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Figure 1: Dresssimulation: Four differentimagesof a 210stepsequencetakenfroma dynamicclothsimulationandconsistingof 40K triangles.Byupdating
in real-timeinsteadof rebuilding theBVHof thedeformingmodelaccording to our heuristic,weareableto rendertheanimationat 13framespersecondwith
5122 screenresolutionusinga dual-coreP4processorat 2.8GHz.

ABSTRACT

We presentan ef�cient approachfor interactive ray tracingof de-
formable or animatedmodels. Unlike many of the recent ap-
proachesfor ray tracing static scenes,we useboundingvolume
hierarchies(BVHs) insteadof kd-treesas the underlyingacceler-
ation structure. Our algorithm makes no assumptionsabout the
simulationor the motion of objectsin the sceneanddynamically
updatesor recomputesthe BVHs. We alsodescribea methodto
detectBVH quality degradationduring the simulationin order to
determinewhenthehierarchy needsto berebuilt. Furthermore,we
show thattheray coherencetechniquesintroducedfor kd-treescan
benaturallyextendedto BVHs andyield similar improvements.Fi-
nally, we compareBVHs to spatialkd-trees,which have beenused
recentlyasareplacementfor AABB hierarchies.Ouralgorithmhas
beenappliedto differentscenariosarisingin animationandsimu-
lation andconsistingof tensof thousandsto a million triangles.In
practice,our systemcanray tracethesemodelsat 3-13 framesa
secondonadesktopPCincludingsecondaryrays.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism—Raytracing;
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1 I NTRODUCTI ON

Raytracingis aclassicproblemin computergraphicsandhasbeen
studiedin the literaturefor morethanthreedecades.Most of the
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earlier ray tracing algorithmswere usedto generatehigh quality
imagesfor of�ine rendering,but int the last few years,therehas
beenrenewed interestin real-timeray tracing. At a broadlevel,
mostof the work in real-timeray tracingalgorithmscanbe clas-
si�ed into threemaincategories: improvedtechniquesto compute
accelerationstructures,exploiting raycoherence,andparallelalgo-
rithmsonsharedmemoryor distributedmemorysystems.

Mostcurrentinteractiveraytracingalgorithmsusekd-treesasan
accelerationdatastructure[22,31]. In practice,kd-treesaresimple
to implement,canbestoredin a compactmanner, andareusedfor
ef�cient treetraversalduringray intersections.However, oneof the
the main disadvantagesof kd-treesis the high constructiontime;
currentalgorithmscantake secondseven on modelscomposedof
tensof thousandsof triangles[9,30]. Althoughfastbuild methods
exist (e.g.[37]), therelative performancepenaltyfor usinga faster
kd-treebuild algorithmis severecomparedto doingthesamewith
objecthierarchies.Furthermore,no simpleandfastalgorithmsare
known for incrementallyupdatingthekd-treehierarchy, evenwhen
the primitivesundergo a simpledeformation.As a result,current
algorithmsfor interactive ray tracing are mainly limited to static
scenes.

Main results: In this paper, we presenta simpleandef�cient al-
gorithmfor interactiveraytracingof dynamicscenesof deformable
objects,i.e. wherethenumberof primitivesdoesnot change.We
analyzemany issueswith respectto computationandincremental
updatesof hierarchies.Ouralgorithmusesboundingvolumehierar-
chies(BVHs) of axis-alignedboundingboxes(AABBs), for which
we describeef�cient techniquesto recomputeor updatethesehi-
erarchiesduring eachframe. In practice,rebuilding of BVHs can
be expensive, so we minimize thesecomputationsby measuring
BVH quality degradationbetweensuccessive frames.We alsoap-
ply the ray coherencetechniquesdevelopedfor kd-treesto BVHs
and obtain similar speedups.Finally, we describetechniquesto
parallelizethesecomputationson multi-corearchitecturesandim-
prove the cacheef�ciency of the resultingalgorithms. We have
implementedour algorithmandhighlight its performanceon sev-
eral dynamicscenes.Our systemcan renderthesedatasetswith



secondaryraysat 3� 13 framespersecondon a dual-coredesktop
PC.

Overall,ourapproachoffersthefollowing advantages:

1. Simplicity: Our algorithmis very simpleandeasyto imple-
ment.

2. Interacti vity: We areableto handledynamicsceneswith up
to a million trianglesat interactive rateson currentdesktop
PCs.

3. Generality: Our algorithmsmake no assumptionsaboutthe
motionof theobjectsor theunderlyingsimulationor anima-
tion, aslongasnoprimitivesareaddedor deleted.

Therestof thepaperis organizedin the following manner:We
giveabrief overview of previousmethodsin Section2. Wepresent
ourBVH hierarchy computationalgorithmandevaluateits features
with otherapproachesin Section3. Section4 describesourraytrac-
ing algorithmfor dynamicscenesbasedonBVHs andaddressesthe
issueof utilizing multi-corearchitectures.We show theresultsob-
tainedby ourapproachonseveralbenchmarksin section5. Finally,
wecompareourmethodto a recentrelatedapproachin section6.

2 PREVI OUS WORK

In thissection,wegiveabrief overview of prior work in interactive
ray tracinganddynamicscenes.
Interacti veray tracing: Sinceitsearlyintroductionin [1,38], the
raytracingalgorithmhasbeenverywell studiedin computergraph-
icsdueto its generalityandhighrenderingquality. Severalsystems
have beenpresentedthat arecapableof generatingray tracedim-
agesat interactive speeds.A recentsurvey is givenin [25]. Parker
et al. [20] presenta real-timeray tracing algorithm on a shared-
memorysupercomputer. Several approachesuseray coherenceto
improveperformanceandachieve interactiveperformanceoncom-
modity desktopsystemsfor large staticdatasets,suchascoherent
rat tracing[31,33]. Recently, MLRT [22] combineskd-treetraver-
sal with frustum culling to further improve performance. Addi-
tionally, level-of-detailapproacheshave beenusedto improve the
performanceof ray tracingmassivemodels[3,12,41].
Dynamic Scenes: Thereis relatively lesswork onray tracingdy-
namic scenes. Reinhardet al. [21] usea grid structurethat can
be updatedef�ciently for any type of animation. Lext et al. [16]
presenta generalpurposeframework andbenchmarksfor ray trac-
ing animatedscenes.They alsoproposeanalgorithmthatusesori-
entedboundingboxesalongwith regulargrids[17]. Waldetal. [32]
describeadistributedsystemfor dynamicscenesthatdifferentiates
betweentransformationsandunstructuredmovementin thescene.
Recently, Wald et al. [36] proposeda coherentgrid traversalalgo-
rithm to handledynamicmodels.Anothercurrentapproachkeeps
the kd-tree,but usesthe boundsof the primitivesover the whole
animation[8] sothatthekd-treestructureis correctfor eachframe,
at thecostof increasedtraversaloverhead.
Bounding volume hierarchies: BVHs have beenwidely usedto
acceleratethe performanceof ray tracingalgorithms[23,26]. In
the caseof staticscenes,algorithmsbasedon kd-treesandnested
gridsseemto outperformBVH-basedalgorithms[9]. Larssonand
Akenine-Möller[15] presenta lazy evaluationandhybrid update
methodto ef�ciently updateBVHs in collision detection. They
alsousethealgorithmto raytracemodelscomposedof tensof thou-
sandsof polygons[14]. BVHs havealsobeenusedto acceleratethe
performanceof collisiondetectionalgorithmsfor deformablemod-
els [28,29]. Interactive ray tracingusingBVHs hasbeendemon-
stratedby GeimerandMüller [5] aswell asWald et al. [34]. The
latteralsouseBVH updatesto handleanimatedscenes.Themain

differenceto our systemis thatwe do not assumeadvanceknowl-
edgeof the animationin order to �nd the besthierarchy, but are
ableto detectwhenthehierarchy needsto berecomputed.Finally,
Bouloset al. [2] demonstrateinteractivedistribution ray tracingon
amedium-sizedsharedmemorysystem.

3 BVHS FOR DYNAM I C SCENES

In this section,we analyzetheproblemof ray tracingusingBVHs.
We show thatBVHs canoffer betterperformancethankd-treeson
dynamicenvironmentsandpresentoptimizationsto speedup ren-
dering.

3.1 Choiceof Hierar chies
A BVH is a tree of boundingvolumes. Eachinner nodeof the
tree correspondsto a boundingvolume (BV) containingits chil-
drenandeachleaf nodeconsistsof oneor moreprimitives. Com-
monchoicesfor BVs includespheres,AABBs, orientedbounding
boxes(OBBs)or k-DOPs(discretelyorientedpolytopes).Many ef-
�cient algorithmshavebeenproposedto computesphere-trees[11],
OBB-trees[7], andk-DOP-trees[13]. However, weuseAABBs as
theBV asthey provide a goodbalancebetweenthetightnessof �t
andcomputationcostandemploy ef�cient algorithmsfor ray-box
intersection[19,24,39].

3.2 AABB hierarchiesvs. kd-tr ees
In this section, we evaluate some featuresof BVHs basedon
AABBs andcomparethemwith kd-treesfor ray tracing.Recently,
many ef�cient andoptimizedray tracingsystemshave beenpro-
posedbasedonkd-trees[31]. As farasstaticscenesareconcerned,
analysishasshown thatoptimizedalgorithmsbasedonkd-treeswill
outperformBVH-basedalgorithms[9]. Therearemultiple reasons
to explain this behavior: First,eventhemostoptimizedray-AABB
intersectiontest(e.g. from [39]) is moreexpensive thansplit plane
intersectionfor kd-trees. This is dueto the fact that in the worst
case(i.e. no earlyrejection)up to 6 ray-planeintersectionsneedto
becomputedfor AABB trees,asopposedto just onefor a kd-tree
node.Anotherimportantaspectis thataBVH doesnotprovidereal
front-to-backorderingduringtraversal.As a result,whena primi-
tive intersectstheray, thealgorithmcannotterminate(asis thecase
for a kd-tree),but needsto continuethe traversalto �nd all other
intersections.Furthermore,kd-treenodescanbestoredmoreef�-
ciently (8 bytespernode[35]) thananAABB possiblycould. On
theotherhand,wefoundthatBVHs oftenneedfewernodesoverall
to representthe sceneascomparedto a kd-tree(pleaseseeTable
1). This is mainlydueto thefactthatprimitivesarereferencedonly
oncein the hierarchy, whereaskd-treesusuallyhave multiple ref-
erencesbecauseno bettersplit planecould be found. In addition,
AABBs have theadvantageof providing a tighter�t to thegeomet-
ric primitiveswith fewer levelsin thetree,e.g.kd-treesneedmulti-
plesubdivisionsin orderto discardemptyspace.Most importantly,
themajorbene�t of BVHs is thatthetreescanbeeasilyupdatedin
lineartimeusingincrementaltechniques.No similaralgorithmsare
known for updatingkd-trees.

3.3 BVH Construction
We constructanAABB hierarchy in a top-down mannerby recur-
sively dividing aninput setof primitive into two subsetsuntil each
subsethasthepredeterminednumberof primitives.Wehave found
thatsubdividinguntil eachleafjustcontainsoneprimitiveyieldsthe
bestresultsat thecostof adeeperhierarchy, as– similar to kd-trees
– nodeintersectionis comparablycheaperthanprimitive intersec-
tion, althoughotherauthorshave reportedbestperformancefor 6
primitivespernode[18]. During hierarchy construction,the most
importantoperationis to �nd adivider for thetwo subsetsthatwill



Figure 2: Cloth on Bunny Simulation: Two shotsof a 315 stepdynamic
simulationof cloth droppingon theStanford bunny. We achieve13 frames
per secondat 5122 screenresolutionusing a dual-core P4 processorat
2.8GHz.

optimizethe performanceof runtimeray hierarchy traversal. One
of thebestknown heuristicsfor treeconstructionfor ray tracingis
the surface-area heuristic(SAH) [6, 9], which hasbeenshown to
yield higherray tracingperformance.However, despiterecentim-
provements[30], it alsohasa muchhigherconstructioncostand
will commonlytake longer than the actual frame renderingtime
for dynamicenvironments.Becauseof this,we usethespatialme-
dianof oneof thedimensionsandsort theprimitivesinto thechild
nodesdependingon their locationwith respectto themidpoint.We
observe that the spatialmedianbuild is usuallyaboutan orderof
magnitudefasterto computeandprovidesrenderingperformance
of 50-90%of SAH for mostscenes.Notethateventhoughwe just
split alongonedimension,theboundingboxwill still betight along
all thethreedimensions.As thismethodwill oftendistributeasim-
ilar numberof primitives to both children, the resultingtreewill
likely benearlybalanced.As we arestoringjust oneprimitive per
leaf, it is alsoeasyto seethat thetotal numberof nodesin thetree
for n primitiveswill alwaysbe2n� 1, which allows us to allocate
thespaceneededfor any subtreeduringconstruction.

Regardlessof theheuristicfor �nding a split, thetime complex-
ity, T(n), of thetop-down AABB hierarchy constructionalgorithm
is W(nlogk n), wherek is thenumberof childrenof eachnodeand
n the numberof primitives. It is easyto seethat for eachsplit,
every primitive in the nodeneedsto be processedat leastonceto
seewhich child it belongsin. Sinceat eachlevel of thetreeduring
constructionall n primitivesareexaminedandthesmallestpossible
numberof levelsis logk n, any top-down constructionhasto takeat
leastW(nlogk n) time.

3.4 Updating the hierarchy
Themainadvantageof usingBVHs for ray tracingis thatanimated
or deformingprimitivescanbe handledby updatingthe BVs as-
sociatedwith eachnodein the tree. Our algorithmmakesno as-
sumptionsaboutthe underlyingmotion or simulation. In orderto
ef�ciently updatethe hierarchy, we recursively updatethe BVHs
by usinga postordertraversal.We initially traversedown to leaves
from the root nodes.As we encountera leaf node,we ef�ciently
computea new BV that hasthe tightest�t to the underlyingde-
formedgeometry. As wetraversefrom theleafnodein abottom-up
manner, we initialize the BV of an intermediatenodewith a BV
of the leftmostnodeandexpandit with theBVs of the restof the
siblingnodes.

The time complexity of this approachis O(n), which is lower
thantheconstructionmethod.This is re�ectedby updatetimesthat
we have found to be about4 timesfasterthanrebuilding the tree
for ourbenchmarkmodels(seeTable1 for detailedresults).There-
fore,werely onhierarchy updateoperationsto maintaininteractive

performancefor dynamicenvironments.

3.5 BVHs for deformable scenes
We initially build an AABB treeof a given scene.As the model
deformsor someobjectsin the sceneundergo motion, the BVH
needsto beupdatedor rebuilt. UpdatingtheBVH is to recompute
theboundsof eachBV node,andrebuilding theBVH is to recom-
putetheentireBVH from scratchandre-clusteringtheprimitives.
At runtime,we traversetheBVH to computethe intersectionsbe-
tweentheraysandtheprimitives.

If the algorithm only updatesthe BVH betweensuccessive
frames,theruntimeperformanceof BVHs candegradeover thean-
imationsequencebecausethegroupingof theprimitivesandstruc-
tureof thehierarchy doesnotchange.As aresult,theBVs maynot
provide a tight �t to the underlyinggeometricprimitives. This is
oftencharacterizedby growing andincreasinglyoverlappingBVs,
whichsubsequentlydeterioratethequalityof theBVH for fastrun-
time BVH traversalby addingmoreintersectionsbetweenthe ray
andAABBs. In suchcases,rebuilding theAABB treeor partsof it
is desirable.

We found that updatingthe BVH works well with relatively
small changesto the sceneor structuredmovementto groupsof
primitivessuchasmeshes.Whenprimitivesmove independently,
however, for examplein differentdirections,changesto theactual
treestructuremay be necessaryto re�ect the new positionsof the
deforminggeometry. Still, rebuilding theBVH canbeconsiderably
moreexpensive than updatingthe BVH. As a result, we want to
minimizethenumberof timesrebuilding is performed.Therefore,
we needto ef�ciently decidewhenupdatingtheBVH is suf�cient
or rebuilding theBVH is required.This is non-trivial becausethe
actualdegradationof a BVH dependson many factors,suchasthe
speedwith whichprimitivesmoveandthegeneralcharacteristicsof
themotionof objectsin thescene.Simpleapproachessuchasre-
building thetreeevery t frameshave thedisadvantageof not being
adaptableto differentcharacteristicsovertheanimationandneedto
bechosenapriori. Conservatively choosingt meansaddinga lot of
rebuilding overhead,which is especiallyunwantedin aninteractive
context. In orderto ef�ciently detectwhenupdatingtreeor rebuild-
ing treeis required,we usea simpleheuristicthat is describedin
thenext section.

3.6 Rebuilding criterion
We assumethat BVH quality degradationis marked by bounding
box growth that is not causedby actualprimitive size,but by dis-
tribution of primitivesor subtreesin the box. For example,con-
sidertwo primitivesmoving in oppositedirections.Theparentnode
containingthemwill have to grow to accommodatefor themove-
ment,resultingin aboundingboxthatis relatively large,but mostly
empty. Sincethe probability that a box will be intersectedby a
ray riseswith its surfacearea,we want to rebuild a subtreeto �nd
a moreadvantageoustree topology. To �nd thesecasesandpre-
vent themfrom impactingperformance,we needto measureBVH
degradationduring eachframeby usinga simpleandinexpensive
heuristic.

Ourheuristicis basedon theideathatwecan�nd nodesthatare
large relative to their childrenby comparingtheir surfacearea. In
orderto havearelativemetricindependentof scale,wemeasurethe
ratioof eachparentnode'ssurfaceareato thesumof theareaof its
two children.Thelargertheratiobecomes,themoreimbalanceex-
istsin thesizes.We �rst computetheratioduringtreeconstruction
andstoreit in a �eld of the optimizedAABB datastructure(see
next section). Whenever the tree is updated,the changedsurface
areasareautomaticallycomputedandeachinner nodecaneasily
calculateits new ratio. Sincewe assumethat theratio storedfrom
theconstructionis asgoodaswecando,we �nd thedifferencebe-



Figure 3: Bunny blowing up : Twoimagesshowframesfroma 113stepan-
imationof a deformingStanford bunny. Weachieveanaverage6 framesper
secondduring ray tracingthisdeformingmodelwith shadowandre�ection
raysat 5122 screenresolutionusinga dual-coreP4processorat 2.8GHz.

tweenthenew andold ratioandaddthemto aglobalaccumulation
value. Oncethebottom-upupdatereachestheroot, we have com-
putedthesumof all thedifferences.To assurethatthisvaluecanbe
testedindependentlyof thetreesize,wenormalizeit by dividing by
thenumberof nodesthatcontributeto thesum,i.e. thesumof inner
nodes,whichis alwaysn� 1. Thisyieldsarelativevaluedescribing
theoverheadincurredby updatingtheBVH insteadof rebuilding it.
Thisvalueis thensimplycomparedto aprede�nedthresholdvalue
(wefoundathresholdof 40%to work well in our tests)andthetree
is rebuilt if thethresholdis exceeded.

This approachhasseveraladvantages:it will detecta goodtime
to rebuild regardlessof theactualframerateandwithoutany scene-
speci�c settings.Furthermore,in sceneswherethereis little to no
degradation,the heuristicwill never needto initiate a rebuild. It
is alsopossibleto usethe methodto just rebuild subtrees,but we
foundthatthis cannotfully replacea completerebuild sincedegra-
dationsin theupperlevelsof thehierarchy typically have thehigh-
estimpacton theperformanceof ray tracing.Therefore,animple-
mentationthat rebuilds only subtreeswill have to eitherdo a full
rebuild sometimes,or supporta top-level updatewhereonly the
upperlevelsof thetreearerebuilt.

4 RAY TRACI NG WI TH BVHS

In this sectionwe describeour runtimeBVH traversalalgorithm.
Also, we presenttechniquesto extendthe algorithmto multi-core
architectures.

4.1 Traversaland Intersection with BVHs
Weuseasimplealgorithmto computetheintersectionof a rayand
the sceneprimitivesusingthe BVH. The ray is checked for inter-
sectionswith the childrenof the currentnodestartingat the root
of the tree. If it intersectsthe child BV, the algorithmis applied
recursively to that child, otherwisethat child is discarded.When-
evera leafnodeis reached,theray is intersectedwith theprimitives
containedin that node. For mostrays,the goal is to �nd the �rst
hit pointon theray, soevenif a ray-primitive intersectionis found,
the algorithmhasto searchthe othersub-treesfor potentialinter-
sections.An exceptionto this areshadow rays,where(at leastfor
directionallights) any hit is consideredsuf�cient andtraversalcan
stop.

BVH traversal optimizations: Experiencewith kd-trees has
shown thatfront-to-backorderingis amajoradvantagefor ray trac-
ing. AlthoughBVHs donotprovideastrictordering,wefoundthat
storing the axis of maximumdistancebetweenchildren for each
AABB and using that information during traversal togetherwith

theray directionto determinea 'near' and'f ar' child improvesthe
traversalspeed,especiallyfor sceneswith a high depthcomplexity
(this hasalsobeenreportedin [18]. Anotherissueis cachecoher-
enceduring traversal: similar to the compactkd-treerepresenta-
tions [35], we canoptimizetheAABB representationto �t within
32bytes.Weachieve thisby storingtheboundingboxas6 �oating
point values,one child pointer (suchthat the secondchild is ex-
pectedto bedirectlyafterthe�rst onein memory)andone�oat for
storingquality informationfor the rebuild heuristic. Our pro�ling
showsthatBVH traversalusingourAABBs hasthesamecacheef-
�ciency asthekd-treetraversal.To useanevenmorecompactrep-
resentations,otherimplementationsalsohaveusednodeswherethe
actualcoordinateswerequantizedandcompressedto savememory
(suchas[4,18]).

Useof ray coherencetechniques: Oneof the main techniques
usedin currentreal-timeray tracersis to exploit ray coherenceto
reducethenumberof traversalstepsandprimitive intersectionsper
ray. Thosealgorithmswereoriginally designedfor thekd-treeac-
celerationstructure.It is relatively straightforward to extendthem
toworkwith BVHsaswell. In ordertousecoherentraytracing[33]
theBVH traversalhasto bechangedso thata nodeis traversedif
anyof theraysin thepackethitsit andskippedif all of theraysmiss
it. A hit maskis maintainedthroughoutthetraversalto keeptrack
of which rayshave alreadyhit anobjectandtheir distance.How-
ever, thetraversaldoesnolongerrequirethattherayshavethesame
directionsignsbecauseunlike kd-treesthetraversalorderdoesnot
determinethe correctnessfor a BVH. We have implementedray
packet traversalfor 2� 2 ray bundlesusing4-wideSIMD instruc-
tions andfound that it yields an overall speedupof about2 to 3,
which is even above the improvementobtainedfor kd-trees. We
assumethis is mainly becauseray-AABB intersectionsare more
costly than the kd-tree's ray-planecomputationand thereforethe
reductionin traversalstepshasa morepronouncedeffect on over-
all performance.Furthermore,we alsosupportarbitrary-sizedray
packets,which canbe implementedvery ef�ciently by usingfrus-
tumculling suchaspresentedin [22]. Dependingonthedetaillevel
of the sceneandthe screenresolution,16x16or 8x8 packetswill
yield anevenhigherspeedupto renderingandperformsmuchbet-
ter thanthenormalpacket traversalcodethattestseachray [18].

4.2 Multi-Cor eAr chitectures

Oneof major featuresof currentcomputingtrendsis that thereare
multiplecoresandhyper-threadingfunctionalityavailableon com-
modity architectures.Therefore,it is desirableto designour hier-
archy updateandruntimetraversalsuchthatthey takeadvantageof
availableparallelism.

Hierar chy Update: Ourupdatemethodtakesadvantageof multi-
coreprocessorsby usinga bottom-upupdatemethod. Given the
numberof availablethreads,n, we decomposean input BVH into
n sub-BVHs. For this, we simply computen differentchildrenby
traversingthetreefrom theroot in thebreadth-�rstmanner. Then,
eachthreadperformsabottom-upupdatefrom oneof thecomputed
nodesin parallel. After all the threadsaredone,we thensequen-
tially updatethe upperportion of the n nodes. We particularly
choosethe bottom-upapproachsinceit is well suitedto parallel
processing.For example,wedonotrequireany expensivesynchro-
nizationfor eachthreadsincedatathatareaccessedby threadsare
mutuallyexclusive to eachother. Sinceour currentBVHs arerela-
tively well balanced,this simpleschemeprovidesreasonablygood
loadbalancingin practice.

Runtime traversal: We employ image-spacepartitioning to al-
locatecoherentregions to eachthread. Also, in order to achieve
reasonablygoodload balancing,we �rst decomposeimage-space
into small tiles (e.g.,16� 16) and,then,allocateeachtile to each



thread.After a thread�nishes its computation,it continuesto pro-
cessanothertile. A moreelaboratetile distribution maybeneces-
sarywhenusinghighly-parallelmachines[27], but we have found
that this approachworks well for workstation-classmachinesand
providesperfectscaling.

5 I M PL EM ENTATI ON AND RESULTS

In this section,we describeour implementationandhighlight the
resultsof our ray tracerondifferentbenchmarks.

5.1 Implementation
We have implementedour interactive ray tracer for deformable
modelsusing BVHs in a dual-coreIntel Pentium4 machineat
2.8GHz. To comparetheperformanceof BVHs with previous in-
teractive ray tracingwork for renderingstaticscenes,we alsoim-
plementedkd-treerendering(without animationcapability). All
accelerationstructuressupportray packet traversalusingthe SSE
SIMD instructionseton Intel processors.For ef�ciency reasons,
weonly supporttrianglesasprimitives.We employ multi-threaded
renderingandhierarchy updatesusingOpenMP.

5.2 Results
Wehavetestedoursystemonfour animatedscenesof varyingcom-
plexity aswell asonemorecomplex staticmodelto measureper-
formanceof ourapproach(seeTables1 and2). In general,building
a BVH treeusingthenaive midpointmethodis morethanoneor-
der of magnitudefasterthan the optimizedsurface-areaheuristic
kd-treeconstruction.In mostcases,bothstructureshave a similar
memoryfootprint,but kd-treesneedmorenodesbecausereferences
to primitivescanbelocatedin multiplenodes.

Benchmarks: We show � ve different test cases(refer to Table
1): Bunny/Cloth (shown in Fig. 2) andDress(shown in Figure4
oncolourplate)in therespectiverowsof thetabledemonstrateper-
formanceonatypicalanimationincludingsimulatedclothatdiffer-
entcomplexity, bothrenderedincludingshadow rays.Eventhough
mostof themeshis moving, BVH updatesturn out to besuf�cient
to maintainthe quality of the structure.Bunny (shown in Fig. 3)
appliesa non-rigiddeformationto theStanfordbunny modelwith
re�ection andshadow rays. To maintainBVH quality, someparts
of the treehave to berebuilt. BART (shown in Fig. 4) is a partof
theBART animatedray tracingbenchmark[16] andshows a setof
triangleswith mostlyunstructured,randommovement.Sinceit has
highdepthcomplexity andoverlappingprimitives,thissceneis one
of theworstcasesfor BVH renderingaswell ashierarchy updates.
For theformer, wehavefoundthattheorderingapproachfor BVHs
amelioratesthe effectsof depthcomplexity. Additionally, the in-
dependentmovementof eachtriangleleadsto extremedegradation
in BVH quality, so that our heuristicrebuilds the treequite often.
Finally, we testeda morecomplex staticsceneof the 1M triangle
StanfordBuddha(not shown) to demonstratethatBVH ray tracing
cancompetewith kd-treeseven for larger models. Unfortunately,
theupdatetime grows linearly with modelsize,soa moreef�cient
updateschemewould be neededto be able to renderthis or any
largermodelathigh framerates.

We testedour heuristic for tree rebuilding on the test models
andfoundthat in all casesexcepttheBART model,just hierarchy
updatescanbe ef�cient enoughfor rendering. The unstructured,
randommovementof trianglesin the BART scenemakesseveral
treerebuildsnecessary, however. Withoutdoingthat,wefoundthat
framerateswill decreaseby overanorderof magnitudein justafew
frames.To testhow well the rebuild timesarechosen,we bench-
markedtheanimationwhile rebuilding only via heuristic(with the
thresholdsetto 0.4)aswell asrebuilding thehierarchy everyframe.

Figure 4: BART Museum triangles: Two image shotsfrom170stepsof a
randomlydeformingmodelfromtheBARTdeformingdatabenchmark.We
achieveanaverageof 11 framespersecondat 5122 screenresolutionusing
a dual-coreP4processorat 2.8GHz.

Scene Tris build updatetime/frame avg. fps
Bunny/Cloth 16K 13ms 4ms 13
BART model 16K 23ms 6ms 11
Dressmodel 40K 41ms 14ms 13
Bunny 69K 90ms 23ms 6
Buddha 1M 1659ms 220ms 3

Table 1: Benchmarksand Timings: Resultsfor BVHraytracingof several
scenes.Thebenchmarkcon�guration for each of thescenesis describedin
section5. All benchmarkswereperformedat 5122 resolutionona dual-core
P4 machineat 2.8GHzusing8x8ray packet traversal andsecondaryrays
(shadowsand re�ections). Performancenumbers are givenas an average
over thewholeanimation,treebuild timesare for thespatialmedianbuild.

We foundthatevenwhenlooking just at purerenderingtime with-
out countingrebuilding andupdating,theanimationrenderedwith
new hierarchy in eachframewasonly 20% fasterthanrendering
usingour heuristic. The latter neededonly a few rebuilds, so the
total overheadincurredby updatesandrebuilds wasonly 2s over
thewholesequence,ascomparedto 15sfor rebuilding.

6 COM PARI SON TO SPATI AL K D-TREES

Recently, severalaccelerationstructureswereproposedthat could
be seenasa hybrid betweenBVHs andkd-trees. The basicidea
is thatwhenlooking at BVH construction,it is apparentthat stor-
ing full boundingboxesmayberedundantif anodeessentiallyjust
storesthegeometryassplit alongonedimension.Unlike kd-trees,
which solve this by storingjust the actualsplit coordinateanddi-
mension,spatialkd-treesfor ray tracing[10,37] storetwo coordi-
nateswhich representthe limits of the boundingboxesof the left
andright child in the split dimension(which areallowed to over-
lap in casethe containedgeometrydoes). This reducesthe mem-
ory requirementsfrom storing6 to 2 coordinatesonly. Similarly,
Woop et al. [40] presenta hardwareimplementationcalledthe b-
kd-treein which they storethe left andright boundsfor bothchil-
dren and thereforeuse4 coordinatesper node. Constructionfor
both structuresis almostidenticalto BVHs by just storingthe re-
spective boundingbox coordinates.Both approachesalsodecrease
theactualwork donefor oneintersectionasonly 2 or 4 planesneed
to beintersectedagainsttheray. In general,thetraversalalgorithm
for spatialkd-treesis moresimilar to kd-treeswith the difference
thatraysarenow intersectedagainstmultipleplanes.However, un-
like kd-trees,no realdepthsortingis provided,so traversalcannot
stopafterthe�rst hit.
Implementation: To compareour BVH implementationagainst
thoseapproaches,we implementeda spatialkd-treestructurewith



BVH: kd-tree: spatialkd-tree:
Scene Tris nodes memory build nodes memory build nodes memory build update
Bunny/Cloth 16K 31923 997KB 170ms 64137 859KB 1487ms 35097 548KB 146ms 4ms
BART model 16K 32767 1024KB 322ms 11075 1426KB 1902ms 58921 920KB 331ms 11ms
Dressmodel 40K 80059 2501KB 733ms 218845 2778KB 5s 148929 2327KB 821ms 19ms
Bunny 69K 138901 4340KB 1526ms 442347 5072KB 10s 259543 4055KB 1521ms 37ms
Buddha 1M 2175431 67982KB 32s 2989439 33225KB 80s 3666989 57296KB 31s 490ms

Table 2: BVH compared to kd-tr eeand skd-tree: Treestatisticsfor otheracceleration structuresascomparedto BVHs.All hierarchieswere built usingthe
surfaceareaheuristicinsteadof thespatialmedianandBVH build timesare therefore higher thanin theprevioustable(usingthesamemachine). TheSAH
constructionusesthesimpleO(nlog2n) algorithmasopposedto thefasterO(nlogn) version[30]. Notethat thememoryrequirementsfor skd-treesare only
slightly smallerthanfor BVHsdueto thehighernumberof nodes.Build timesare aboutthesamefor both.

1 ray 2� 2 8� 8 16� 16
Scene BVH skd-tree BVH skd-tree BVH skd-tree BVH skd-tree
Bunny/Cloth 1.8 3.1 3.5 7.1 7.7 9.0 7.9 8.6
BART model 0.9 0.9 2.9 4.7 7.5 8.5 8.1 8.2
Dressmodel 1.3 2.3 3.3 5.7 6.9 7.9 7.1 6.7
Bunny 1.1 1.7 2.6 4.3 5.6 6.2 5.6 5.6
Buddha 1.0 1.3 1.7 2.7 3.0 2.9 2.2 1.5

Table 3: Rendering performance of BVH and spatial kd-tr ee: Direct comparisonof renderingtimesfor BVH and our spatial kd-treesimplementation.
Benchmarkresultsare average framesper secondover the animationfor 10242 primary raysonly on a dual-core P4 machine at 2.8GHz. Theresultsare
shownfor differentray packet sizesandexcludeall updatetimesandrebuild times.In order to avoidexcessivequality degradationwhenupdatingskd-trees,
werebuild thehierarchy every5 frames.

two planesas in [37]. Similar to BVHs, we use2 � 2 ray pack-
etsusingSIMD instructionsaswell aspacketsof arbitrarysizeto
allow direct comparisonof results. For 2 � 2 packets, the traver-
sal algorithm is a direct adaptationof ray packet traversalin kd-
treesextendedto testtwo planes.For largerpackets,wedesigneda
traversalalgorithmthat usesthe inversefrustumculling described
for kd-treeray tracingin [22] for determiningwhethera packet in-
tersectsa node,althoughwe do not performentry-pointsearchor
split packetsat themoment.

Resultsand discussion: Our resultsaresummarizedin Table3.
In general,we observedan increasein overall renderingspeedfor
staticsceneswhenusingskd-trees,which is a consequenceof the
less computationallyexpensive ray-nodeintersection. However,
for animationsoneimportantdisadvantageis thatafter theupdate,
many of theemptyleaf nodesintroducedfor emptyspaceelimina-
tion maynot benecessaryany moreor, evenworse,would have to
be usedat a differentpoint. We have found that this quickly re-
sultsin moreseverequality degradationof thehierarchy and,sub-
sequently, renderingrequiresvery frequentrebuilds. To avoid this,
we rebuilt the hierarchy every 5 framesfor skd-trees,to allow a
betterperformancecomparison.

Wealsofoundthattraversalfor largerraypacketsdoesnotseem
to scaleup as well as for BVHs, so that skd-treesare aboutthe
samespeedor even slower for our testedpacket sizes. Although
theindividualnodesareonly half aslargeasourAABB nodes(i.e.
16 bytes),memoryusefor skd-treesis only slightly lower thanfor
BVHs. Thereasonfor this is that in orderto achieve goodperfor-
mance,extra splits to eliminateempty spaceat the outer bounds
areneededoften and,even thoughthe actualemptyleavesdo not
needto bestored,this increasesthenumberof actualnodesin the
tree.ThisalsomeansthatunlikeBVHs, theactualnumberof nodes
for a sceneis not aspredictable(althoughit canbe boundedeas-
ily sinceonly a limited numberof emptyspacesubdivisionscanbe
introducedat eachnode),which preventssomeeasywaysto opti-
mizeconstruction.Having morenodesalsomeansthat the treeis
deeperandthereforeonaveragemoretraversalstepsmaybeneeded
to reachtheleaves.Most importantly, though,thehierarchy update
for animationis linearto thenumberof nodes.As theskd-treeusu-
ally hasabouttwiceasmany nodes,thismeansthatupdatingit will

also take twice as long, which may becomethe bottleneckin an
interactiveapplication.

Finally, a subtledifferenceis that ray packet traversalfor skd-
treesin generalcan be more complicatedto implementand less
versatile:asfor kd-trees,groupsof raysfor inversefrustumculling
arelimited to having thesamedirectionsigns,whichcanmakeob-
taininggroupsof coherentraysmorechallenging,in particularfor
secondaryrays. In contrast,BVH traversalis independentof ray
direction signs,which eliminatesspecialcasesfor traversal,and
frustum culling can be introducedeasily by the fast frustum-box
intersectiondescribedin [22].

This leadsusto concludethat for animatedsceneswith updates
aBVH implementationis to bepreferredandalsolendsitself better
toanoptimizedraypacketimplementation.Forsceneswith varying
numbersof primitives,thehierarchy updatewill notwork,soin that
casea fastrebuild suchasdescribedin [37] shouldbeusedinstead.
For staticscenes,standardkd-treeswill verylikely providesuperior
performancewith an MLRT implementation[22], albeit at higher
memorycostandmorecomplex optimizedhierarchy construction.

7 FUTURE WORK AND CONCL USI ON

We have proposedan algorithmfor interactive ray tracingof de-
formable,animatedmodels. We usedBVH hierarchiesasan ac-
celerationdatastructureof thedeformablemodelsandshowedop-
timizationsthatwill resultin performancecompetitive or evenex-
ceedingrenderingusingkd-trees. We werealsoable to integrate
ef�cient ray coherencetechniquesfor kd-treesto our BVHs. We
do not make any assumptionsabout the possibledeformationor
motionof objectsanddynamicallyupdateor rebuild thehierarchy
dependingonoursimpleheuristic.

Therearemany interestingdirectionsfor futurework. Our cur-
rentalgorithmis mainly designedfor small to intermediatemodel
complexity. Wewould like to extendouralgorithmto handlelarger
deformingmodels,whichwould requiremoreef�cient or localized
updatemethodsthatonly changethepartsof thehierarchy thathave
deformedsincethe last frame. Also, we would like to investigate
cache-coherentlayoutcomputationmethods[42–44] of deforming
modelsin order to ef�ciently handlethem. Another interesting



problemis thebetteruseof multiprocessorarchitecturesin thecon-
text of hierarchy constructionandupdates.We plan to extendour
currentmethodsto bemoregeneraland�e xible for theseapplica-
tions. Finally, we think that it would be interestingto improve the
simpleconstructionmethodweuseto ef�ently approximateinstead
of fully computingthe surfaceareaheuristic,thusallowing better
performancewithoutaddingtoomuchoverhead.
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