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Abstract

We presenta novel algorithmto computecadhe-efcient layoutsof boundingvolumehierarchies(BVHs)of polygonal
models.Our appoad doesnot male any assumptionsboutthe cache parametes or bloc sizesof the memory
hierarchy. We introducea new probabilistic modelto predict the runtime accesspatternsof a BVH. Our layout

computationalgorithm utilizes parent-cild and spatial localities betweenthe accessedodesto reduceboth the

numberof cache missesand the size of the working set. Our algorithm also works well for spatial partitioning

hierarchiesincludingkd-trees We useour algorithmto computdayoutsof BVHsandspatial partitioning hierarchies
of large modelscomposeaf millions of triangles.\We compae our cache-efcient layoutswith otherlayoutsin the

contet of collision detectionandray tracing In our bendimarks,our layoutsconsistentlyshowbetterperformance
over otherlayoutsandimprove the performanceof theseapplicationsby 26%-300%withoutany modi cation of the

underlyingalgorithmsor runtimeapplications.

Cateyoriesand SubjectDescriptors(accordingto ACM CCS} 1.3.3 [ComputerGraphics]:Hierarcly and Geometric

Volume25 (2006), Number3

Transformations

1. Intr oduction

Boundingvolume hierarchiegBVHs) arewidely usedto ac-
celeratehe performancef geometrigorocessingndinterac-
tive graphicsapplicationsThe applicationsincluderay trac-
ing, visibility culling, collision detectionandgeometriccom-
putationson large datasetsMost of thesealgorithmsprecom-
putea BVH andtraversethe hierarcly at runtimeto perform
intersectiortestsor culling.

The leaf nodesof a BVH correspondo the trianglesof
the original model. The intermediatenodesare the bounding
volumes(BVs) suchasspheresaxis-alignecboundingboxes
(AABBS), orientedboundingboxes(OBBs),andconvex poly-
topes.The memoryrequirementf BVHs can be high for
large datasetsFor example the storagecostof a hierarcly of
OBBs(i.e.,anOBB-tree)is approximately64 bytespernode.
As aresult,BVHs of large dataset€omposedf tensof mil-
lions of trianglescanrequiregigabytesof space.

Our goal is to computecache-etient layouts of BVHs
to reducethe numberof cachemissesand improve the per
formanceof BVH-basedalgorithms.As the gap betweerthe
processospeedandmain memoryspeedwidens,systemde-
signersncreasinglyusecachesandmemoryhierarchiego re-
ducememorylateng. The accesgimesof differentlevels of
a memoryhierarcly canvary by ordersof magnitude As a
result,therunningtime of analgorithmvariesasa function of
its cacheaccesgpattern.

Many meshrepresentationandalgorithmshave beenpro-
posedo improve thecacheaccespatternof geometrionod-
elsfor speci c applications.Theserepresentationandalgo-
rithmsincluderenderingsequencege.g.,trianglestrips),pro-
cessingequenceg.g.,streamingneshes)ayoutscomputed
usingspacelling curves,and minimum linear arrangement
(MLA). However, theserepresentationand algorithmsmay
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notimprove the cacheaccesgatterndor differentgeometric
applications.

Main Results: We presenta novel algorithm to compute
cache-etient layouts of BVHs of large models. Our ap-
proachis cache-oblriousasit doesnotrequireary knowledge
of cacheparameter®r block sizesof the memoryhierarcly
andis applicableto all kindsof BVHs andspatialpartitioning
hierarchieghat canbe representedsa tree. We representa
BVH astwo separatdinear sequencesf BVs andtriangles.
Our problemis reducedo computingcache-etient layouts
of theBVs andthetriangles We introducea new probabilistic
modelto predicttheruntimeaccespattern®of BVHs basedn
localities.Speci cally, we utilize two typesof localitiesduring
traversalof aBVH: parent-childandspatiallocalitiesbetween
theaccessedodesOurapproachalsouseshetreedecompo-
sition algorithm[GI99] and cache-oblrious meshlayout al-
gorithms[YLPMOS5, YLO6] to computea layoutthatreduces
the numberof cachemissesandthe sizeof theworking set.

We use our algorithm to computelayouts of OBB trees
and kd-treesof large modelscomposedf millions of trian-
gles.Basednthesdayouts we accelerat¢heperformancef
collision detectionandray tracingwithout ary modi cations
to the underlyingalgorithmsor runtime application.We also
compareheperformancef ourlayoutswith otherlayoutsin-
cludingdepth- rstlayout,breadthrst layout,vanEmdeBoas
layout,cache-obliiousmeshlayout,andcache-aarelayouts.
We have obsened 26%—2600%mprovementin performance
basedon our cache-etient layouts.Moreover, in someap-
plicationsthe performanceof our cache-obliious layoutsis
comparableo that of cache-ware layouts.Overall, our ap-
proachoffersthefollowing bene ts:

1. Generality: Our algorithmis generalandapplicableto a
wide rangeof BVHs andspatialpartitioninghierarchieslt
doesnot requireary knowvledgeof cacheparametersr of
theblock sizesof amemoryhierarcly.

2. Applicability: Our algorithmdoesnot requireary modi-
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Figure 1: Ray Tracing the Lucy model: We apply a standard
kd-treebasedaytracingalgorithmto the Lucy modelconsistingof 28

million triangles.A re ective planeis placedbehindthe Lucy model
andthe scenealsohasshadavs. We computea cache-etient layout
of thekd-treeof the Lucy modelusingour algorithm.Our layoutim-

provestheperformancef ray tracingby upto two timesoverprevious

layouts,withoutary changeto theunderlyingalgorithm.

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

3. Impr oved performance: Our layoutsreducethe number
of cachemissegduringtraversalsof BVHs andspatialpar
titioning hierarchiesWe are able to improve the perfor
manceof standarctollision detectiorandray tracingalgo-
rithms.

Organization: The restof the paperis organizedin the fol-

lowing mannerWe give a brief suney of relatedwork in Sec-
tion 2 andan overview of memoryhierarchiesand BVHs in

Section3. Section4 describeghe localitiesthat are usedby
our algorithm.We presenta novel probabilisticmodelto pre-
dict theruntimeaccespatternsof BVHs in Section5 andde-
scribeour layoutalgorithmin Section6. We highlightsits per

formancein Section7 andcomparets performancevith prior
approacheg Section8.

2. RelatedWork

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

2.1. Cache-Ef cient Algorithms

Cache-etient algorithmshave receved considerableatten-
tion over lasttwo decadeén theoreticakomputerscienceand
compilerliterature. Thesealgorithmsincludetheoreticamod-
elsof cachebehaior [Vit01,SCD03 , andcompileroptimiza-
tionsbasedon tiling, strip-mining,andloop interchangingo
minimize cachemissed CM95].

At a high level, cache-etient algorithmscan be classi-
ed as either cache-ware or cache-oblious. Cache-ware
algorithmsutilize knowledge of cacheparameterssuchas
cacheblock size[Vit01]. On the otherhand,cache-oblrious
algorithmsdo not assumeary knowledgeof cacheparame-
ters[FLPR99. Thereis considerablditeratureon developing
cache-etient algorithmsfor speci c problemsandapplica-
tions[ABFO04, Vit01].

2.2. Layouts of BVHs

The impact of different layouts of tree structureshasbeen
widely studied.Thereis considerablevork on cache-coherent
layoutsof tree-basedepresentationsicludingwork onaccel-
eratingsearchqueries.Given the cacheparametersGil and
Itai [GI99] castcache-cohererdayoutcomputatiorasan op-
timization problem. They proposea dynamic programming
algorithm to minimize the numberof cachemissesduring
traversalsof searchqueries.However, the computedlayout
may not be storageef cient. Alstrup etal. [ABFC 03] pro-
posea methodto computecache-oblious layoutsof search
treesby recursvely partitioningthetrees.

Thereis relatively lesswork on cache-coherertyoutsof
BVHs. We refer the readersto a recentbook on real-time
collision detection[Eri04]. Opcode[Ter03 usesa blocking
methodthatmergesseveralboundingvolumesnodestogether
to reducethe numberof cachemissesThe blockingis based
on van EmdeBoaslayout of completetrees[vEB77. How-
ever, it is not clearthatvan EmdeBoaslayoutscanminimize
thenumberof cachemissegduringtraversalof generaBVHs.
Havrananalyzewariouslayoutsof BVHs in thecontext of ray
tracingandimprovestheperformancéyy usingacompactay-
out representationf BVHs [Hav97]. Yoonetal. [YLPMO5]
proposea cache-obliious meshlayoutalgorithmto compute
layouts of geometricmeshesand boundingvolume hierar
chies.We compareour approachwith this algorithmin Sec-
tion 8.2

Layouts of geometric meshes:Mary algorithmsandrepre-
sentationhiave beenproposedo computecoherentayoutsfor
specializedapplications.Renderingsequencese.g., triangle
strips)[Dee95Hop99g areusedto improverenderinghrough-
put by optimizingthe vertex cachehits in the GPU. Isenlurg
and Gumhold[IG03] proposeprocessingsequencesnclud-
ing streamingnesheg$1L04], asanextensionof renderingse-
guencedor large-datgprocessingln thesecasesglobalmesh
accesss restrictedto a x edtraversalorder Many algorithms
usespace lling curves[Sag94 to computecache-friendly
layouts of volumetric grids or height elds. Theselayouts
are widely usedto improve performanceof image process-
ing [VG9]] andterrainor volumevisualizationPF01 LP01].
However, it is unclearwhetherspacelling curveswould ex-
tendto computdayoutsof unstructureanodelsandtheir hier
archiesln graphtheory minimumlineararrangemengMLA)
[DPS02 hasbeenwidely researchedb minimize the sumof
edgelengthsof all theedgesn agraphlayout.However, there
is no direct relationshipbetweenreducingthe sum of edge
lengthsandminimizingthenumberof cachemissesRecently
Yoon andLindstrom[YL06] shav thatthe MLA metricis a
cache-oblriousmetricassuminghatall thecacheblock sizes
areemplo/edat runtime.Moreover, they alsoshavedthatthe
sum of a log function of edgelengthsis a practicalcache-
oblivious metric derived from assumingpower-of-two block
sizes.

3. Memory Hierarchiesand BVH Layouts

In this section,we give an overvienv of memoryhierarchies,
BVHSs, andtheir layouts.We alsointroducesomeof the ter
minologyusedin therestof the paper

3.1. Memory Hierar chy and Caches

Most moderncomputerarchitecturesisehierarchief mem-
ory levels,whereeachlevel of memorysenesasa cade for

thenext level. Thememoryhierarchiesave two maincharac-
teristics[AV88]. First, higherlevelsin thehierarcly arelarger
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in size,fartheraway from the processqrandhave slower ac-
cesstimes. Second,datais moved in large cacheblocks be-
tweendifferent memorylevels. The BVH layoutis initially
storedin thehighestmemorylevel, typically thedisk. Thepor-
tion of thelayoutaccessetyy the applicationis transferredn
large blocksinto the next lower level, suchasthe mainmem-
ory. A transferis performedwheneer thereis a cachemiss
betweentwo adjacentlevels of the memory hierarcly. The
numberof cachemissesdepend®n thelayoutof the BVH in
memoryandtheaccespatternof theapplication!f thenodes
of aBVH arepacledin blocksin acache-coherembannerthe
numberof cachemissescanbe reducedFor the sale of clar
ity, we will usetheterm of cacheblock to indicateblocks of
differentcachesncludingL1/L2, mainmemory anddisk.

3.2. Bounding Volume Hierar chies

BVHs arewidely usedn variousapplicationgo accelerat¢he
performancef intersectioror culling tests. Theleafnodeof a
BVH correspondso thetriangulatechrimitivesandtheinter

mediatenodesaretheboundingvolumes(BVs). EachBV con-
senatively enclosedts geometrycontainedn thenode.Some
of the commonlyusedBVHs include sphere-tree§Hub93,

OBB-treed GLM96], andk-DOP-treegKHM 98]. In therest
of this paper we usecollision or intersectionqueriesas the
driving applicationto explain the conceptdehindcomputing
cache-etient layoutsof BVHs. Thesealgorithmstypically

take two inputs:two 3D objectsor one 3D objectanda ray.

Theruntimealgorithmtraverseghe BVHs of eachobjectus-
ing a depth- rst or a breadth- rstorder The depth- rst order
is typically usedwhenwe needto checkfor ray-objectinter

sectionor to checkwhethertwo objectsoverlap.The breadth-
rst traversalorderis preferredwhenthe runtime algorithm
can be interruptedand may return approximateresults,e.g.
time-criticalcomputation®r constanframe-rateenderingof

largemodels.

Extensve work has been done on evaluating the per
formance of different BVHs for ray-tracing and proxim-
ity queries.Theseinclude the costequationsfor ray-tracing
[WHG84] andcollision detectionf GLM96,KHM 98]. These
costequationgake into accountthe tightnessof t for a BV
and the relative cost of computingintersectionsor overlaps
with thoseBVs basedn thetraversalpattern However, these
formulationsdo not take into accountthe costof memoryac-
cesse®r of cachemissesncurredwhile traversingthe BVHSs.
If theunderlyingmodelandits BVH cannott into the main
memory the costof memoryaccesseand cachemissescan
becomeasigni cant factor

3.3. Layout of BVH

We usethefollowing notationto representhe BVs of aBVH.
We de ne n! astheith BV nodeat the leaf level of the hier-
arcty and nik asa BV nodeat the kth level of the hierarcly.
We alsode ne Left(nik) andRigkt(nE() to betheleft andright
child nodesof the nik. A parentnodeanda grandparenhode
of thenX aredenotedby usingParert(nX) andGrand(n).
Formally speaking,a BVH is a directed agyclic graph,
G(N;E), whereN is a setof BV nodes,nik, andE is a setof
directededgesfrom a node,n}‘, to eachchild node,Left(n}‘)

andRigh(nik), intheBVH. A layoutof aBVH is composeaf
two parts:a BV layoutandatrianglelayout. A BV layoutof
aBVH, G(N;A), is aone-to-onenappingof BVs to positions
in thelayout,j :N! f1;:::;jNjg. Ourgoalis to computea
mapping,j , thatminimizesthe numberof cachemissesand
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Figure 2: Hugo and 1M Power Plant Models: The Hugo robot
modelis placedin thetop left of the power plantmodel,whoseover-
all shapeis shavn on theright. We areableto achieve 35%—2600%
performancemprovementin collision detectionby usingour cache-
efcient layoutsof the OBB-treeover othertestedayouts.

the sizeof theworking setduringthetraversalof the BVH at
runtime. Similarly, we alsocomputea trianglelayoutto min-
imize the cachemissesandthe working setsizeduring BVH
traversals.

4, Localitiesin BVH Traversal

In this section,we de ne two localitiesthatareusedto com-
putea cache-etient layoutof a BVH. We alsogive a brief
overview of prior work on packingtreesand cache-oblrious
meshlayout algorithms,which are usedby our novel layout
algorithm.

4.1. AccessPatternsduring BVH Traversal

Collision queriestraverseBVHs as long as eachquery be-
tweentwo BVs reportsa collision betweerthem.We decom-
posethe accesgatternduring a traversalinto a setof search

queries.We de ne a seach query; S(ng(), to be the traversal

from the root node of the BVH to the node,nik, which can
be eithera leaf or an intermediatenode.Let us assumehat
thetraversalof a collision querystartsfrom therootnodeand

k(1)..... k(m)
endsat nodes,ni(l) N ni(m)

traversal.We representhis traversalasthe unionof traversals
of m differentsearchqueries,(BV;). An exampleof anac-
cesspatternbetweentwo colliding objectsis shavn in Fig. 3.

In framei, the collision queryendsat nf andng startingfrom

therootnode,n‘{, of theBVH of objectl. We canrepresenthe
accesgatternof this collision querywith two searchqueries

endingatn; andng.

Therearetwo differentlocalities, parent-childocality and
spatiallocality, which ariseduringthetraversal.

1. Parent-child locality: Oncea nodeof a hierarcly is ac-
cessedby a searchquery it is likely thatits child nodes
will beaccessedoon.For example,in framei of Fig. 3, if
theroot nodeof the BVH is accessedts two child nodes,

ns andng, arelikely to be accessedoon.Moreover, after

nf is accesseduring framei, its child nodesarelikely to
beaccesseth thenext frame.

2. Spatial locality: Wheneaer anodeis accessetly asearch
query othernodesin closeproximity arealsohighly likely
to beaccessedly othersearchyueries For example,colli-
sionsor contactdbetweertwo objectsoccurin smalllocal-

ized regions of a mesh.Therefore,if a nodeof a BVH is



Sung-EuiYoon& DineshManoda/ Cadche-Efcient Layoutsof BoundingVolumeHierarchies

Frame i

 Parent-child locality

v

Spatial locality
Figure 3: Two localities within BVHs: We shav two successie
framesfrom a dynamicsimulationandthe changein accesgatterns
(shown with bluearrows) of aBVH. In this simulation,object2 drops
on object1, asshavn on theleft. The accesgatternof the BVH of
objectl during eachframeis shavn on theright. The BVs from the
2ndlevel in the BVH areshavn within objectl1 on theleft. We also
illustrate the front traversedwithin eachBVH during eachframein
green.The top BVH shaws the parent-childlocality, whenthe root
node,n?, of the BVH of object1 collideswith the BVs of objects2.
During%ramei + 1, object2 is colliding with object1. In this con g-
uration,the BVs n% and n% (andtheir sub-nodesareaccessedueto
their closespatiallocality.

accessedythernearbynodesareeithercolliding or arein
closeproximity andmay be accessedoon.In framei + 1

of Fig. 3, if oneof two nodes,n} andn?, is accessedhe
othernodeis alsolikely to be accesseduring that frame
or subsequerframes.

We considereachof thesewo localitiesandusethemto com-
putethelayoutof aBVH. In theremainderof this sectionwe
brie y summarizeseveralknowvn resultsrelatedto thesdocal-
ities.

4.2. Parent-Child Locality

We useseveralresultspresentetby Gil andltai [GI199] to com-
pute a cache-cohereriyout of a BVH. Gil andltai address
the problemof computinga good layout for searchqueries
on atree.They de ne two differentmeasuregor the cache-
coherencef alayoutof atree.Thetwo measurare:

1. The number of cachemisses(or pagefaults): PF1(BV;)
is de nedasthenumberof cachemissesgivenacachethat
canhold only single cacheblock during the traversalof a
searchgueryendingat BV;.

2. The size of working set: The working set during the
traversalof the searchqueryis a setof the differentcache
blocksthatareaccessedVS(BVY,) is de ned asthe sizeof
theworking set.

Intuitively speakingPFl(BVi) measureshe numberof times
thataccessindVs crossedoundarieof cacheblocksof the
layoutduring the traversal.Additionally, [G199] introduceda
virtual probability function, Pr(BV;), that can measurehow
mary times BV, is accessedluring ary searchqueryon the
tree.The expectedsize of working set,WS of the layoutcan
beformulatedas:

Ws= g  Pr(BV)WS(BV);
BV, 2 BVH

for all nodesBV; in thehierarcly. Similarly, we cande ne the
expectednumberof cachemissesPF?, of a layoutby multi-
plying Pr(BV;) by PFl(BVi) for all nodesBV; in thetree.If a
treelayoutis optimal giventhe PF! or WS measurethe tree
layoutis de ned asPF*-optimal or WS-optimal, respectiely.

Lemma 1 (Convexity): If alayoutof a treeis PF*-optimalor
WS-optimal,thelayoutis corvex [ GI99)].

Thelayoutof atreeis convex if all theintermediateBVs be-
tweenBVy andBVj arestoredin the sameblock whenanode
BV, andits descendarBVj arestoredn thesamecacheblock.

Lemma 2 (Equivalence):A layoutof a treeis PFl-optimaIif
andonlyif it isWS-optimal[ GI99].

Lemma 3 (NP-Completeness)Computinga layoutof a tree
thatis a WS-optimalwith a minimumstorage is NP-Complete
[GI99].

We usethesepropertiesandlemmado designourlayoutal-
gorithmthat considergarent-childocality duringthe traver-
salof searchgueries.

4.3. Spatial Locality

Recently Yoonetal. proposedapproacheto computecache-
coherentlayouts of meshesand graphs[YLPMO05, YLO6].
They constructgraphto representache-coheremtccespat-
ternson aninputmesh. Eachvertex of thegraphrepresents.
dataelemente.g.avertex of themesh)thatanapplicationac-
cessedDependingnthespatiallocality betweertwo vertices,
anedgeconnectingwo verticesis createdwith a weightthat
is proportionatfto the spatiallocality. Also, to computecache-
coherentlayoutsof meshes)oon et al. perform multi-level
optimizationgiven the cache-oblrious metricto measurehe
expectedhumberof cachemissedor eachedge.

We summarizetwo major resultsthat are relevant to our
work. First, Yoon et al. shov that the expectednumber of
cachemissesduring accessin@n edgeconsistingof two ver
tices has high correlationwith a log function of the edge
length,theindex gap of the two verticesin thelayout. There-
fore, the multi-level layout constructionseeksa layout that
hasa lower sumof thelog functionsof edgelengthsto min-
imize the expectednumberof cachemissesSecondary lay-
out computedby the multi-level layout constructionmethod
thatrecursvely divideseachchunkof the meshinto k subset
asproposedn [YLPMO5] is implicitly sub-optimizedo con-
struct cache-obliious layouts of meshesThesetwo results
areusedaspartof our layoutalgorithmwith our probabilistic
model.

5. Probabilistic Model

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

We assignto a BV, nik a probability Pr(n}‘), thatthe node
would be accessedluring the traversal as part of a search

query Supposethe parentnode, Parert(nf), of a node, nk,
of anobjectcollideswith a BV node,BVop;2, of anotherob-

ject. In this case the two children of Parert(nik) arefetched
andtestedto furtherlocalizethe colliding region. Therefore,

Pr(n}‘) can be computedby multiplying two factors:1) the
probabilitythatParert(nik) is accessedand?2) the probability

¢ TheEurographics#\ssociationandBlackwell Publishing2006.



Sung-EuiYoon& DineshManoda/ Cadce-Efcient Layoutsof BoundingVolumeHierarchies

Depth- rst layout

thatParert(n}‘) collideswith BVop,. If thereis acollisionbe-
tweenthetwo nodesgachnodeis furtherre ned with its two
child nodesThus,thesecondorobability canbe computedoy

assuminghat therewasalsoa collision betweenGrand(n!‘)

and BVopj2. The probability that nik is accessedluring the
traversalcanberecursvely formulatedasfollowing:

Pr(n) = Pr(Parert(n) Pr(nf; Xp = 1jXg= 1) (1)
where Xp and Xg are two binary randomvariablesindicat-

ing whetherthereare collisions betweenthe Parert(nik) and
BVobj2 andbetweerGrand(n!‘) andBVop2, respectiely.

5.1. Probability Computation

Ourgoalisto ef ciently computePr(n}‘;Xp = 1jXg= 1) given
the recursve probability formulation presentedn Eg. (1).
Sincewe computeprobabilitiesfor nodesof the BVH asa
preprocesswe do not know arything aboutthe size or BV
type of BVopj2, @ BV nodeof anotherobject. Insteadof as-
sumingary particularBV for BVopo, we enumerateall pos-
siblecon gurationsof BVs for BVppj2 andcomputethe prob-

ability. Let SJ(nE‘) be the setthat representll possiblecon-
gurations of BVppj» that collide with Grand(nik). We can
similarly de ne Sp(n}‘). For example,if BVop» is a sphere,
Sp(nik) can be constructedby Minkowski sum Sp(nE‘; r) =

Parert(nik) Spher(r) where Spher(r) is a spherewith a
radius,r 2 [0;1 ) and is the Minkowski sumoperatorIn
the more generalcase BVopj> would correspondo a box or
a cornvex shapeandcould have arbitraryorientation.As are-

sult,botth(nE‘) andSp(nik) canberepresentedshighdimen-
sional con guration-space Given the formulation of Sp(nE‘)
anng(nik), Pr(nik;Xp = 1jXg = 1) canbede ned as:
Pr(Xp= 1\ Xg=1)
Pr(Xg)
_ VolI(Sp(n)\ Sy(nk)) .
Vol (Sy(n)

whereVol(A) representshe volume of A. Intuitively speak-
ing, theprobabilityis theratio of thevolumeof theintersected
spacebetweenSy(n) and Sy(nk) to the volume of Sy(nk).
We refer to the intersectedrolumeratio betweenSp(nik) and
SJ(n:() » aSVinterseted( n|k) .

It is, however, complex and expensve to constructthe

Pr(nf;Xp = 1jXg= 1) =

@)

¢ TheEurographic#\ssociationandBlackwell Publishing2006.

Clustering and layout of clusters
Figure 4: Layoutcomputationof a BVH: A depth- rstlayoutof aBVH is shavn in theleftmost gure anda cache-obliiouslayoutof thesame
treeis shavn in therightmost gure. Thenumbemwithin eachBV nodein theleftmostandtherightmost gures is anindex of theorderingof BVsin
thelayout. Themiddle gure shaws the outputof theclusteringstep.Thetopmostclusteris theroot clusterandtherestarechild clusters Directed
edges(shavn in blue) indicateorderingbetweenclusters.Also, the middle gure indicatesthat leftmostclusteris megedwith its neighboring
cluster

Cache-oblivious layout

Minkowski sumor thecon gurationspacen genera[VMO04].
The combinatorialcompleity is high andthe resultingalgo-
rithms are susceptibleo degeneraciesand robustnessprob-

lems.As aresult,exactcomputatiorof Pr(n%‘) is non-trivial.
5.2. Approximate Probability Computation

We proposea simple methodto approximatethe probability
functiondescribedn Eq. (2). We obsere thattheintersected
volume ratio computedwhen BVoy,2 is consideredo be a
point-thereforeBVop,;» haszeroextent—isagoodapproxima-
tion of the probability which is the intersected/olumeratio,

Vimerseaed(ng‘), betweenSp(nik) and Sg(nik). In otherwords,
we usean intersectedlolumeratio,\/imerseaed(nr; 0), between
Parert(nf)(= Sp(n;0)) andGrand(nf)(= Sy(nk;0)) for the
probability de ned in Eq. 2. This approximationis basedon
thefollowing obsenations:

Relative importance of probabilities during layout com-

putation: Supposéhatour layoutalgorithmconsidergwo

nodes,n; andny, to decidewhich nodeshouldbe ordered
rst. Our layout algorithmwill choosea nodethat hasa
higherprobability

Importance of Sp(nF;O) and S;(n!‘;O) for probability

computation: Supposethat an intersectedvolume ratio,

Vinterseted(N1;0), betweenParert(n;) and Grand(n;) is

biggerthanits counterpartVinterseced(n2; 0), of Parert(ny)

and Grand(ny), when r is zero. It is then likely that
the intersectedvolume ratio, Vinterseded(N1;r), between
Sp(ng;r) and S§(ny;r) is alsobiggerthanits counterpart,
Vinterseted(N2; ), of ny, whenr is non-zero.Therefore,
we can approximatethe relative importanceof the inter-

sectedvolume ratio, Vinerseced(NK), betweenSp(nk) and

Sg(n!() as the relative importanceof the intersectedvol-

ume ratio, \/interseaed(nE‘;O), betweenBVs of Parert(nik)

andGrand(nik).

In order to quantitatvely verify our approximation,we
selectedtwo nodes,n; and ny, during layout computation
of the dragon model and measuredVinterseted(N1;r) and
Vinterseced(N2; r) asr geometricallyincreasegrom zero.We
obsered that lessthan 5% of relative importancebetween
Vinterse¢ed(N1;0) and Vinterseded(N22; 0) is reversedas com-
paredto Vinterseged(M1; 1) @andVinterseded(Ne; ), whenwe used
ahigherradiusfor BVppj2 asasphere.

Discretization: In order to approximatethe volume ratio
of the intersectedareabetweenParert(n!‘) and Grand(n!‘)
to Grand(nik), we overlay a uniform grid on the BV of
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Grand(nik) and measureghe numberof cells of the grid that

arecontainedn the BV of Parert(nr) . We generatea sample
pointin eachcell to performthis containmentest.In practice,
we found that using 64 samplesto computethe probability
wassufcient.

6. Layout Computation

In this section,we presenta simplegreedyalgorithmto com-
puteacache-etient layoutof aBVH. We usetheproperties,
lemmas,andthe probability modeldescribedn the previous
sectiongo computecache-etient layoutsof BVHSs.

6.1. Overall Algorithm

At thetop level, our algorithmdecomposea BVH into clus-
ters.If we knew the cacheparameterandthe block size,we
could computehow mary BV nodest into the cacheblock.
Giventhis information,we could decomposé¢he BVH into a
setof clusters,suchthat the size of eachclusteris equalto
the size of the cacheblock. However, our algorithmdoesnot
assumeary particularcachesizeandconstructsa layoutthat
workswell with arny cacheparametern orderto achieve this
goal,werecursvely computetheclustersWe rst decompose
theBVH into asetof clustersandrecursvely decomposeach
cluster In this case the cacheblock boundariesanlie ary-
wherewithin a layoutthat correspondso the nodesof these
clusters.Therefore we needto computea cache-etient or-
deringof theclusterscomputedht eachlevel of recursion.

Our algorithm hastwo different componentghat handle
parent-childand spatiallocalities. In particular the rst part
of ouralgorithmdecomposea BVH into asetof clustershat
minimizethe cachemissedor parent-childocality. The clus-
tersareclassi edasarootclusterandchild clustersTheroot
clustercontainsthe root nodeof the BVH andchild clusters
arecreatedfor eachnodeoutsidethe root clusterwhosepar
entnodeis in the root cluster(seethe middle imagein Fig.
4). The secondpartof the algorithmcomputesan orderingof
the clustersandstoresthe root clusterat the beginning of the
ordering.The orderingof child clustersis computedby con-
sideringtheir spatiallocality. Then,we canmeige two child
clustersif it canfurther decreasehe size of the working set.
We recursvely apply this two-fold procedureto computean
orderingof all theBVs in the BVH.

Cluster size: For eachlevel of recursionwe decomposehe
BVH into a setof clustersthat have approximatelythe same
numberof BV nodes.Supposehat a root clusterhasB BV

nodes.Then,theroot clusterhasB + 1 child clustersandwe
decomposehe BVH into B+ 2 clusters Assumingthateach
clusteris reasonablypalancedn termsof the numberof BV

nodesbelongingto eachclusterB  (B+ 2) shouldbebigger
thann, the numberof nodesin the BVH, tg containall the
nodesin theBVH. ThereforeBis settobed n+ 1 1le

6.2. Cluster Decomposition

Before computingclustersfrom the BVH, we rst compute
andassigna probability Pr(n), to a BV, nX, asdescribedn

the previous section.Then,we partitionthe BVH into B+ 2

clusterswhereB is thenumberof nodesn theroot cluster

Ourgoalin this stepis to storethe BV nodeswhichareac-
cessedogetherdueto the parent-childocality, into the same
clusterin orderto minimize the numberof cachemissesAc-
cordingto our probabilitymodelshavn in Eq. (1), the proba-
bility assignedo eachnodecanalsobe consideredhe proba-
bility thatthenodeis accessedjiventhatarootnodeof aclus-
teris alreadyaccessedlhereforewe canachiese our goalby

maximizingthe sumof probabilitiesof BVs belongingto the
rootcluster Moreover, maximizingthis sumto therootcluster
alsominimizesthe probability of accessinghe nodesbelong-
ing to the child clusters.This formulationalsominimizesthe
numberof timesthata searchqueryaccessethe dataacross
the boundariesof cacheblocks of the layout, quanti ed by

PF! measureAccordingto Lemma2, computingan optimal

layout for the PF! metricis equivalentto computingan op-
timal layoutthat minimizesthe expectedsize of working set,
WS Therefore,maximizingthe sumof probabilitiesof BVs
belongingto the root clusterminimizesthe expectedsize of
theworking setduringcollision queriesin theend.

However, computinga layout that minimizesthe working
setand the numberof cachemissesfor all possiblesearch
querieswith minimum spaceof a layoutis NP-completeg(as
per Lemma3). As a result, we emplg/ a greedyalgorithm
to efciently computea cache-oblrious layout of the BVH.
Our algorithmgreedilytraverseshe BVH andmeigesnodes
from the root node of the BVH into the root clusterby lo-
cally choosinga nodethat hasthe highestprobability Once
theroot clusterhasB nodeswe stopmeiging the nodesinto
theroot cluster Then,eachchild nodeof the nodesinsidethe
root clusterwhosechild nodesareoutsidetherootclustercon-
sistsof a child clustercontainingall the nodesof its sub-tree.
The layout computedby our greedyapproachalsomaintains
thecorvexity of thelayoutasde ned by Lemmal.

6.3. Layouts of Clusters

Giventhecomputectlustersateachlevel of therecursionwe
computea cache-obliousorderingof the clustersby consid-
ering their spatiallocality. During eachrecursve stepof the
algorithm,the numberof BV nodesbelongingto eachclus-
ter roughlyreducesuy afactorof B+ 2, basedon our cluster
computationalgorithm. This causeonsiderabldaifferences
betweerthe sizesof clusterscreatedduringthe previouslevel
of therecursionandthe currentlevel of the recursionThere-
fore, it is importantto computea cache-cohererdrderingof
theclustersn orderto furtherreducethecachemissesThisis
becauséhereis high likelihoodthatthe sizeof a cacheblock
may lie betweerthe clustersize of the previouslevel andthe
currentlevel of recursion.

We placetheroot clusteratthe beginningof the orderingof
clusterssincethetraversaltypically startsat the root nodeof
theBVH. In orderto computeanorderingof child clusters\We
testtwo differentlayoutmethodsasedntwo resultssumma-
rizedin Sec.4.3

Our rst approachs to constructa cache-oblious layout
of child clustersby computinganundirectedgraphthatrepre-
sentsaccespatterndetweerclustersTo constructhegraph,
we constructanedgebetweentwo clustersf they arein close
proximity, thatis, if their BVs overlap. Then,we computea
probabilitythata BV of aclusterhascollidedgiventhata BV
of anotherclusterhascollided basedon the probability for-
mulationdescribedn Eq. 2. Oncethe graphis computeda
cache-obliouslayoutof child clusterds computedusingthe
cache-oblriousmeshlayoutalgorithm[YLPMO5]. We found
that this methodeffectively reducesthe size of working set.
However, we alsofound that the runtime performanceof the
applicationcanincreasegspeciallywhenthe performances
dominatedby disk accesgime. This is mainly becausehe
layout of child clustersis constructedsolely basedon spatial
locality betweertheclustersalthougharuntimeapplications
likely to acces<hild clustersfrom left to right clusterssince
theapplicationtypically usedepth- rstor breadth- rsttraver
sal.

¢ TheEurographics#\ssociationandBlackwell Publishing2006.
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Figure 5: DynamicSimulation betweenDragon and Turbine Mod-
els: Thisimagesequencshavs discretepositionsfrom our dynamic
simulationbetweendragonand CAD turbinemodels.We areableto
achieve 38%—-215%performancémprovementin collision detection
by usingour cache-etient layoutsof the OBB-treeover othertested
layouts.

To addresshisissue we layoutchild clusterdrom leftmost
to rightmostfollowing their positionin theBVH asoursecond
approachNotethatthis ordercanbeviewedto beconstructed
througha multi-level layout constructionmethodsinceroot
nodesof child clusterscan be consideredo be recursvely
divided from their commonroot node of the child clusters.
Thereforethis simplelayoutof child clusterscanbealsocon-
sideredas a sub-optimizedcache-obliious layout basedon
the secondresultssummarizedn Sec.4.3, We arealsoable
to obsere that the working set size during runtime traver-
sal basedon the layout computedby our secondapproachs
within 5% of thatof the rst layoutapproachMoreover, we
alsofoundthattheruntimeperformancef applicationgs fur-
therimprovedwith the secondayoutmethodsincethelayout
orderis morecoherento breadth- rstanddepth- rstruntime
traversal.

Merging clusters: If we recursvely apply the cluster de-

compositionmethodandthe clusterlayout methodproposed
above, all thenodescontainedn oneclusterarestoredbefore
or after nodesof anothercluster However, if thereis more

overlapbetweerroot nodesof two clustershanbetweereach
rootnodeandits child nodesfwo rootnodesof thechild clus-

terarelikely to beaccessedequentiallyBy doingthis,we can

further reducethe size of working set.We formalizethis ob-

senationlik ethis:if theprobabilitythattwo rootnodesareac-

cessediueto spatiallocality is biggerthanthe probabilitythat

theirchildrennodesareaccessedueto theparent-childocal-

ity, we mergetwo clustersinto one.Onceclustersaremerged

into onebiggercluster the two root nodesof the clustersare
storedconsecutiely in the nal computedayoutwithin our

layoutalgorithm.

6.4. Triangle Layout

Onceasetof BV pairsis computedduringtheruntimetraver
salof theBVHs of two objects gxactquerycomputatiorbased
onthetrianglesof leaf nodess performed We extractatrian-
gle layoutfrom the BV layoutof theBVH for ef cient layout
computationlf we encountedeaf nodesof the BVH during
layoutcomputationyve sequentiallyorderthetrianglesstored
in the BVs into thetrianglelayoutsincewe performthe over
lap testsat runtimein asequentiaannembasedn the stored
orderof thetriangleswithin aleafnode.

7. Implementation and Performance

In this sectionwe describeour implementatiorand highlight
theperformancef cache-oblriouslayoutsondifferentBVHs

¢ TheEurographic#\ssociationandBlackwell Publishing2006.

Model TrianglegSizeof BVH| Meanandstd | Comp.
(M) (MB) |of depthof leavedtime (min)
Hugo 0:02 2 16,1:7 0:03
Bunry 0:07 8 17,0:8 0:26
Dragon 0:8 108 21,1:6 3
IMpowerplanf 1.1 139 23,2:9 6
Turbine 1.7 220 22,0:7 8
Lucy 28 4,811 37,34 34

Table 1: Bendmark Models: Model compleity, sizesof BVHSs,
meanand standad deviation(std)of depthof leaf nodesand compu-
tation timeto computecache-oblivioudayoutsare shown.

andspatialpartitioninghierarchiesTheseincludethe kd-tree
usedby araytracingalgorithmandOBB-treeusedto perform
collision queriesn adynamicsimulation.

7.1. Implementation

We have implementedour cache-obliious layout computa-
tion algorithmaswell asthe two applicationson a 2.4GHz
Pentium-IVPCwith 1GB of RAM. Our cache-oblious lay-
outalgorithmcanhandlevery large datasetsn anout-of-core
manner Our systemrunson Windows XP andusesthe oper
ating systems virtual memorythroughmemorymappedles.

7.2. Benchmark Models

Our algorithmhasbeenappliedto differentpolygonalmod-
els.Thesencludethe Lucy modelcomposedf morethan28
million polygons(Fig. 1), 1M versionof power plant model,
a Hugo modelconsistingof 16K polygon (Fig. 2), the CAD
turbine model consistingof a single objectwith 1:7 million
triangles(Fig. 5), the dragonmodelconsistingof 800K poly-
gons,andthe Stanfordbunry modelconsistingof 67K poly-
gons(Fig. 7). Thedetailsof thesemodelsareshavn in Table
1

7.3. Performances

We appliedour out-of-corelayout computationalgorithmto

computecache-obliiouslayoutsof BVHs of the models.Ta-

ble.1 presentshelayouttimefor eachmodel . An unoptimized
implementatiorof our out-of-corealgorithmcanprocesaipto

14K trianglespersecond.

7.3.1. Collision Detection

We have implementedanimpulsebasedigid bodysimulation
[MC95] for dynamicsimulation.We useOBB-treeq GLM96]

to performcollision queriesTo computeOBB-treesn anout-
of-core manner we decomposehe input meshinto chunks
of geometry YSGMO04. We computecache-etient layouts
of the OBB-treesof different modelsand usetheselayouts
with the sameunderlyingalgorithm,i.e. RAPID [GLM96], to
performcollisionqueriesIn ourcurrentimplementationeach
OBB nodetakes64 bytes.

We comparedthe performanceof our cache-obliious
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) [YLPMO5], and a cache-
awarelayoutobtainedby explicitly settingcachesizeinto our
cache-oblrious layoutalgorithm(CALBVH). The OBBsare
precomputedand only the orderingof the hierarcly is mod-
ied. The COML, asexplainedin Sec.4.3 is computedby
constructingan undirectedgraph. This is accomplishedoby
generatinggdgedetweerparentandchild nodesandbetween
nearbynodesonthesamdevel of theBVH. WeuseOpenCCL
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library [YMLPO5] to computecache-oblious layoutsof the
graphrepresentingccespatternsonthe BVH. TheVEB lay-
outis computedecursvely. Thetreeis partitionedwith ahor-
izontalline sothatthe maximumheightof thetreeis divided
into half. The resultingsub-treesare linearly storedby rst
placingtherootsub-tredollowedby othersub-treegrom left-
mostto rightmost.This processs appliedrecursvely until it
reaches singlenodeof thetree.

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

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

2. Dragon and Turbine: A dragondropsontothe CAD tur-
binemodel(Fig.5).

3. Power plant and Hugo: A Hugorobotmodelis placedin
the top left side of the power plantmodel (Fig. 2. Thisis
our benchmarl3-a. Also, the robotmodelis placedin the
middleof thepower plantmodel,speci cally in thefurnace
room. This is our benchmark3-b. This particularbench-
mark hasmuchlarger overlapsbetweernthe BVs sincethe
robotmodelis placedinsidethe power plantmodel.

Our rst andsecondoenchmarksreperformedduringarigid
bodysimulation.

We collectedtiming dataafter makingsurethatthereis no
loadeddatain themainmemory Moreover, we alsomadesure
thereis no le fragmentationssincethe fragmentationsan
slow down the performanceof I/O accessedDynamicsimu-
lations of the rst andsecondbenchmarksare shawvn in the
accompawing video. In the rst andsecondenchmarkswe
areableto achiere a 26%—-215%mprovementin the perfor
manceof collision queriesby using COLBVHSs over other
layoutson our benchmarksAlso, the performanceof cache-
oblivious layoutis comparablédo thatof cache-aarelayout.
This improvementis achiezed by reducingthe working set
during collision queriesand fewer cachemisses.Moreover,
in ourbenchmark3-aand3-b, we areableto achieve upto 26
timesimprovementover otherlayouts.Sincethe power plant
modelhasvery irregular distribution of geometry our layout
method consideringgeometricrelationshipbetweenBVs is
ableto achieve higher performancemprovementover other
layoutsin this particularmodel.Also, our layoutconsistently
shaws betterperformancever otherlayouts.In Fig. 6, we re-
portthe averagecollision querytimesandworking setsizein
our benchmarks.

In benchmark4, 2, and3a, VEB layouthasslightly worse
performanceover our layouts. This is mainly becausethe
OBB-treesarealmostbalancedreesandthe orderingof child
clustersfrom left to right during VEB layout computation
maintainsreasonablygood cache-coherencas discussedn
Sec. 4.3 However, in our benchmark3-b, BFL layout has
much smallerworking setsize comparedo VEB. Sincethe
robotmodelis placedinsidethe power plantmodelandBVs
of the planthave high overlapswith otherBVs, BFL is more
suitablein thatcase.

7.3.2. Ray Tracing

We implementedan interactive ray tracerbasedon kd-trees
[Wal04. To allow differentlayoutsof kd-nodeswe change
intermediatekd-nodesto have theleft andright child indices;
thereforethe sizeof eachkd-nodeis 16 bytesasopposedo 8

bytesusedin the state-of-the-arkd-treerepresentation.

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

Figure 6: Performanceof Collision Detection: Averagecollision
guerytime andthe size of working setfor collision detectionin our
benchmarksWe highlightthe performancef otherlayouts(i.e. VEB,
DFL andBFL) and comparethemwith our layouts(COLBVH and
CALBVH). VEB is the van Emde Boaslayout, DFL and BFL are
thedepth- rstandbreadth- rstlayouts respeciiely. We obtain26%-—
2600%improvementin the performancef collision queriesbasecn
reducedworking setsizeandfewer cachemissesMoreover, the per
formanceof cache-obliouslayout(COLBVH) is comparabldo that
of cache-ware layouts (CALBVH) (in the rst andsecondbench-
marks)andconsistentlyshavs betterperformancever otherlayouts.

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
techniquesave alsobeenusedby kd-treeconstructioralgo-
rithms[MB90]. We computetheprobabilitybasedntheratio
of surfaceareasand useour layoutsof kd-treeswithout ary
modi cation of runtimeray tracer

We testeddifferentlayoutsof the Lucy modelconsistingof
28 million triangles.Pleasenotethat the kd-treeof the Lucy
modelis unbalancedsincethe standardleviation of depthof
leafnodess about3. We alsoensurehatthereis nofragmen-
tationsin thedata les.

We areableto achiere 77%—-180%mprovementin the per
formanceof ray tracingandableto achieve 7%—-55%reduc-
tion in the size of working setcomparedo otherlayouts.In
this case,the performanceimprovementcannotbe directly
measuredy reductionin the working setsize sincethe I/O
accesdime is also affected by other factorsincluding disk
I/O sequentialprefetching.Sincethe cache-oblrious layout
storescoherentatain spatiallycloseregion on thedisk, it is

¢ TheEurographics#\ssociationandBlackwell Publishing2006.
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Figure 7: Dynamic Simulation betweenBunny and Dragon Mod-
els: Thisimagesequencshawvs discretepositionsfrom our dynamic
simulationbetweerbunry anddragonmodels We areableto achieve
26%-166%performancdémprovementby usingour cache-obkious
layouts of OBB-treesas comparedto otherlayouts. Moreover, the
cache-obliiouslayouthasonly 10%lower performancescompared
to thecache-warelayout.

1200

1000 ~ Rendering time (sec) = _ &
. -
800 - —
600 | _ . e
400 4 -7
200 1 Working set size (MB)
0 T T T
COLBVH VEB BFL DFL

Figure 8: Performanceof Ray Tracing: Averagerendertime and
the sizeof working setduringray tracingof the Lucy modelwith 28
million trianglesareshavn with differentlayouts.By usingthecache-
oblivious layout, we areableto achieve 77%-180% mprovementin

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 andthe working setsize

in Fig. 8. Theray tracingtraversesthe kd-treein the depth-
rst orderandperformsintersectiortestsbetweerthe BVs of

kd-treeandthe rays. Moreover, thereis no overlap between
the BVs of kd-nodesthat are not descendanto eachother

Therefore,depth- rst layoutis likely to be more coherentat

runtimetraversalcomparedo van EmdeBoas(VEB) layout

andthe breadth- rstlayout (BFL). Our experimentalresults
alsosupportthis conjecture.

8. Analysisand Limitation

In this section,we analyzethe performanceof our algorithm
anddiscusssomeof its limitations.

8.1. PerformanceAnalysis

We canachieve performancémprovementby storingrelated
datainto oneblock sincemary currentcachingarchitectures
employ ablockfetchingmechanisnjAvV88]. Theperformance
of the cache-obliious layoutsof BVHs strongly dependson
the size of eachBV relative to the size of the cacheblock.
We obsere higherperformancémprovementwhenwe have
mary disk I/O accessesyhich typically have a block size of
4KB. On the other hand,we do not achiese signi cant im-
provementin termsof reducingL1/L2 cachemisseswhich
have block size of 64 bytes.In the extreme case,whenthe
block sizeis exactly the sameasthe sizeof eachelementused
in thelayoutcomputationthereis very little improvementdue
to our layouts.
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8.2. Comparisonwith Cache-Oblivious Mesh Layouts

Yoonetal. [YLPMO5] presentec cache-oblrious meshlay-
out (COML) to minimize the numberof cachemissesduring
runtimeaccesseen the mesh.We wereableto achieve 40%—
2000% performanceimprovementover the cache-obliious
meshlayout (COML). We attribute the improvementof our
new algorithmto thefollowing reasons:

Clustering method: The COML methodusesa graphpar
titioning to computelayoutsfor ary graphthatmay corre-
spondto a polygonalmeshor a BVH. However, thereis
no guarantedhat clusteringthe outputsof the graphpar
titioning on the input graphsatisfythe corvexity property
whichis very importantto computecache-coherenayouts
of trees.Thereforethe constructedayoutof theBVH may
befarfrom anoptimallayoutthatminimizesthe sizeof the
working setduring traversalof collision queries.Instead,
our layout algorithm optimizedfor BVHs always guaran-
teesthatthe clusteringoutputsatis esthe convexity prop-
erty. At the sametime, our layout maximizesthe probabil-
ities that BV's, which areaccessedogetherdueto parent-
child locality, arestoredin the samecluster

Probability computation: In orderto constructan input
graphfor the COML algorithm,edgesshouldbe createdo
representiccesgatternsof traversalsof collision queries.
However, it is dif cult to consistentlycomputeweightsfor
edgeghatrepresenparent-childor spatiallocalitiesin the
graph.The edgecreationmethodsfor BVHs describedn
Yoonetal. [YLPMO5] do not adequatelyrepresenticcess
patternsof the traversals.On the otherhand,our algorithm
(COLBVHSs) considergwo differentlocalitiesand quanti-
es the probability thata nodeis accessedluring runtime
traversalbasedon the geometricrelationshipbetweenthe
BVs. As aresult,we areableto capturemoreaccurateun-
time accesdehaior onthe BVHs for layoutcomputation.

8.3. Limitations

Our algorithmworks well for our currentsetof benchmarks.
However, it hascertainlimitations. Our greedyalgorithmis
basedn greedyheuristicso computecache-cohererayouts
basedn parent-childocality. Thereforethereis noguarantee
that our cache-obliious layoutsof BVHs alwaysreducethe
numberof cachemissesor the sizeof theworking set.More-
over, our currentlayout algorithm assumeshat traversalsof
collision queriesstartfrom theroot nodeof the BVH.

9. Conclusionand Futur e Work

We have presenteda novel algorithm to compute cache-
ef cient layoutsof BVHs. We do notmake assumptiongbout
thecacheparametersr thememoryhierarcly andtake adwan-
tageof coherentlataaccespatternson BVHs. We describea
new probabilisticmodelto predicttheruntimeaccespatterns
of applicationson BVHs. We decomposéhe accesgatterns
duringthetraversalof BVHs into a setof searchqueriesand
utilize parent-childandspatiallocalitiesbetweertheaccessed
nodesOurlayoutalgorithmconsiderghesetwo localitiesand
reduceghe numberof cachemissesandthe size of working
set.We have usedcache-oblrious layoutsof BVHs for col-
lision detectionbetweencomple« modelsand ray tracing of
massive models.We were able to achiese 26%—-2600%m-
provementonthe performancever differentlayouts.

Thereare several areasfor future work. We would like to
extendour probability formulationthat predictsruntime data
accespatternof collisionqueriego consideiotherproximity
gueriessuchasminimum separatiordistance We alsowould
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like to computecache-cohererityoutsof otherhierarchical
representationsuchasmultiresolutionmeshege.g.vertex hi-

erarchieshy extendingour layout algorithm. In this regard,
we alreadyappliedour layoutto anLOD hierarcly combined
with a kd-treefor interactive ray tracing[ YLMO06] andwere
ableto obsere up to 60%improvement.Also, we would like

to apply our probability formulationto constructiorof BVHs

in orderto reducethenumberof intersectiorbetweertwo ob-
jectsandfurtherimprovetheruntimeperformancefinally, we
would like to designlayout algorithmsfor deformablemod-
els[LYTMO6].
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