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ABSTRACT

Theuseof SIMD ray paclets[24] hasbeenanimportantstepfor-
wardin ray tracingperformancelt is the rst signi cant accelera-
tion procesdasednastratgy thatdealswith “small” ray bundles.
In orderto improve the outcomefor wider bundles,very powerful
datastructurehave beenused.However, thesenew datastructures
arenot the mostpowerful whendealingwith singleraysor SIMD
rays. They arethereforeunsuitable andthis incompatibility raised
the problemof incoherentrays which, suchas secondaryrays or
globalillumination rays (i.e. mostthe raystracedin real life ray
tracing)areimpossibleto procesf ciently. An original coupled
useof BSPandBVH treesis proposedo overcomethis disadwan-
tage. Eachtree,usedindividually, canef ciently boostbothsmall
ray bundlesandwide ray bundles.Usedtogethelin a coupledstrat-
egy, they canachieve a globalspeedumf +50%.

Index Terms: 1.3.7[ComputerGraphics]:Ray Tracing—

1 INTRODUCTION

Raytracingis usedmassiely for realisticimagerendering.Given
its strong CPU consumption this algorithm hasfor a long time
beenmainly usedoff line [9, 28]. This ray tracingalgorithmhas
obviously undegoneprofoundchangesscomputerdave become
increasinglypowerful but alsoasaresultof severalalgorithmicop-
timizations. It hasnow becomean interactize global illumination
stratgy [23]. A numberof studiesareeven consideringts usein
video gamesas a replacementf classicalz-buffering techniques
[18].

Datastructureswhicharethe coreof raytracingin termsof per
formance have beencontinually changingsincethe development
of this method. To facilitate searchingfor surfaceintersections,
spaceswere subdvided or objectswere partitioned. Grids were
built, a hierarcly was establishedor objectsand the compleity
of the operationwasdecreasedThesevariouscombinationggave
placeto regulargrids[7], multigrids[5], octreeq9], BoundingVol-
umeHierarchiegBVH) [10], Binary SpacePartitioning(BSP)[11],
Boundingintenal HierarchieqBIH) [22], ah-tre€[14]... Thereare
now a very signi cant numberof differenttrees. Havran's works
[12] provesthefactthateachtreehasits own strengthsandweak-
nesses.

The recentuseof bundlesis a majorimprovement. Treesthat
had beendiscardedbecausehey were not capableof ef ciently
handling certainmodelshave now reappeare@nd are usedwith
bundles[25]. However, they arestill dif cult to exploit within a
full enginebecausaet is not alwayseasyto coherentlygrouprays,
especiallywhenit comedo globalillumination. Moreover, bundles
createantagonismsTreeswhich adequatelyene t from bundles
have poor performancecomparedto simple ray tracing and vice
versa. The BVH andthe BSP arefairly opposedstate-of-the-art
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trees. BSP offers a very efcient algorithm of tree traversalfor
singleraysor pacletsof four rays. BVH enableghe launchingof
“wide” bundles.

It is thereforebene cial to combinevarioustree capabilities,in
orderto make up for the de cienciesof eachof themandproduce
industrialapplicationavhich cantake advantageof theseimprove-
ments.This paperproposes combinationof a BSPtree(the most
efcient asfar aslaunchinga singleray is concernedanda BVH
tree which offers a strongpotentialfor launchingbundles. Each
implementedreeis comparatie to onespresentedn the state-of-
the-art(times a constantfactor) and using this coupledtechnique
will enableaveryoneto boostperformanceyy up to +50% (seeTa-
ble 1).

Scenarios

Conference| Fairy Forest| SodaHall
BSPTreeOnly +0% +0% +0%
BVH TreeOnly -10% +0% +22%
Coupleduseof +3% +15% +50%

bothtrees

Table 1: Average speedups of BVH tree only and Coupled use sce-
narios relative to BSP tree only scenario. Coupled use performs a
speedup of +50% for Soda Hall model.

The principle of bundlesis rstly presenteddy reviewing the
state-of-the-artThenatheoreticabndpracticalcomparisorof BSP
andBVH treesaccordingto differentpaclet sizesshovs animbal-
ance.An original coupledstratgy is proposedo solwe this antag-
onismandtheresultsachiesedaresummarized.

2 FROM RAYS TO BUNDLES
2.1 Why use bundles?

(a) Singleray. (b) Bundleof four rays.

Figure 1: (a) 12 traversal steps for a single ray. (b) 18 traversal steps
for a bundle of four rays. Thus, less than 5 traversals per ray.



In initial versionsray tracingwasusedto solve renderingprob-
lemsby usingthin raysto representight beamg28]. Thenvolumic
rays appearedo solve problemsconcerningspatialand temporal
aliasingmoreefciently. Generally hiddenand unattainedbjec-
tives,for all theseapproachef15], [1], [17], [21], [8]) have always
beenaimedat cutting down the computationtime by consistently
reducingthe numberof operations.

Neverthelesswith ray paclets,performancérasimproved. The
ideais to propa@teonly rayswhich encloseanothersetof internal
rays. Theseboundaryraysthenform a shaft,ensuringthatinternal
raysgothroughthe sameelementsn the datastructureasthey did.
Havranetal. [13] suggesimplementingthis ideaby propagting
eachboundaryray sequentially Thus,by nding out whetherthe
structureswhich are traversedby theseraysare all identical, one
canprove whetherinternalraysgo throughthe samestructuresor
not. It is thereforeuselesso carryoutcomputationgor theinternal
raysandis thuspossibleto save time asshown in Figurel1.

2.2 How to make bundles?

Wald et al. [24] triggereda major improvement: they suggested
propagtingraysin the form of pacletsthat gatherfour rays. The
coherencef theraysaswell asthe useof SIMD architecturehen
malesit possibleo tracethesepacletsfor acomputatiorcostclose
to thatof a singleray. This optimizationis the basisof mary ray
tracing algorithmswhich build bundlesof 2x2 rays (SIMD rays).
Therefore Havran et al! s works wereexpandedoy Dmitriev et al.
[6] who, insteadof tracingeachboundaryray sequentiallytraced
anentirepaclket modellingthe bundlecornerraysin oneoperation.

Amongthe mostefcient approachesReshetw etal. [20] rec-
ommendthe implementatiorof bundleswith a kd-Tree[12]. The
methodconsistdn nding anentrypointfor a givenbundleinside
thetree. If the entry pointis aninternalnodewithin the tree,the
rayscontainedn the bundle canthenstartto propagte from this
pointthussaving traversalsteps.If, onthe otherhand,oneis deal-
ing with aleaf,intersectiorcomputationsrecarriedoutdirectly for
internalrays. If oneis concernedvith an“empty-occluder”then
all theraysinevitably intersectthe samesurfaceallowing minimal
calculationstrateyies. Although the performancedescribedn the
studyshovsanacceleratiorfiactorcloseto threeandcorrespondso
areductionin the numberof traversalstepsequallycloseto three,
asBenthin[2] pointsout, andas our study alsodemonstratesan
actualimplementatiorwhich doesnot carryout all theintersection
operationsand doesnot integrate the notion of “empty-occluder”
undoubtedlyhasa morelimited acceleratiorfactor

Waldetal. alsoshaw ef cient paclettracingbothby workingon
aregulargrid [27] andonaBVH tree[25]. In bothcasesabundle
is propa@tedinside the datastructureand paclets locatedwithin
the bundle checkfor intersectionsvhenthe structureis traversed.
Waldetal. demonstratéhat,despitets ratherinef cient simpleray
tracing,a BVH tree offers moreinterestingcapacitiesfor bundles
thanBSPtreesdo.

2.3 What is the problem with bundles?

Coherencenustbefoundto ef ciently exploit bundleperformance.
However, secondaryaysandomni-directionalrays breakthis co-
herencedown andaredif cult to handlewith bundles.Considering
this state-of-the-artseparatéundleimplementationgretried with
BSPandBVH treesto comparehemandto bene t from the best
of both.

3 BUNDLE PERFORMANCE

BSPandBVH treesareselectedor our experimentdbecausehey
provedto provide complementanadwantagesandto have intrinsi-
cally oppositestructures.To evaluategeneralbundle performance
with BSPandBVH trees,a datastructureanalysisis carriedoutin
the rst placesoasto compardreepropertiesn orderto ef ciently

exploit ray bundles.Next, afterhaving describegacletimplemen-
tation choices,performancemeasurementaccordingto different
pacletsizesthencon rm the datastructureanalysis.

3.1 Data structure analysis
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(a) BSP:singleray. (b) BVH: singleray.
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(c) BSP:raybundle. (d) BVH: ray bundle.

Figure 3: Traversal step operations according to BSP and BVH trees.
Crosses mark split evaluations for BSP tree and boxes evaluation for
BVH tree. BSP tree traversal must check 5 splits for the single ray (a)
and 7 splits for the ray bundle (c). For the BVH tree traversal, 3 boxes
need to be evaluated, both for single ray (b) and bundle of rays (d).
This simple example shows why BVH tree is less sensitive to wide
bundles.

Binary Space Partitioning Tree

A BSPtreesimply cutsspaceby recursvely subdviding it into two
partsaccordingto an axis aligned splitting plane (seeFigure 3).
This splitting planeis chosenin order to satisfy a surface area
heuristic(SAH) which enablesoptimizationof computationcosts
betweernreetraversalstepsandtriangleintersection$12]. An anal-
ysisof thedatastructuredividesBSPtreepropertiesnto favourable
andunfavourablesetswith regardto performance.
FavourableBSPtreeproperties:

Low traversal cost During the BSP tree traversal, a ray
traversingan inner node simply hasto checkwhich side it

takes over a splitting planeto go throughchild nodes. Be-

causesplitting planesare axis aligned,ray/planeintersection
is donevery quickly.

Few trianglesin leaves Averagenumberof trianglesis very
small(generallylessthanthree)thanksto its ability to subdi-
vide spaceandef ciently enclosdriangles.

Orderedtraversal. Whenanintersections found,the traver

sal procescanbe immediatelystoppedbecauseahe ordered
traversalpropertyensureghat no closertrianglesare found
duringthefollowing steps.



Figure 2: The models used for our experiments. From left to right: ERW6 (804 triangles), Bunny (12K triangles), Fairy Forest (174K triangles),

Conference (282K triangles), Soda Hall (2 169K triangles).

UnfavourableBSPtreeproperties:

Deeptree To performanef cient spacesubdvision,BSPtree
mustbuild alot of splitting planes.This propertybecomes
bottleneckfor wide bundles. As the bundle openingangle
increasesthe bundle hasto traversea high numberof nodes
withoutamortizingthis overloadoverinnerrays.

Shaedtriangles Trianglescrossingthe splitting planemust
be sharedby child nodes.Thustrianglereferencesredupli-
catedwhich causesiigh memoryconsumptior(seeTable?2).

Bounding Volume Hierarchy Tree

BVH is alsobuilt recursvely anduseghe SAH asin thecaseof the

BSPtree. Themaindifferences that,insteadof splitting spacethe

BVH treepartitionsobjectsin two subsetsAn axisalignedbound-

ing box (AABB) is tted aroundeachsubse{seeFigure3(b)).
FavourableBVH treeproperties:

Big spaceskipping BVH leaf AABB enclosegrianglesin the
threedimensionslt is possiblethataray intersectao leaves
andthusskipsbig spacewery quickly.

Smalltree As aconsequencef the previous property BVH
tree depthis signi cantly smallerthanBSPtree. This prop-
erty is highly interestingfor wide bundlesbecausét limits
traversaldivergencesvhenbundleopeningangleincreases.

Low memoryconsumption A small numberof leaves and
uniquetriangle referenceimit the memory consumptionof
theBVH treeaccordingto BSPtree.

UnfavourableBVH treeproperties:

Hightraversalcost In orderto gothroughaleaf,aray/AABB
overlap test must be performed. Comparedto the ray/AA-
planeintersectiortestusedwith theBSPtree,thistestis more
costly

Not ordered traversal. This is a fundamentalifferencebe-
causeleaves, which arerepresenteddy AABB, canoverlap.
Early traversalstopis not applicablebecausesurfacescloser
to the ray origin canbe found during the following traversal
steps.

Discussion

With regard to this datastructuresanalysis,BSP tree hasa more
ef cient traversalalgorithmbut cannotef ciently handlewide bun-
dlesbecausaleeptree penalizesvide bundle divergence(seeFig-
ure3). BVH treerequiresmorecomputationgor atraversalstepbut
thesecomputationscan ef ciently be amortizedover several rays
includedin abundle. Theseobsenationsarecon rmed in practice,
sobeforeshavn timings,implementatiorchoicesarepresented.

3.2 Implementation choices

Implementatiorchoicedor handlingray paclketsmustbedescribed
so that they canin uence performance. Theseimplementations
with BSP and BVH treeswere inspired from the most ef cient
state-of-the-anvorksto bundleraysaccordingo eachtree. SIMD
raysarecodedn thesameway for bothtreeswhereasvider paclet
stratgjiesdiffer.

Binary Space Partionning

ThesamemethodasWaldetal. [26] is used.Traversalandintersec-
tion BSPcodesalsointegrateSIMD paclets. Using thesepaclets
allows usto bene t from vectorialinstructionsetandto doublethe
performancespeedseeTable4(c)) ascomparedo singlerays.

Marny experimentsvereled towardsbundlingraysinto setscon-
tainingmorethanfour rays. For thatpurpose pur researctwasin-
spiredby Reshetw etal!s works[20] which seemto bethe fastest
implementationof bundling rayswith a BSPtree. They suggest
splitting ray tracinginto two stages:

The rst stageconsistin anentrypointsearctusingthebun-
dle shaftfor culling non-intersectetteenodes.

The secondstageis to launchall SIMD raysincludedin the
bundleshaftstartingthetraversalfrom theentrypointthathad
beenpreviously found.

In ourworks,we have consideredReshetw etal's approactbe-
causeit demonstratesa potentialuseof bundlescombinedwith a
BSPtree.Unlike resultsfoundin their works, determininga single
entry point in the tree did not allow us to reachthe bestperfor
mance. The entry point correspondingo the deepemodein the
tree (whereall the inner paclets pass)is often very closeto the
root anddoesnot allow for skippingmary traversalsteps.An ex-
tendedversionis usedby recovering all the inner and leaf nodes
alsovisitedin acommonway by the frustum. The time spentwith
entrypointsearchhadincreasedalightly, whereaghetime spentin
ray tracingtime haddecreasedigni cantly. Globalperformances
notablybetter: a +15% improvementin time renderingis reached
comparedo usinga singleentry point. Two principleswhichwere
not exploited in our implementationmay explain why the single
entrypointversionis slowerin our case:

Mary efforts have to be madeto build a treeefciently ex-
ploitablefor a singleentry point approach.This signi cantly
increaseshetime spentfor building the tree. Althoughreal-
time dynamicupdatesarenot supportedy our systemjnter-
activity mustbekeptby alazy andfastconstructiorstrateyy.

Terminationobject(or “empty-occluder”}— which canstop
the frustumtraversalandskip costly triangleintersectionsat
a very early stage— is not used. Theseterminationobjects
arenotadaptedor userinteractionghatcanchangeonthe y

objectopacities. Furthermoreterminationobjects' searchis



basedon a stronghypothesisstatingthat objectsdo not con-
tainholes.

With the exceptionof thesetwo points,our pacletimplementation
seemdo bethe moreef cient methodaccordingto state-of-the-art
BSPtreepaclets. Otherstratgieslik e [6], which do not give better

results,con rm this.

Bounding Volume Hierarchies

The works of Wald et al. [25] promotedBVH treesby shawving
their high potentialin tracingmorethanfour-ray bundles.Theim-
plementatiomealizedfor BVH treein this papelis supportedy and
basedn theseworksanddoesnotincludesigni cant differences.

BVH treeis codeddirectly by usingthe SIMD instructionset
to generatefour-ray paclets. Packets which are larger than four
raysarealsointegratedinto BVH trees. Contraryto the BSPtree
bundleapproachtraversalsandintersectionsaredonein the same
function. Thebundlefrustumis recursvely propagtedinto thetree
andtestedagainsteachAABB node. Wald et al's “Quick Entry”,
then“Quick Exit”, and nally “First Entry” stratgiesare usedto
male thesefrustum/boxintersectiortestsef cient. Whenabundle
traversesa leaf, a shaftculling technique[6] is usedto rejectthe
trianglesoutsidethe frustum. Then eachremainingactive inner
paclet (SIMD rays)includedin the bundleis individually tested
againsttriangles.

3.3 Absolute performance

To evaluatebundleimplementatiorperformance,rst we carryout
ameasurementf primaryray times. This evaluationis of interest
asit obtainsthefollowing properties:

Easybundlegeneation. A simpleimagetiling permitsto di-
vide theimageplanein several coherentsubsets.So, perfor
manceis not penalizedoy bundleconstruction.

State-of-the-artomparisoris possible Primaryray measure-
mentis, until now, the only way to compareesultswith pub-
lishedtimes.

Genealization Divergenceproblem— whichappeafor sec-
ondaryraysandomni-directionakrays— canbesimulatedoy
building exaggeratedvide primarybundles.

Evaluationwasdoneoverthe ve modelsshavnin theFigure2
with animageresolutionof 1024x1024pixels. The modelswere
renderedor eachtreewithout varyingbundlesizes.Figure4 sum-
marizesaveragespeedupsand averagenumberof traversal steps
andtriangle intersections.Minimum and maximumspeedupsre
alsoindicatedin orderto evaluatethe bestand worst cases. All
speedupsrerelative to a BSPsingleray tracer Threemainobser
vationscanbe highlighted:

Whenlooking for absoluteperformanceBVH treeoffersthe
bestperformancevith a speedumf 4.5x over BSPsingleray.
This speedupreachedor 8x8 ray bundles,is explainedby a
drasticreductionof traversalsteps(4(b)) (divided by 10) and
aquitetolerableincreasen theintersectiomumber(1.3x).

Still looking atabsoluteperformanceBVH treeperformsthe
worsttimes,only 1.5x over BSPsingleray. Evenif the av-

eragetraversalstepis half comparedo BSP traversalsteps
for SIMD rays; asthe paclet/boxoverlaptestis morecostly
thanthe paclet/planetest, BVH tree cannotreachthe same
speedu@msBSPtree. The ef ciency of BSPtreetraversalal-

gorithmis moreinterestingfor smallbundles.

Eachtree getsa maximum speedupwith 8x8 bundle rays.
For wider bundles,bothBVH andBSPtreeperformancale-
creasesfFor BVH tree,overloadof visible intersectionsn a
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Figure 4: Primary ray performance.

wide frustumbecomes limitation, andfor BSPtree,speedup
disappearsvhile thenumberof traversalstepsincreases.
3.4 Question
Theseperformanceesultdeadto aquestionthebestireeto choose
in orderto ef ciently exploit bundlesis notobvious.
Which tree to choose?

Whenwe considergeneralraysinsteadof primary rays, coherent
bundlescannotalwaysbe built. A fully featuredray enginemust



supportall kindsof rays,from simplerayswhich cancorrectlydeal
with omni-directionakamplinggo wideray bundles ef ciently ex-
ploiting spatialcoherence.

A commonapproactthooseshetreewhichonaverageperforms
well for all modelsevenif it is notthebestfor a particularmodelor
morepreciselyfor a speci ¢ kind of rays. In this way, BSPtreeis
generallypreferredbecausewithout the useof comple solutions
to bundlerays|[4], it always performswell. However, BVH tree
can boostperformancefor wide bundles. Oppositeperformance
areimbalancedandleadto a limited solution,no matterwhatthe
treechoiceis.

Problem generalization

Althoughrelative performancebetweerBSPandBVH treesseem
to dependon implementationchoices,resultscan be generalized
for all kind of raysandfor all implementationsccordingto the

following assertions:

Primaryraysresultscanbetransposedo generakays. In or-
derto simulateincoherentays,it is sufcient to build bigger
bundles.Resultsshav the lack of performancewhile bundle
openinganglesincreases.

Data structureanalysis,which is not implementatiordepen-
dent,con rms measuremenidonewith particularimplemen-
tations.

The proposedequation(which statesthat BVH treeis better
for wide bundlesandthatBSPtreeis betterfor smallbundles)
is sharedwith otherwell known works. Firstly, [6] and[2]

prove, like us, that speedumf BSP bundlesis quite limited.

Next, comparingBSPresultsissuedrom [23] to BVH results
issuedfrom [25] which wereimplementedvith the sameop-
timizationskills, our proposedequationvasagain con rmed.
Moreover, [3] suggestaising BVH insteadof BSP tree be-
causeBVH tree supportswide bundlesbetterin the caseof
Whitted Style and Distributedray tracing. Finally, [19] pre-
vents a severe limitation being reachedfor secondaryrays
whenusingBSPbundles.

Treeimplementationsisedifferentalgorithms but areimple-
mentedwith the samelevel of optimization. Many functions
aresharedvy bothimplementationsuchas: cameraay gen-
erator paclet builders,triangledata,paclet/triangleintersec-
tions, shading...Therefore the only timing differencesarein

thetranspositiorof algorithmiccompleity differences.

Exposedmbalanceis not focusedon our speci ¢ implementa-
tion, but canbe generalizedor all implementationsTo avoid the
dif cult taskof choosingbetweentwo trees,coupleduseof both
treesis exposedn thefollowing section.

4 COUPLED USE OF BSP AND BVH TREES
4.1 Global strategy

Ray types BSP 2x2 rays BVH 8x8 rays

Primary rays

Shadow rays

Secondary rays

Omnidirectionnal rays

Figure 5: Global strategy mix BSP tree and BVH tree according to
the kind of rays.

An empiriclimit is de ned betweersmallbundlesandwide bun-
dles.SmallbundlesareSIMD rayswhile wide bundlesare8x8rays
(or 4x4 SIMD rays). BSPtreeis only usedfor small bundlesand
BVH treeis only usedfor wide bundles.Figure5 summarizefion
bundlesizesareselectedlependingnthekind of ray.

Due to high coherenceprimary and shadev rays can exploit
wide bundles,so BVH treeis selectedfor theserays. Secondary
raysaredividedin two cases:

The rst casegathersall bundleswhich intersectechomoge-
neoussurfaceqseeFigure?7). Homogeneousurfaceseferto
coplanarsurfaceswith the samematerialproperty Building
of secondarygoherenbundlesis thereforeohvious.

The secondcasedealswith all remainingrays. Bundlesare
brokenupin several SIMD rayswhich arelaunchedusingthe
BSPtree.

All otherrays,namely“omni-directional”raysaswell asglobal
illumination rays or ambientocclusionrays, use SIMD rayswith
BSPtree.

It is certainlybetterto getatreewhich satis essmallandwide
bundles;thereforehybrid trees[22, 14] (which provide very inter
estingpropertieswhen looking for tree constructiontimings) are
notasef cient asBSPor BVH trees.Without overloadingthe ray
tracingengine bothtreesareintegrated.

4.2 Tree cohabitation

Models #Triref. | #Nodes | Average| Size | Timeto
(x1000) | (x1000) depth image

BSPTree

Conference| 1222 762 28 16MB 2.1s

Fairy 975 1028 29 19MB 3.9s

SodaHall 4500 1526 29 40MB 15s
BVH Tree

Conference 282 74 18 3MB 0.8s

Fairy 174 70 17 3MB 0.8s

SodaHall 2146 160 21 13MB 7s

Table 2: BSP and BVH tree statistics.

Figure 6 shavs how a simpletreewrappercanabstractaiccesses
to morethanonetree.Analysisof limitationsraisedby coupleduse
of bothdatastructuress quiteacceptable:

Memory consumption A lazy tree constructionlimits the
globalmemoryconsumption Moreover, addingBVH treeto
an existing BSPtreeengineincreasesnemoryusedby trees
by a rathersmall factorin the rangeof 15-30%asshawn in
table2.

Dynamicupdates The needof dynamically updatingtwo
treesmay slow interactvity. Insteadof updatingboth trees,
it is possibleto only updatethe fastesttree (accordingto
constructiontime it is clearly the BVH tree) and postpones
updatesfor the other tree. Other stratgies such as asyn-
chronouslyrehuilding of treescouldalsobe used[16].

Incoheent memoryaccess A more signi cant problemis
raisedwhenswitchingfrequentlybetweerBSPandBVH data
structures. To maximizedatalocality andto limit the inco-
herentmemoryaccessesll computationsaregroupedoy the
kind of datastructureaccesses.
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4.3 Results
Experiment description

To evaluatethe proposedglobal strateyy, threemeasuremensce-
nariosarecarriedout:

The rst scenaricevaluates BSPtreeonly using8x8 ray bun-
dleswhenpossibleandSIMD rayswhennot possible.

The secondscenarioevaluatesBVH tree only with bundles
suchasBSPtreeonly.

Thethird scenaricevaluateghe coupleduseof BSPandBVH
treesasdescribedy theglobalstrateyy.

All scenariosare testedby animatinga walkthroughinside Fairy
Forest,Conferenceand SodaHall models. Material propertiesof
eachmodel are updatedfrom original models. Re ections and
transparencies/ere mostly addedin orderto generatemary sec-
ondaryrays. Two pointlights wereaddedn eachmodel.

For the “Fairy Forest”model,only the rst frameof the down-
loadableanimationwasused. Re ectionswereaddedto the oor,
walls, rocks, fairy wings and magic wand. Transparenciesvere
addedon plantsandfairy dress.The cameravasanimatedstarting
with anoverview, thenzoomingin on thefairy, turningaroundher
and nally focusingon herface.

For the “Conference’model,all materialswereturnedto re ec-
tive exceptfor glass. The cameradid a completeturn aroundthe
conferenceable.

For the “SodaHall” model,room oors andsomesmall details
suchaslights or decoratve objectswereturnedto re ective. The
camerabeganwith anoverview of the building, thenzoomedn on
alargeroomofthe rst oor capturingalot of re ections,andafter
enteringan of ce room anddoing a corridor traversal,it nished
with anotheroverview.

All threemodelsarefree modelswhich canberetrievedin other
works. No geometryupdateis done. Detailed performanceim-
ings for eachkind of raysare provided for Fairy Forestand Soda
Hall models(seeFigures8 and9). Syntheticvaluesare given for
all models(seeFigure10). Performancevasevaluatedwith anim-
ageresolutionof 1024x1024pixelson anlIntel Core2 Duo (2Ghz)
notebookwith only oneCPUused.

Primary and shadow rays

Primaryrayslogically bene t morefrom BVH treeascanbeseen
in Figures8(a)and9(a) for thetwo models.Averagespeedupsre
+10%and+24%. Similarly, shadev raysreachbetterperformance
for thetwo modelswith BVH tree(seeFigures8(b) and9(b)). Av-
eragespeedupor Fairy Forestmodelis +17%and+160%for Soda
Hall model. With regardto this lastmodel,shadev raysarehighly
ef cient with BVH treeastherearealot of occlusions.BVH tree
doesnot supportorderedtraversaland so performances limited
whenlooking for the closestintersections.But a shadev ray can
be stoppedas soonas an occluderis intersected. Although BSP
treetraversalcanbe stoppedn the sameway, it hasto dealwith a
deepettree,especiallyin sucha caseasthis comple« model.

Secondary rays

Secondaryaysare propagtedwith onelevel of recursionto sim-
ulatere ections andtransparencieBy consideringBVH treeonly
solution, performanceare decreasedby -8% for SodaHall andby
-13%for Fairy Forestmodel(seeFigures8(c) and9(c)). Coupled
solutionreachedetterperformanceand gives a small speedupof

+5%for SodaHall andasigni cant speedumf +12%for Fairy For-

est. CoupledsolutionusesBVH 8x8 ray bundlesand BSP SIMD

rays(seeFigure10) which avoid the predictedow performancef

BVH SIMD rays.

Figure 7: Secondary ray repartition between small bundles and wide
bundles respectively highlighted in red and green. Left image is the
original. Right image shows 230K red rays and 620K green rays.

Omni-directional rays

Ambientocclusionis usedto simulateomni-directionalays. About
a thousandambientocclusionvaluesare computedn eachframe.
A hemisphericatkamplingis doneby launchingabouttwo hundred
raysto approximateeachambientocclusionvalue. Becausehese
omni-directionakayscannotbeef ciently packagednto wide bun-

dles,they arejust packagednto SIMD rays. For the two models,
the BVH tree givesthe worst timings with averagepenaltiesof -

21%and-50% (seeFigures8(d) and9(d)). As aroughly ambient
occlusionalgorithmis used,morere ned samplingor illumination

globalinteractionamay accentuat¢his penalty

Speedup

All speedupshavn in Figure 10 are relative regarding the BSP
treeonly scenarioWhenlookingfor BVHtreeonly, speeduparies
between10%and+22%for thethreemodels.Mitig atedresultscan
be explainedby the lack of performancdor secondaryandomni-
directionalrays. Coupledsolution solvesthesepenalties;it does
notreducespeedupn theworstcaseandin thebestcasereachesn
interestingspeedumf 1.5xfor SodaHall model. Coupledsolution
is thebestsolutionto exploit bundleperformance.
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Figure 8: Million rays per second for Fairy Forest model according to

kind of rays.
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Figure 9: Million rays per second for Soda Hall model depending on
the kind of rays.
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Figure 10: Relative speedups of BVH tree only and Coupled use over
BSP tree only. Speedups are +3% for Conference model, +22% for
Fairy Forest model and +50% for Soda Hall model.

5 CONCLUSION

The achieved computationtimes can be comparedo the bibliog-
rapty accordingto a constantfactor Our implementationswhich
arealsooptimized,aredesignedo be integratedinto anindustrial
applicationwhich addsa clearAPI overheadn computatiortimes.
The aim of this paperis to demonstratehe effectivenessof com-
bining BSPandBVH treeswhich have beenimplementedvith the
samelevel of optimization.

Integrating bundlesin a renderingengineallows us to demon-
stratethe factthat BVH bundlesarethe bestway to computepri-
mary andshadev rays. For secondaryand omni-directionalrays,

anoriginal approactof couplingBVH ray bundlesandBSPSIMD
raysis proposedor maximizedperformance.

Ray bundle stratgies could be studiedmore deeplyto deliver
moreperformance.The coupledsolutionis a rst level of integra-
tion. Parameterandsensorganbeaddedo selectheadaptediata
structuremoreef ciently for launchinga particularray. The main
motivation behindthis paperis to prove thatit is possibleto boost
performanceby usingmorethanonetreein the sameray tracing
engine,evenif their function seemsedundant.Thereis room for
additionalwork to choosethebesttreesandthe beststratayies.

Naturally all thesemechanismsim at acceleratingenderings
and making interactive visualizationpossiblefor complex effects
suchasglobalillumination. Theomni-directionahatureof bundles
tracedwith a G.I. algorithm(which takesthelargestpartof compu-
tationtime) makesexploiting bundlesdif cult. Treecombination,
thereforemustbeencouragetb makeit possibleto ef ciently pro-
cesghesebundletypes.

ACKNOWLEDGEMENTS

The authorswish to thank HPC-SA (www.hpc- sa.com ) for
supportingthis research. Thanksto Ingo Wald for sharingits
“Fairy Forest” model which can be freely downloaded from
TheUtah3D AnimationRepository(http://www.sci.utah.

edu/ ~ wald/animrep/index.htmi ).

REFERENCES

[1] J.Amanatides.Raytracingwith cones.In ComputerGraphics(SIG-
GRAPH'84 Proceedings)pagesl29-135July 1984.

[2] C.Benthin.RealtimeRayTracingoncurrentCPU Architectues PhD
thesis,2006. ComputerGraphicsGroup SaarlandJniversity, 66123
Saarbrckn,Germay.

[3] S.Boulos,D. Edwards,J. D. Lacewell, J. Kniss, J. Kautz, |. Wald,
andP. Shirley. Packet-basedVhittedandDistribution RayTracing.In
Proceeding®f Graphicsinterface2007.

[4] S.Boulos,l. Wald, andP. Shirley. GeometricandArithmetic Culling
Methodsfor Entire Ray Packets. TechnicalReport UUCS-06-010,
2006.

[5] F. CazalsG. Drettakis,andC. Puech Filtering, clusteringandhierar
chy constructionanew solutionfor ray tracingcomplex scenesCom-
puter GraphicsForum (Eurographics'95), 14(3):C371-C3821995.

[6] K. Dmitriev, V. Havran,andH.-P. Seidel.Fastemray tracingwith simd
shaftculling. Technicalreport,2004. Max-Planck-Institufr Infor-
matik Saarbiicken.

[7] A. Fujimoto,T. TanakaandK. lwata. ARTS: Accelerateday-tracing
system.|EEE ComputeiGraphicsand Applications 6(4):16—-26 Apr.
1986.

[8] D.GhazanfrpourandJ.-M. HasenfratzA beamtracingmethodwith
preciseantialiasingfor polyhedralscenes1998. Computer& Graph-
icsVol 22,No 1 pp103-115,1998.

[9] A. Glassnereditor. AnIntroductionto RayTracing AcademicPress,
1989.

[10] J. GoldsmithandJ. Salmon. AutomaticCreation of ObjectHierar-
chiesfor RayTracing volume?7. |IEEE ComputerGraphicsandAp-
plications,May 1987.

[11] D. GordonandS. Chen. Front-to-backdisplay of bsptrees. IEEE
Comput.Graph.Appl, 11(5):79-85,1991.

[12] V. Havran. HeuristicRayShootingAlgorithms PhDthesis,2001.

[13] V. HavranandJ.Bittner. LCTS: Rayshootingusinglongestcommon
traversalsequencesComput.Graph.Forum 19(3),2000.

[14] V.Havran,R.Herzog,andH.-P. Seidel.Onfastconstructiorof spatial
hierarchiedor ray tracing. In Proceeding®f the 2006 IEEE Sympo-
siumon InteractiveRayTracing 2006.

[15] P S. Heckbertand P. Hanrahan. Beamtracing polygonal objects.
In ComputerGraphics(SIGGRAPH84 Proceedings)pagesl19-27,
July 1984.

[16] T.lIze,l. Wald,andS.G. Parker. Asynchronou®8VH Constructiorfor
RayTracingDynamicScene®n ParallelMulti-Core Architecturesin



(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

Proceeding®fthe2007EurographicsSymposiunon Parallel Graph-
icsandMsualization

D. G. JonGenettiandG. Williams. Adaptive supersamplingn object
spaceusingpyramidalrays. In ComputerGraphicsForum page29—
54,1998.

W. R. Mark and D. Fussell. Real-timerenderingsystemsin 2010.
In SIGGRAPHO05: ACM SIGGRAPH2005Courses pagel9. ACM
Press2005.

A. Reshetw. Omnidirectionalray tracingtraversalalgorithmfor kd-
trees,2006. 2006 [EEE Symposiunon Interactve Ray Tracing/ Pre-
sentatiorSlides.

A. Reshetg, A. Soupilov, andJ. Hurley. Multi-level ray tracingal-
gorithm. In SIGGRAPHO05: ACM SIGGRAPH2005Papers, pages
1176-11852005.

M. Shirya, T. TakahashiandS. Naito. Principlesandapplicationsof
penciltracing. In ComputerGraphics(SIGGRAPH87 Proceedings)
pagesA5-54,July 1987.

C. WachterandA. Keller. Instantray tracing: The boundinginterval
hierarcly. In 17thEurographicsSymposiuron Renderingpagesl 39—
149,2006.

I. Wald. RealtimeRay Tracing and Interactive Global lllumination.
PhDthesis,2004.

I. Wald, C. Benthin,M. WagnerandP. SlusallekInteractverendering
with coherentray tracing. In A. ChalmersandT.-M. Rhyne, editors,
ComputerGraphicsForum (Proceeding®f EUROGRAPHICS2001,
volume20, pagesl53-1642001.

I. Wald, S. Boulos,andP. Shirley. Ray Tracing DeformableScenes
usingDynamicBoundingVolumeHierarchies ACM Transactionon
Graphics 26(1),2007.

I. WaldandV. Havran.Onbuilding fastkd-treedor raytracing,andon
doingthatin O(N log N). In Proceeding®fthe2006|EEE Symposium
onInteractiveRayTracing, page$1-69,2006.

I. Wald, T. Ize, A. Kensler A. Knoll, andS. G. Parker. Ray Trac-
ing Animated Scenesusing CoherentGrid Traversal. ACM Trans-
actionson Graphics pages485-493,2006. (Proceedingof ACM
SIGGRAPH2006).

T. Whitted. An improved illumination model for shadeddisplay
In ComputerGraphics (SpecialSIGGRAPH79 Issue) volume 13,
pagesl-14,Aug. 1979.



