layout basedon
the secondresultssummarizedin Sec.4.3, We arealsoable
to observe that the working set size during runtime traver-
sal basedon the layout computedby our secondapproachis
within 5% of that of the �rst layoutapproach.Moreover, we
alsofoundthattheruntimeperformanceof applicationsis fur-
therimprovedwith thesecondlayoutmethodsincethelayout
orderis morecoherentto breadth-�rstanddepth-�rst runtime
traversal.

Merging clusters: If we recursively apply the cluster de-
compositionmethodandthe clusterlayout methodproposed
above,all thenodescontainedin oneclusterarestoredbefore
or after nodesof anothercluster. However, if thereis more
overlapbetweenrootnodesof two clustersthanbetweeneach
rootnodeandits child nodes,two rootnodesof thechild clus-
terarelikely to beaccessedsequentially. By doingthis,wecan
further reducethesizeof working set.We formalizethis ob-
servationlikethis: if theprobabilitythattwo rootnodesareac-
cesseddueto spatiallocality is biggerthantheprobabilitythat
theirchildrennodesareaccesseddueto theparent-childlocal-
ity, we mergetwo clustersinto one.Onceclustersaremerged
into onebiggercluster, the two root nodesof theclustersare
storedconsecutively in the �nal computedlayout within our
layoutalgorithm.

6.4. Triangle Layout

Onceasetof BV pairsis computedduringtheruntimetraver-
salof theBVHsof two objects,exactquerycomputationbased
on thetrianglesof leafnodesis performed.Weextracta trian-
gle layoutfrom theBV layoutof theBVH for ef�cient layout
computation.If we encounterleaf nodesof the BVH during
layoutcomputation,wesequentiallyorderthetrianglesstored
in theBVs into thetrianglelayoutsincewe performtheover-
lap testsat runtimein asequentialmannerbasedon thestored
orderof thetriangleswithin a leafnode.

7. Implementation and Performance

In this sectionwe describeour implementationandhighlight
theperformanceof cache-obliviouslayoutsondifferentBVHs

Model TrianglesSizeof BVH Meanandstd Comp.
(M) (MB) of depthof leavestime (min)

Hugo 0:02 2 16;1:7 0:03
Bunny 0:07 8 17;0:8 0:26
Dragon 0:8 108 21;1:6 3
1M powerplant 1:1 139 23;2:9 6
Turbine 1:7 220 22;0:7 8
Lucy 28 4;811 37;3:4 34

Table 1: Benchmark Models: Model complexity, sizesof BVHs,
meanandstandard deviation(std)of depthof leaf nodes,andcompu-
tation timeto computecache-obliviouslayoutsare shown.

andspatialpartitioninghierarchies.Theseincludethekd-tree
usedby araytracingalgorithmandOBB-treeusedto perform
collisionqueriesin adynamicsimulation.

7.1. Implementation

We have implementedour cache-oblivious layout computa-
tion algorithm as well as the two applicationson a 2:4GHz
Pentium-IVPCwith 1GB of RAM. Our cache-oblivious lay-
out algorithmcanhandlevery largedatasetsin anout-of-core
manner. Our systemrunson Windows XP andusestheoper-
atingsystem'svirtual memorythroughmemorymapped�les.

7.2. Benchmark Models

Our algorithmhasbeenappliedto differentpolygonalmod-
els.TheseincludetheLucy modelcomposedof morethan28
million polygons(Fig. 1), 1M versionof power plantmodel,
a Hugo modelconsistingof 16K polygon(Fig. 2), the CAD
turbinemodelconsistingof a singleobjectwith 1:7 million
triangles(Fig. 5), thedragonmodelconsistingof 800K poly-
gons,andtheStanfordbunny modelconsistingof 67K poly-
gons(Fig. 7). Thedetailsof thesemodelsareshown in Table
1.

7.3. Performances

We appliedour out-of-corelayout computationalgorithmto
computecache-obliviouslayoutsof BVHs of themodels.Ta-
ble.1presentsthelayouttimefor eachmodel.An unoptimized
implementationof ourout-of-corealgorithmcanprocessupto
14K trianglespersecond.

7.3.1. Collision Detection

Wehaveimplementedanimpulsebasedrigid bodysimulation
[MC95] for dynamicsimulation.WeuseOBB-trees[GLM96]
to performcollisionqueries.To computeOBB-treesin anout-
of-core manner, we decomposethe input meshinto chunks
of geometry[YSGM04]. We computecache-ef�cient layouts
of the OBB-treesof different modelsand usetheselayouts
with thesameunderlyingalgorithm,i.e.RAPID [GLM96], to
performcollisionqueries.In ourcurrentimplementation,each
OBB nodetakes64bytes.

We comparedthe performanceof our cache-oblivious
layout of BVHs (COLBVH) with different layouts includ-
ing depth-�rst layout(DFL) of the BVH, breadth-�rst lay-
out(BFL), van Emde Boas layout (VEB) [vEB77], cache-
oblivious mesh layout (COML) [YLPM05], and a cache-
awarelayoutobtainedby explicitly settingcachesizeinto our
cache-oblivious layoutalgorithm(CALBVH). TheOBBsare
precomputedandonly the orderingof the hierarchy is mod-
i�ed. The COML, as explainedin Sec.4.3, is computedby
constructingan undirectedgraph.This is accomplishedby
generatingedgesbetweenparentandchild nodesandbetween
nearbynodesonthesamelevel of theBVH. WeuseOpenCCL
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library [YMLP05] to computecache-oblivious layoutsof the
graphrepresentingaccesspatternsontheBVH. TheVEB lay-
out is computedrecursively. Thetreeis partitionedwith ahor-
izontal line sothat themaximumheightof thetreeis divided
into half. The resultingsub-treesare linearly storedby �rst
placingtherootsub-treefollowedby othersub-treesfrom left-
mostto rightmost.This processis appliedrecursively until it
reachesasinglenodeof thetree.

We have testedthe performanceof the OBB-treecollision
detectionalgorithmwith our layoutsin threedifferentbench-
marks:

1. Bunny and Dragon: A bunny moves towardsa dragon
(Fig. 7).

2. Dragon and Turbine: A dragondropsonto theCAD tur-
binemodel(Fig.5).

3. Power plant and Hugo: A Hugorobotmodelis placedin
the top left sideof the power plant model(Fig. 2. This is
our benchmark3-a.Also, therobotmodelis placedin the
middleof thepowerplantmodel,speci�cally in thefurnace
room. This is our benchmark3-b. This particularbench-
markhasmuchlargeroverlapsbetweentheBVs sincethe
robotmodelis placedinsidethepowerplantmodel.

Our �rst andsecondbenchmarksareperformedduringarigid
bodysimulation.

We collectedtiming dataaftermakingsurethat thereis no
loadeddatain themainmemory. Moreover, wealsomadesure
thereis no �le fragmentationssincethe fragmentationscan
slow down the performanceof I/O accesses.Dynamicsimu-
lationsof the �rst andsecondbenchmarksareshown in the
accompanying video.In the �rst andsecondbenchmarks,we
areableto achieve a 26%–215%improvementin the perfor-
manceof collision queriesby using COLBVHs over other
layoutson our benchmarks.Also, the performanceof cache-
oblivious layout is comparableto thatof cache-awarelayout.
This improvementis achieved by reducingthe working set
during collision queriesand fewer cachemisses.Moreover,
in ourbenchmark3-aand3-b,weareableto achieveup to 26
timesimprovementover otherlayouts.Sincethepower plant
modelhasvery irregulardistribution of geometry, our layout
methodconsideringgeometricrelationshipbetweenBVs is
able to achieve higherperformanceimprovementover other
layoutsin this particularmodel.Also, our layoutconsistently
showsbetterperformanceoverotherlayouts.In Fig. 6, we re-
port theaveragecollision querytimesandworking setsizein
ourbenchmarks.

In benchmarks1, 2, and3a,VEB layouthasslightly worse
performanceover our layouts. This is mainly becausethe
OBB-treesarealmostbalancedtreesandtheorderingof child
clustersfrom left to right during VEB layout computation
maintainsreasonablygood cache-coherenceas discussedin
Sec.4.3. However, in our benchmark3-b, BFL layout has
muchsmallerworking setsizecomparedto VEB. Sincethe
robotmodelis placedinsidethepower plantmodelandBVs
of theplanthave high overlapswith otherBVs, BFL is more
suitablein thatcase.

7.3.2. Ray Tracing

We implementedan interactive ray tracerbasedon kd-trees
[Wal04]. To allow different layoutsof kd-nodes,we change
intermediatekd-nodesto have theleft andright child indices;
therefore,thesizeof eachkd-nodeis 16bytesasopposedto 8
bytesusedin thestate-of-the-artkd-treerepresentation.

We applied our layout algorithm to compute cache-
oblivious layoutsof kd-trees.Sincethe implicitly computed

Figure 6: Performanceof Collision Detection: Averagecollision
querytime andthe sizeof working setfor collision detectionin our
benchmarks.Wehighlighttheperformanceof otherlayouts(i.e.VEB,
DFL andBFL) andcomparethemwith our layouts(COLBVH and
CALBVH). VEB is the van EmdeBoaslayout, DFL and BFL are
thedepth-�rst andbreadth-�rstlayouts,respectively. Weobtain26%–
2600%improvementin theperformanceof collisionqueriesbasedon
reducedworking setsizeandfewer cachemisses.Moreover, theper-
formanceof cache-obliviouslayout(COLBVH) is comparableto that
of cache-aware layouts(CALBVH) (in the �rst and secondbench-
marks)andconsistentlyshows betterperformanceoverotherlayouts.

BV of eachkd-nodeis fully containedin its parentBV and
someBVs can have zero volumes,we use the surface ar-
easof BVs asthe volumefor probability computation.Such
techniqueshave alsobeenusedby kd-treeconstructionalgo-
rithms[MB90]. Wecomputetheprobabilitybasedontheratio
of surfaceareasanduseour layoutsof kd-treeswithout any
modi�cation of runtimeray tracer.

We testeddifferentlayoutsof theLucy modelconsistingof
28 million triangles.Pleasenotethat the kd-treeof the Lucy
modelis unbalanced,sincethestandarddeviation of depthof
leafnodesis about3. Wealsoensurethatthereis no fragmen-
tationsin thedata�les.

Weareableto achieve77%–180%improvementin theper-
formanceof ray tracingandableto achieve 7%–55%reduc-
tion in the sizeof working setcomparedto otherlayouts.In
this case,the performanceimprovementcannotbe directly
measuredby reductionin the working setsizesincethe I/O
accesstime is also affectedby other factorsincluding disk
I/O sequentialprefetching.Sincethe cache-oblivious layout
storescoherentdatain spatiallycloseregion on thedisk, it is
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Figure 7: DynamicSimulation betweenBunny and Dragon Mod-
els: This imagesequenceshows discretepositionsfrom our dynamic
simulationbetweenbunny anddragonmodels.Weareableto achieve
26%–166%performanceimprovementby usingour cache-oblivious
layoutsof OBB-treesas comparedto other layouts.Moreover, the
cache-obliviouslayouthasonly 10%lowerperformanceascompared
to thecache-awarelayout.
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Figure 8: Performanceof Ray Tracing: Averagerendertime and
thesizeof working setduringray tracingof theLucy modelwith 28
million trianglesareshown with differentlayouts.By usingthecache-
oblivious layout,we areableto achieve 77%–180%improvementin
the performanceof ray tracing and reducethe working set size by
7%–55%.

likely thatits layoutis well suitedto reducingdisk I/O access
times.We reportthe renderingtime andtheworking setsize
in Fig. 8. The ray tracing traversesthe kd-treein the depth-
�rst orderandperformsintersectiontestsbetweentheBVs of
kd-treeand the rays.Moreover, thereis no overlapbetween
the BVs of kd-nodesthat are not descendantto eachother.
Therefore,depth-�rst layout is likely to be morecoherentat
runtimetraversalcomparedto van EmdeBoas(VEB) layout
and the breadth-�rst layout (BFL). Our experimentalresults
alsosupportthisconjecture.

8. Analysisand Limitation

In this section,we analyzetheperformanceof our algorithm
anddiscusssomeof its limitations.

8.1. PerformanceAnalysis

We canachieve performanceimprovementby storingrelated
datainto oneblock sincemany currentcachingarchitectures
employ ablockfetchingmechanism[AV88]. Theperformance
of the cache-oblivious layoutsof BVHs stronglydependson
the size of eachBV relative to the size of the cacheblock.
We observe higherperformanceimprovementwhenwe have
many disk I/O accesses,which typically have a block sizeof
4KB. On the other hand,we do not achieve signi�cant im-
provementin termsof reducingL1/L2 cachemisses,which
have block size of 64 bytes.In the extremecase,when the
blocksizeis exactly thesameasthesizeof eachelementused
in thelayoutcomputation,thereis verylittle improvementdue
to our layouts.

8.2. Comparisonwith Cache-ObliviousMeshLayouts

Yoonet al. [YLPM05] presenteda cache-obliviousmeshlay-
out (COML) to minimize thenumberof cachemissesduring
runtimeaccesseson themesh.We wereableto achieve40%–
2000% performanceimprovementover the cache-oblivious
meshlayout (COML). We attribute the improvementof our
new algorithmto thefollowing reasons:

� Clustering method: TheCOML methodusesa graphpar-
titioning to computelayoutsfor any graphthatmaycorre-
spondto a polygonalmeshor a BVH. However, thereis
no guaranteethat clusteringthe outputsof the graphpar-
titioning on the input graphsatisfytheconvexity property,
which is very importantto computecache-coherentlayouts
of trees.Therefore,theconstructedlayoutof theBVH may
befar from anoptimallayoutthatminimizesthesizeof the
working set during traversalof collision queries.Instead,
our layout algorithmoptimizedfor BVHs alwaysguaran-
teesthat theclusteringoutputsatis�estheconvexity prop-
erty. At thesametime, our layoutmaximizestheprobabil-
ities that BVs, which areaccessedtogetherdueto parent-
child locality, arestoredin thesamecluster.

� Probability computation: In order to constructan input
graphfor theCOML algorithm,edgesshouldbecreatedto
representaccesspatternsof traversalsof collision queries.
However, it is dif�cult to consistentlycomputeweightsfor
edgesthat representparent-childor spatiallocalitiesin the
graph.The edgecreationmethodsfor BVHs describedin
Yoon et al. [YLPM05] do not adequatelyrepresentaccess
patternsof thetraversals.On theotherhand,our algorithm
(COLBVHs) considerstwo differentlocalitiesandquanti-
�es the probability that a nodeis accessedduring runtime
traversalbasedon the geometricrelationshipbetweenthe
BVs. As a result,weareableto capturemoreaccuraterun-
timeaccessbehavior on theBVHs for layoutcomputation.

8.3. Limitations

Our algorithmworkswell for our currentsetof benchmarks.
However, it hascertainlimitations. Our greedyalgorithm is
basedongreedyheuristicsto computecache-coherentlayouts
basedonparent-childlocality. Therefore,thereis noguarantee
that our cache-oblivious layoutsof BVHs alwaysreducethe
numberof cachemissesor thesizeof theworking set.More-
over, our currentlayout algorithmassumesthat traversalsof
collisionqueriesstartfrom therootnodeof theBVH.

9. Conclusionand Futur eWork

We have presenteda novel algorithm to compute cache-
ef�cient layoutsof BVHs. Wedonotmakeassumptionsabout
thecacheparametersor thememoryhierarchy andtakeadvan-
tageof coherentdataaccesspatternsonBVHs. Wedescribea
new probabilisticmodelto predicttheruntimeaccesspatterns
of applicationson BVHs. We decomposethe accesspatterns
during the traversalof BVHs into a setof searchqueriesand
utilize parent-childandspatiallocalitiesbetweentheaccessed
nodes.Our layoutalgorithmconsidersthesetwo localitiesand
reducesthe numberof cachemissesandthe sizeof working
set.We have usedcache-oblivious layoutsof BVHs for col-
lision detectionbetweencomplex modelsandray tracingof
massive models.We were able to achieve 26%–2600%im-
provementson theperformanceoverdifferentlayouts.

Thereareseveral areasfor future work. We would like to
extendour probability formulationthatpredictsruntimedata
accesspatternsof collisionqueriesto considerotherproximity
queriessuchasminimumseparationdistance.We alsowould
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like to computecache-coherentlayoutsof otherhierarchical
representationssuchasmultiresolutionmeshes(e.g.vertex hi-
erarchies)by extendingour layout algorithm.In this regard,
we alreadyappliedour layoutto anLOD hierarchy combined
with a kd-treefor interactive ray tracing[YLM06] andwere
ableto observe up to 60%improvement.Also, we would like
to applyour probabilityformulationto constructionof BVHs
in orderto reducethenumberof intersectionbetweentwo ob-
jectsandfurtherimprovetheruntimeperformance.Finally, we
would like to designlayout algorithmsfor deformablemod-
els[LYTM06].
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