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Figure 1: Dresssimulation: Four differentimagesof a 210stepsequencéakenfroma dynamiccloth simulationand consistingof 40K triangles.By updating
in real-timeinsteadof retuilding the BVH of thedeformingmodelaccoding to our heuristic,weare ableto rendertheanimationat 13 framesper secondwith

512 screenresolutionusinga dual-core P4 processomat 2.8 GHz.

ABSTRACT

We presentan ef cient approachfor interactive ray tracingof de-
formable or animatedmodels. Unlike mary of the recentap-
proachedfor ray tracing static sceneswe use boundingvolume
hierarchiedBVHS) insteadof kd-treesasthe underlyingacceler
ation structure. Our algorithm makes no assumptionsaboutthe
simulationor the motion of objectsin the sceneand dynamically
updatesor recomputeghe BVHs. We also describea methodto

detectBVH quality degradationduring the simulationin orderto

determinewvhenthehierarcly needso berehuilt. Furthermorewe
shaw thattheray coherenceéechniquesntroducedor kd-treescan
benaturallyextendedo BVHs andyield similarimprovements Fi-

nally, we compareBVHs to spatialkd-treeswhich have beenused
recentlyasareplacemenfor AABB hierarchiesOuralgorithmhas
beenappliedto differentscenariosrisingin animationandsimu-
lation andconsistingof tensof thousandso a million triangles.In

practice,our systemcanray tracethesemodelsat 3-13 framesa
secondnadesktopPCincludingsecondaryays.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism—Raytracing;

Keywords: raytracing,boundingvolumehierarchiesgeformable
models,animation

1 INTRODUCTION

Raytracingis a classicproblemin computergraphicsandhasbeen
studiedin the literaturefor morethanthreedecades.Most of the
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earlierray tracing algorithmswere usedto generatehigh quality
imagesfor of ine rendering,but int the last few years,therehas
beenrenaved interestin real-timeray tracing. At a broadlevel,
mostof the work in real-timeray tracing algorithmscan be clas-
si ed into threemain cateyories: improved techniqueto compute
acceleratiorstructuresexploiting ray coherenceandparallelalgo-
rithmson sharednemoryor distributedmemorysystems.

Mostcurrentinteractive ray tracingalgorithmsusekd-treesasan
acceleratiordatastructuref22,31]. In practice kd-treesaresimple
to implement,canbe storedin acompactmannerandareusedfor
ef cient treetraversalduringray intersectionsHowever, oneof the
the main disadwantagef kd-treesis the high constructiontime;
currentalgorithmscantake secondsven on modelscomposedf
tensof thousand®f triangles[9, 30]. Althoughfastbuild methods
exist (e.g.[37]), therelative performancepenaltyfor usinga faster
kd-treebuild algorithmis severecomparedo doingthe samewith
objecthierarchies Furthermoreno simpleandfastalgorithmsare
known for incrementallyupdatingthe kd-treehierarcly, evenwhen
the primitivesundego a simple deformation. As a result, current
algorithmsfor interactize ray tracing are mainly limited to static
scenes.

Main results: In this paperwe presenta simpleandef cient al-
gorithmfor interactive ray tracingof dynamicscene®f deformable
objects,i.e. wherethe numberof primitivesdoesnot change.We
analyzemary issueswith respecto computationandincremental
update®f hierarchiesOuralgorithmusesoundingvolumehierar
chies(BVHSs) of axis-alignedboundingboxes(AABBS), for which
we describeef cient techniquego recomputeor updatethesehi-
erarchieduring eachframe. In practice,retuilding of BVHs can
be expensve, so we minimize thesecomputationshy measuring
BVH quality degradationbetweensuccessie frames. We alsoap-
ply the ray coherencaechniquesievelopedfor kd-treesto BVHs
and obtain similar speedups.Finally, we describetechniquesto
parallelizethesecomputationson multi-corearchitectureandim-
prove the cacheefciency of the resultingalgorithms. We have
implementedour algorithmand highlight its performanceon sev-
eral dynamicscenes. Our systemcan renderthesedatasetawith



secondaryaysat3 13framespersecondn a dual-coredesktop
PC.
Overall, our approactoffersthefollowing adwvantages:

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

2. Interactivity: We areableto handledynamicsceneswvith up
to a million trianglesat interactve rateson currentdesktop
PCs.

3. Generality: Our algorithmsmake no assumptiongboutthe
motion of the objectsor the underlyingsimulationor anima-
tion, aslong asno primitivesareaddedor deleted.

Therestof the paperis organizedin the following manner:We
give abrief overview of previousmethodsn Section2. We present
our BVH hierarcty computatioralgorithmandevaluateits features
with otherapproachei Section3. Section4 describesurraytrac-
ing algorithmfor dynamicscenebasedn BVHs andaddressethe
issueof utilizing multi-corearchitecturesWe shav the resultsob-
tainedby our approacton severalbenchmark#n section5. Finally,
we compareour methodto arecentrelatedapproachn section6.

2 PREVIOUS WORK

In this sectionwe give a brief overview of prior work in interactive
ray tracinganddynamicscenes.

Interactiveray tracing:  Sinceits earlyintroductionin [1,38], the
raytracingalgorithmhasbeenverywell studiedin computeigraph-
icsdueto its generalityandhigh renderingquality. Severalsystems
have beenpresentedhat are capableof generatingay tracedim-
agesatinteractie speedsA recentsuney is givenin [25]. Parker
et al. [20] presenta real-timeray tracing algorithm on a shared-
memorysupercomputerSeveral approachesiseray coherenceo
improve performancandachieve interactve performancen com-
modity desktopsystemsfor large static datasetssuchascoherent
rattracing[31,33]. Recently MLRT [22] combinesd-treetraver-
sal with frustum culling to further improve performance. Addi-
tionally, level-of-detailapproachesave beenusedto improve the
performancef ray tracingmassve models[3,12,41].

Dynamic Scenes: Thereis relatively lesswork onray tracingdy-
namic scenes. Reinhardet al. [21] usea grid structurethat can
be updatedef ciently for ary type of animation. Lext et al. [16]
present generalpurposdramevork andbenchmarkgor ray trac-
ing animatedscenesThey alsoproposeanalgorithmthatusesori-
entedboundingboxesalongwith regulargrids[17]. Wald etal.[32]
describea distributedsystentfor dynamicsceneshatdifferentiates
betweenransformationandunstructurednovementin the scene.
Recently Wald et al. [36] proposeda coherengrid traversalalgo-
rithm to handledynamicmodels. Anothercurrentapproactkeeps
the kd-tree, but usesthe boundsof the primitives over the whole
animation[8] sothatthekd-treestructureis correctfor eachframe,
atthecostof increasedraversaloverhead.

Bounding volume hierarchies: BVHs have beenwidely usedto

acceleratehe performanceof ray tracing algorithms[23,26]. In

the caseof staticscenesalgorithmsbasedon kd-treesand nested
grids seenmto outperformBVH-basedalgorithms[9]. Larssonand
Akenine-Moller[15] presenta lazy evaluationand hybrid update
methodto efciently updateBVHs in collision detection. They

alsousethealgorithmto raytracemodelscomposeaf tensof thou-
sandf polygong14]. BVHs have alsobeenusedto accelerat¢he
performancef collision detectioralgorithmsfor deformablemod-
els[28,29]. Interactie ray tracingusing BVHs hasbeendemon-
stratedby GeimerandMdiller [5] aswell asWald etal. [34]. The
latteralsouseBVH updatego handleanimatedscenes.The main

differenceto our systemis thatwe do not assumeadwanceknowl-
edgeof the animationin orderto nd the besthierarcly, but are
ableto detectwhenthe hierarcly needso be recomputedFinally,
Boulosetal. [2] demonstraténteractie distribution ray tracingon
amedium-sizedharednemorysystem.

3 BVHSFOR DYNAMIC SCENES

In this section,we analyzethe problemof ray tracingusingBVHs.
We shawv that BVHs canoffer betterperformancehankd-treeson
dynamicervironmentsand presentoptimizationsto speedup ren-
dering.

3.1 Choiceof Hierar chies

A BVH is a tree of boundingvolumes. Eachinner node of the
tree correspondgo a boundingvolume (BV) containingits chil-
drenandeachleaf nodeconsistsof oneor more primitives. Com-
mon choicesfor BVs includespheresAABBS, orientedbounding
boxes(OBBs)or k-DOPs(discretelyorientedpolytopes) Many ef-
cient algorithmshave beenproposedo computesphere-treegl 1],
OBB-treeq7], andk-DOP-treeg13]. However, we useAABBs as
the BV asthey provide a goodbalancebetweerthetightnessof t
andcomputationcostandemploy ef cient algorithmsfor ray-box
intersectior{19,24,39].

3.2 AABB hierarchiesvs. kd-tr ees

In this section, we evaluate some featuresof BVHs basedon
AABBs andcomparehemwith kd-treesfor ray tracing. Recently
mary ef cient and optimizedray tracing systemshave beenpro-
posedbasednkd-treeq31]. As farasstaticscenesareconcerned,
analysishasshowvn thatoptimizedalgorithmsbasednkd-treeswill
outperformBVH-basedalgorithms[9]. Therearemultiple reasons
to explain this behaior: First,eventhe mostoptimizedray-AABB
intersectiortest(e.g. from [39]) is moreexpensve thansplit plane
intersectionfor kd-trees. This is dueto the factthatin the worst
casg(i.e. no earlyrejection)up to 6 ray-planeintersectionsieedto
be computedfor AABB trees,asopposedo just onefor a kd-tree
node.Anotherimportantaspects thataBVH doesnotprovidereal
front-to-backorderingduringtraversal. As a result,whena primi-
tive intersectgheray, thealgorithmcannoterminateg(asis thecase
for a kd-tree),but needsto continuethe traversalto nd all other
intersections Furthermorekd-treenodescanbe storedmoreef -
ciently (8 bytespernode[35]) thanan AABB possiblycould. On
theotherhand we foundthatBVHs oftenneedfewer nodesoverall
to representhe sceneas comparedo a kd-tree(pleaseseeTable
1). Thisis mainly dueto thefactthatprimitivesarereferenceanly
oncein the hierarcly, whereaskd-treesusually have multiple ref-
erencedecausao bettersplit planecould be found. In addition,
AABBs have theadwantageof providing atighter t to thegeomet-
ric primitiveswith fewerlevelsin thetree,e.g.kd-treesneedmulti-
ple subdvisionsin orderto discardemptyspace Mostimportantly
themajorbene t of BVHSs is thatthetreescanbeeasilyupdatedn
lineartime usingincrementatechniquesNo similaralgorithmsare
known for updatingkd-trees.

3.3 BVH Construction

We constructan AABB hierarcly in atop-dovn mannerby recur
sively dividing aninput setof primitive into two subsetauntil each
subsehasthe predetermineduumberof primitives. We have found
thatsubdviding until eachleafjustcontainsoneprimitiveyieldsthe
bestresultsatthe costof adeepehierarcly, as— similarto kd-trees
— nodeintersectionis comparablycheapethanprimitive intersec-
tion, althoughotherauthorshave reportedbestperformancdor 6
primitives per node[18]. During hierarcly constructionthe most
importantoperationisto nd adivider for thetwo subsetghatwill



Figure 2: Cloth on Bunny Simulation: Two shotsof a 315 stepdynamic
simulationof cloth droppingon the Stanfod bunny We achieve 13 frames
per secondat 512 screenresolutionusing a dual-coe P4 processorat
2.8GHz.

optimizethe performanceof runtimeray hierarcly traversal. One
of the bestknown heuristicsfor treeconstructiorfor ray tracingis
the surface-aea heuristic (SAH) [6, 9], which hasbeenshavn to
yield higherray tracingperformance However, despiterecentim-
provements[30], it alsohasa much higherconstructioncostand
will commonlytake longerthan the actualframe renderingtime
for dynamicervironments.Becausef this, we usethe spatialme-
dianof oneof thedimensionsandsortthe primitivesinto the child
nodesdependingn theirlocationwith respecto themidpoint. We
obsere that the spatialmedianbuild is usually aboutan order of
magnitudefasterto computeand providesrenderingperformance
of 50-90%o0f SAH for mostscenesNotethateventhoughwe just
splitalongonedimensiontheboundingboxwill still betightalong
all thethreedimensionsAs this methodwill oftendistributea sim-
ilar numberof primitivesto both children, the resultingtree will
likely be nearlybalanced As we arestoringjust oneprimitive per
leaf, it is alsoeasyto seethatthe total numberof nodesin thetree
for n primitiveswill alwaysbe2n 1, which allows usto allocate
the spaceneededor ary subtreeduringconstruction.

Regardlessof the heuristicfor nding a split, thetime complex-
ity, T(n), of thetop-dovn AABB hierarcly constructioralgorithm
is W(nlog, n), wherek is the numberof childrenof eachnodeand
n the numberof primitives. It is easyto seethat for eachsplit,
every primitive in the nodeneedsto be processedt leastonceto
seewhich child it belongsin. Sinceat eachlevel of thetreeduring
constructiorall n primitivesareexaminedandthe smallesipossible
numberof levelsis log, n, ary top-davn constructiorhasto take at
leastW(nlog, n) time.

3.4 Updating the hierarchy

Themainadwantageof usingBVHs for ray tracingis thatanimated
or deforming primitives can be handledby updatingthe BVs as-
sociatedwith eachnodein the tree. Our algorithmmalkesno as-
sumptionsaboutthe underlyingmotion or simulation. In orderto
efciently updatethe hierarcly, we recursvely updatethe BVHs
by usinga postordetraversal.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 we traversefrom theleafnodein abottom-up
manney we initialize the BV of anintermediatenodewith a BV
of the leftmostnodeandexpandit with the BVs of the restof the
sibling nodes.

The time compleity of this approachis O(n), which is lower
thantheconstructiormethod.Thisis re ectedby updatetimesthat
we have found to be about4 timesfasterthanrekuilding the tree
for ourbenchmarkmodels(se€Tablel for detailedresults).There-
fore,werely on hierarcly updateoperationgo maintaininteractve

performancedor dynamicervironments.

3.5 BVHs for deformable scenes

We initially build an AABB tree of a given scene. As the model
deformsor someobjectsin the sceneundego motion, the BVH
needso be updatedor retuilt. Updatingthe BVH is to recompute
the boundsof eachBV node,andretuilding the BVH is to recom-
putethe entireBVH from scratchandre-clusteringthe primitives.
At runtime,we traversethe BVH to computethe intersectionde-
tweentheraysandthe primitives.

If the algorithm only updatesthe BVH betweensuccessie
frames theruntimeperformancef BVHs candegradeoverthean-
imationsequencéecausehe groupingof the primitivesandstruc-
tureof thehierarcly doesnotchange As aresult,the BVs maynot
provide a tight t to the underlyinggeometricprimitives. This is
oftencharacterizedy growing andincreasinglyoverlappingBVs,
which subsequentlgeterioratehe quality of the BVH for fastrun-
time BVH traversalby addingmoreintersectiondbetweerthe ray
andAABBs. In suchcasesrehuilding the AABB treeor partsof it
is desirable.

We found that updatingthe BVH works well with relatively
small changego the sceneor structuredmovementto groupsof
primitives suchas meshes.When primitives move independently
however, for examplein differentdirections,changedo the actual
tree structuremay be necessaryo re ect the new positionsof the
deforminggeometry Still, rekuilding theBVH canbeconsiderably
more expensve than updatingthe BVH. As a result, we want to
minimize the numberof timesrehuilding is performed.Therefore,
we needto ef ciently decidewhenupdatingthe BVH is sufcient
or retuilding the BVH is required. This is non-trivial becausehe
actualdegradationof aBVH dependon mary factors,suchasthe
speedwvith which primitivesmove andthegeneratharacteristicsf
the motion of objectsin the scene.Simpleapproachesuchasre-
building thetreeeveryt frameshave the disadantageof not being
adaptableo differentcharacteristicevertheanimationandneedto
bechosera priori. Conseratively choosing meansaddinga lot of
retuilding overheadwhichis especiallyunwantedin aninteractve
contet. In orderto ef ciently detectwhenupdatingtreeor retuild-
ing treeis required,we usea simple heuristicthatis describedn
thenext section.

3.6 Rehuilding criterion

We assumeahat BVH quality degradationis marked by bounding
box growth thatis not causecby actualprimitive size, but by dis-
tribution of primitivesor subtreesn the box. For example,con-
sidertwo primitivesmoving in oppositedirections.Theparentode
containingthemwill have to grow to accommodatéor the move-
ment,resultingin aboundingboxthatis relatively large,but mostly
empty Sincethe probability that a box will be intersectedby a
ray riseswith its surfacearea,we wantto retuild a subtreeto nd
a more advantageoudreetopology To nd thesecasesand pre-
ventthemfrom impactingperformancewe needto measureBVH
degradationduring eachframe by usinga simpleandinexpensve
heuristic.

Our heuristicis basedn theideathatwe can nd nodeghatare
large relative to their childrenby comparingtheir surfacearea. In
orderto have arelatve metricindependentf scale we measurehe
ratio of eachparentnodes surfaceareato the sumof theareaof its
two children.Thelargertheratio becomesthemoreimbalancesx-
istsin thesizes.We rst computetheratio duringtreeconstruction
andstoreit in a eld of the optimized AABB datastructure(see
next section). Wheneer the treeis updatedthe changedsurface
areasare automaticallycomputedand eachinner node can easily
calculateits new ratio. Sincewe assumehatthe ratio storedfrom
theconstructioris asgoodaswe cando,we nd thedifferencebe-



Figure 3: Bunny blowing up : Twoimagesshowframesroma 113stepan-
imationof a deformingStanfod bunny We achievean aveiage 6 framesper
secondluring ray tracingthis deformingmodelwith shadowandre ection
raysat 5122 screenresolutionusinga dual-core P4 processoiat 2.8GHz.

tweenthe new andold ratioandaddthemto a globalaccumulation
value. Oncethe bottom-upupdatereacheshe root, we have com-
putedthesumof all thedifferencesTo assurehatthis valuecanbe
testedndependentlpf thetreesize,we normalizeit by dividing by
thenumberof nodeghatcontrituteto thesum,i.e. thesumof inner
nodeswhichisalwaysn 1. Thisyieldsarelative valuedescribing
theoverheadncurredby updatingthe BVH insteadof retuildingit.
This valueis thensimply comparedo a prede nedthresholdvalue
(wefoundathresholdof 40%to work well in ourtests)andthetree
is retuilt if thethresholds exceeded.

This approactasseveraladwantagesit will detectagoodtime
to retuild regardlesof theactualframerateandwithoutary scene-
speci ¢ settings.Furthermorejn scenesherethereis little to no
degradation,the heuristicwill never needto initiate a retuild. It
is alsopossibleto usethe methodto just retuild subtreesput we
foundthatthis cannotfully replacea completeretuild sincedegra-
dationsin theupperlevelsof the hierarcly typically have the high-
estimpacton the performancef ray tracing. Therefore animple-
mentationthat retuilds only subtreeswill have to eitherdo a full
rekuild sometimespor supporta top-level updatewhereonly the
upperlevelsof thetreearerehuilt.

4 RAY TRACING WITH BVHSs

In this sectionwe describeour runtime BVH traversalalgorithm.
Also, we presentechniquegdo extendthe algorithmto multi-core
architectures.

4.1 Traversaland Intersection with BVHs

We usea simplealgorithmto computetheintersectiorof aray and
the sceneprimitivesusingthe BVH. Theray is checled for inter-
sectionswith the children of the currentnodestartingat the root
of thetree. If it intersectghe child BV, the algorithmis applied
recursvely to thatchild, otherwisethat child is discarded.When-
everaleafnodeis reachedtherayis intersectedvith theprimitives
containedn thatnode. For mostrays,the goalis to nd the rst

hit pointontheray, soevenif aray-primitive intersectioris found,
the algorithmhasto searchthe othersub-treedor potentialinter-
sections.An exceptionto this areshadaev rays,where(at leastfor
directionallights) ary hit is consideredsufcient andtraversalcan
stop.

BVH traversal optimizations: Experiencewith kd-trees has
shavn thatfront-to-backorderingis amajoradvantageor ray trac-
ing. AlthoughBVHs do not provide astrictordering,we foundthat
storing the axis of maximumdistancebetweenchildrenfor each
AABB and using that information during traversaltogetherwith

theray directionto determinea'near' and'f ar' child improvesthe
traversalspeedespeciallyfor scenesith a high depthcompleity
(this hasalsobeenreportedin [18]. Anotherissueis cachecoher
enceduring traversal: similar to the compactkd-treerepresenta-
tions[35], we canoptimizethe AABB representatiomo t within
32 bytes.We achieve this by storingtheboundingboxas6 oating
point values,one child pointer (suchthat the secondchild is ex-
pectedo bedirectly afterthe rst onein memory)andone oat for
storingquality informationfor the retuild heuristic. Our pro ling
shavsthatBVH traversalusingour AABBs hasthe samecacheef-
ciency asthekd-treetraversal. To useanevenmorecompactep-
resentationmtherimplementationslsohave usednodeswherethe
actualcoordinatesverequantizedandcompressetb saze memory
(suchas[4,18]).

Useof ray coherencetechniques: Oneof the maintechniques
usedin currentreal-timeray tracersis to exploit ray coherenceo
reducethenumberof traversalstepsandprimitive intersectiongper
ray. Thosealgorithmswereoriginally designedor the kd-treeac-
celerationstructure.lt is relatively straightforvard to extendthem
towork with BVHs aswell. In orderto usecoherentaytracing[33]
the BVH traversalhasto be changedso thata nodeis traversedif
anyof theraysin thepaclethitsit andskippedf all of theraysmiss
it. A hit maskis maintainedhroughoutthe traversalto keeptrack
of which rayshave alreadyhit an objectandtheir distance.How-
ever, thetraversaldoesnolongerrequirethattherayshavethesame
directionsignsbecauseinlike kd-treesthe traversalorderdoesnot
determinethe correctnesdor a BVH. We have implementedray
paclettraversalfor 2 2 ray bundlesusing4-wide SIMD instruc-
tions andfound thatit yields an overall speeduf about2 to 3,
which is even above the improvementobtainedfor kd-trees. We
assumethis is mainly becauseay-AABB intersectionsare more
costly thanthe kd-trees ray-planecomputationand thereforethe
reductionin traversalstepshasa more pronounceceffect on over
all performance.Furthermorewe alsosupportarbitrary-sizedray
paclets,which canbe implementedvery ef ciently by usingfrus-
tumculling suchaspresentedh [22]. Dependingonthedetaillevel
of the sceneandthe screenresolution,16x16 or 8x8 pacletswill
yield anevenhigherspeedugo renderingandperformsmuchbet-
terthanthenormalpaclettraversalcodethattestseachray [18].

4.2 Multi-Cor e Ar chitectures

Oneof majorfeaturesof currentcomputingtrendsis thatthereare
multiple coresandhyperthreadingfunctionality availableon com-
modity architecturesTherefore,jt is desirableto designour hier-
archy updateandruntimetraversalsuchthatthey take advantageof
availableparallelism.

Hierar chy Update: Ourupdatemethodtakesadvantageof multi-
core processordy using a bottom-upupdatemethod. Given the
numberof availablethreadsn, we decomposean input BVH into
n sub-BVHSs. For this, we simply computen differentchildrenby
traversingthetreefrom therootin the breadth- rstmanner Then,
eachthreadperformsabottom-upupdatefrom oneof thecomputed
nodesin parallel. After all the threadsare done,we thensequen-
tially updatethe upper portion of the n nodes. We particularly
choosethe bottom-upapproachsinceit is well suitedto parallel
processingFor example we do notrequireary expensve synchro-
nizationfor eachthreadsincedatathatareaccessetly threadsare
mutually exclusive to eachother Sinceour currentBVHs arerela-
tively well balancedthis simpleschemeprovidesreasonabhgood
loadbalancingn practice.

Runtime traversal: We emplgy image-spaceartitioningto al-
locatecoherentregionsto eachthread. Also, in orderto achieve
reasonablygoodload balancing,we rst decomposémage-space
into smalltiles (e.g.,16 16) and,then,allocateeachtile to each



thread.After athread nishes its computationjt continueso pro-
cessanothertile. A moreelaboratdile distribution may be neces-
sarywhenusinghighly-parallelmachineg27], but we have found
that this approachworks well for workstation-classnachinesand
providesperfectscaling.

5 IMPLEMENTATION AND RESULTS

In this section,we describeour implementatiorand highlight the
resultsof our ray traceron differentbenchmarks.

5.1 Implementation

We have implementedour interactve ray tracerfor deformable
modelsusing BVHs in a dual-corelntel Pentium4 machineat
2.8GHz. To comparethe performanceof BVHs with previousin-
teractive ray tracingwork for renderingstaticscenesyve alsoim-
plementedkd-tree rendering(without animationcapability). All
acceleratiorstructuressupportray paclet traversalusingthe SSE
SIMD instructionseton Intel processors.For ef ciency reasons,
we only supporttrianglesasprimitives. We employ multi-threaded
renderingandhierarcly updatesisingOpenMP.

5.2 Results

We havetestedour systenonfour animatedscene®f varyingcom-
plexity aswell asonemorecomple staticmodelto measureper
formanceof ourapproach(seeTablesl and2). In generalbuilding
a BVH treeusingthe naive midpointmethodis morethanoneor-
der of magnitudefasterthan the optimized surface-areaeuristic
kd-treeconstruction.In mostcaseshoth structureshave a similar
memoryfootprint, but kd-treesneedmorenodesecauseeferences
to primitivescanbelocatedin multiple nodes.

Benchmarks: We shav ve differenttest cases(refer to Table
1): Bunry/Cloth (shawvn in Fig. 2) andDress(shovn in Figure4
oncolourplate)in therespectie rows of thetabledemonstratper
formanceonatypicalanimationincludingsimulatedcloth atdiffer-
entcompleity, bothrenderedncludingshadav rays. Eventhough
mostof the meshis moving, BVH updategurn outto besufcient
to maintainthe quality of the structure.Bunry (shown in Fig. 3)
appliesa non-rigid deformationto the Stanfordbunry modelwith
re ection andshadav rays. To maintainBVH quality, someparts
of thetreehave to berehuilt. BART (shavn in Fig. 4) is a partof
the BART animateday tracingbenchmarK16] andshavs a setof
triangleswith mostlyunstructuredrandommovement.Sinceit has
high depthcompleity andoverlappingprimitives,thisscends one
of theworstcasedor BVH renderingaswell ashierarcly updates.
For theformer, we have foundthatthe orderingapproachor BVHs
ameliorateghe effects of depthcompleity. Additionally, the in-
dependentovementof eachtriangleleadsto extremedegradation
in BVH quality, sothatour heuristicreluilds the tree quite often.
Finally, we testeda more complec staticsceneof the 1M triangle
StanfordBuddha(not shavn) to demonstrat¢hatBVH ray tracing
cancompetewith kd-treeseven for larger models. Unfortunately
theupdatetime grows linearly with modelsize,soa moreef cient
updateschemewould be neededto be ableto renderthis or ary
largermodelat high framerates.

We testedour heuristicfor tree rekuilding on the test models
andfoundthatin all casesxceptthe BART model,just hierarcly
updatescan be ef cient enoughfor rendering. The unstructured,
randommovementof trianglesin the BART scenemakes several
treerebuilds necessanhowever. Withoutdoingthat,we foundthat
framerateswill decreasby overanorderof magnituden justafew
frames. To testhow well the retuild timesare chosenwe bench-
marked the animationwhile retuilding only via heuristic(with the
thresholdsetto 0.4) aswell asrehuilding thehierarcly everyframe.

Figure 4: BART Museum triangles: Two image shotsfrom 170 stepsof a
randomlydeformingmodelfromthe BART deformingdatabendmark. We
achievean aveiage of 11 framesper secondat 5122 screenresolutionusing
adual-coe P4 processomt 2.8GHz.

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

Table 1: Benchmarksand Timings: Resultdor BVHraytracingof several
scenesThebendimarkcon guration for eac of the sceness describedn
sections. All benthmarkswere performedat 5122 resolutionona dual-coe
P4 madineat 2.8GHz using8x8ray padet traversal and secondaryrays
(shadowsandre ections). Performancenumbes are givenas an average
overthewholeanimation treebuild timesare for the spatialmedianbuild.

We foundthatevenwhenlooking just at purerenderingtime with-

out countingreluilding andupdating the animationrenderedvith

new hierarcly in eachframewas only 20% fasterthanrendering
usingour heuristic. The latter neededonly a few retuilds, so the
total overheadincurredby updatesandretuilds wasonly 2s over
thewholesequenceascomparedo 15sfor retuilding.

6 COMPARISON TO SPATIAL KD-TREES

Recently several acceleratiorstructureswvere proposedhat could
be seenasa hybrid betweenBVHs andkd-trees. The basicidea
is thatwhenlooking at BVH construction|t is apparenthat stor
ing full boundingboxesmayberedundantf anodeessentiallyjust
storesthe geometryassplit alongonedimension.Unlike kd-trees,
which solwe this by storingjust the actualsplit coordinateand di-
mension spatial kd-treesfor ray tracing[10, 37] storetwo coordi-
nateswhich representhe limits of the boundingboxes of the left
andright child in the split dimension(which areallowed to over
lap in casethe containedgeometrydoes). This reduceghe mem-
ory requirementdrom storing6 to 2 coordinateonly. Similarly,
Woop et al. [40] presenta hardware implementatiorncalledthe b-
kd-treein which they storethe left andright boundsfor both chil-
drenandthereforeuse4 coordinateger node. Constructionfor
both structureds almostidenticalto BVHs by just storingthe re-
spectve boundingbox coordinatesBoth approachealsodecrease
theactualwork donefor oneintersectiorasonly 2 or 4 planesneed
to beintersectecgninsttheray. In generalthetraversalalgorithm
for spatialkd-treesis more similar to kd-treeswith the difference
thatraysarenow intersectecgainstmultiple planes.However, un-
like kd-trees,no realdepthsortingis provided, sotraversalcannot
stopafterthe rst hit.

Implementation: To compareour BVH implementatioragainst
thoseapproachesye implementeda spatialkd-treestructurewith



BVH: kd-tree: spatialkd-tree:
Scene Tris nodes memory build nodes memory build nodes memory build update
Bunry/Cloth | 16K 31923 997KB 170ms 64137 859KB 1487ms|| 35097 548KB 146ms | 4ms
BART model | 16K 32767 | 1024KB 322ms 11075 | 1426KB | 1902ms| 58921 920KB 331ms | 11lms
Dressmodel | 40K 80059 | 2501KB 733ms || 218845 | 2778KB 5s 148929 | 2327KB 821ms | 19ms
Bunry 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 comparedto kd-tr eeand skd-tree: Treestatisticsfor otheraccelertion structulesascompaedto BVHs. All hierarchieswete built usingthe
surfacearea heuristicinsteadof the spatial medianand BVH build timesare therefore higherthanin the previoustable (usingthe samemadine). The SAH
constructionusesthe simpleO(nlog?n) algorithmas opposedo the fasterO(nlogn) version[30]. Notethat the memoryrequirmentgor skd-teesare only
slightly smallerthanfor BVHsdueto the highernumberof nodes Build timesare aboutthe samefor both.

1lray 2 2 8 8 16 16
Scene BVH | skd-tree| BVH | skd-tree| BVH | skd-tree| BVH | skd-tree
Bunry/Cloth 1.8 3.1 35 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
Bunry 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 15

Table 3: Rendering performance of BVH and spatial kd-tr ee: Direct comparisonof renderingtimesfor BVH and our spatial kd-treesimplementation.
Benhmarkresultsare aveiage framesper secondover the animationfor 1024 primary raysonly on a dual-coe P4 macine at 2.8GHz. Theresultsare
shownfor differentray padket sizesand excludeall updatetimesandretuild times. In order to avoid excessivequality degradationwhenupdatingskd-tees,

werekuild thehierarchy every5 frames.

two planesasin [37]. Similar to BVHs, we use2 2 ray pack-
etsusing SIMD instructionsaswell aspacletsof arbitrarysizeto

allow direct comparisorof results. For 2 2 paclets, the traver-

sal algorithmis a direct adaptationof ray paclet traversalin kd-

treesextendedo testtwo planes For largerpaclets,we designedca

traversalalgorithmthat usesthe inversefrustumculling described
for kd-treeray tracingin [22] for determiningwhethera pacletin-

tersectsa node,althoughwe do not performentry-pointsearchor

split pacletsatthemoment.

Resultsand discussion: Our resultsaresummarizedn Table3.

In generalwe obsered anincreasen overall renderingspeedor

staticscenesvhenusingskd-treeswhich is a consequencef the
less computationallyexpensve ray-nodeintersection. However,

for animationsoneimportantdisadantages thatafterthe update,
mary of the emptyleaf nodesintroducedfor emptyspaceelimina-
tion may not be necessargary moreor, evenworse,would have to

be usedat a different point. We have found that this quickly re-
sultsin moreseverequality degradationof the hierarcly and,sub-
sequentlyrenderingrequiresvery frequentrekuilds. To avoid this,
we rehuilt the hierarcly every 5 framesfor skd-treesto allow a
betterperformanceomparison.

We alsofoundthattraversalfor largerray pacletsdoesnotseem
to scaleup aswell asfor BVHSs, so that skd-treesare aboutthe
samespeedor even slower for our testedpaclet sizes. Although
theindividual nodesareonly half aslargeasour AABB nodeg(i.e.
16 bytes),memoryusefor skd-treess only slightly lower thanfor
BVHs. Thereasorfor thisis thatin orderto achieve goodperfor
mance,extra splits to eliminate empty spaceat the outer bounds
areneededften and, eventhoughthe actualemptyleavesdo not
needto be storedthis increaseshe numberof actualnodesin the
tree.Thisalsomeanghatunlike BVHs, theactualnumberof nodes
for a sceneis not as predictable(althoughit canbe boundedeas-
ily sinceonly alimited numberof emptyspacesubdvisionscanbe
introducedat eachnode),which preventssomeeasywaysto opti-
mize construction.Having more nodesalsomeansthatthe treeis
deepeandthereforeonaveragemoretraversalstepsnaybeneeded
to reachtheleaves. Mostimportantly though,the hierarcly update
for animationis linearto the numberof nodes As the skd-treeusu-
ally hasabouttwice asmary nodesthis meanghatupdatingit will

alsotake twice aslong, which may becomethe bottleneckin an
interactive application.

Finally, a subtledifferenceis that ray paclet traversalfor skd-
treesin generalcan be more complicatedto implementand less
versatile:asfor kd-treesgroupsof raysfor inversefrustumculling
arelimited to having the samedirectionsigns,which canmale ob-
taining groupsof coherentraysmorechallenging,n particularfor
secondaryrays. In contrast,BVH traversalis independenof ray
direction signs, which eliminatesspecialcasesfor traversal,and
frustum culling can be introducedeasily by the fast frustum-box
intersectiordescribedn [22].

This leadsusto concludethatfor animatedscenesvith updates
aBVH implementations to bepreferredandalsolendsitself better
toanoptimizedray pacletimplementationFor scenesvith varying
numbersof primitives,thehierarcly updatewill notwork, soin that
caseafastrehuild suchasdescribedn [37] shouldbeusedinstead.
For staticscenesstandardd-treeswill verylikely provide superior
performancevith an MLRT implementatior{22], albeitat higher
memorycostandmorecomple optimizedhierarcly construction.

7 FUTURE WORK AND CONCLUSION

We have proposedan algorithmfor interactve ray tracing of de-
formable,animatedmodels. We usedBVH hierarchiesasan ac-
celerationdatastructureof the deformablemodelsandshaved op-
timizationsthatwill resultin performancecompetitive or even ex-
ceedingrenderingusing kd-trees. We were also able to integrate
efcient ray coherencaechniquedor kd-treesto our BVHs. We
do not make ary assumptionsboutthe possibledeformationor
motion of objectsanddynamicallyupdateor rekuild the hierarcly
dependingn our simpleheuristic.

Therearemary interestingdirectionsfor futurework. Our cur-
rentalgorithmis mainly designedor smallto intermediatemodel
compleity. We would lik e to extendour algorithmto handlelarger
deformingmodels which would requiremoreef cient or localized
updatemethodghatonly changehepartsof thehierarcly thathave
deformedsincethe lastframe. Also, we would like to investicate
cache-coherenayoutcomputatiormethodq42-44] of deforming
modelsin orderto efciently handlethem. Another interesting



problemis thebetteruseof multiprocessoarchitectures thecon-
text of hierarcly constructiorandupdates.We planto extendour
currentmethodsto be moregeneraland e xible for theseapplica-
tions. Finally, we think thatit would be interestingto improve the
simpleconstructiormethodwe useto ef ently approximatenstead
of fully computingthe surfaceareaheuristic,thusallowing better
performanceavithout addingtoo muchoverhead.
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