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ABSTRACT

Theuseof SIMD ray packets[24] hasbeenan importantstepfor-
wardin ray tracingperformance.It is the�rst signi�cant accelera-
tion processbasedonastrategy thatdealswith “small” raybundles.
In orderto improve theoutcomefor wider bundles,very powerful
datastructureshave beenused.However, thesenew datastructures
arenot themostpowerful whendealingwith singleraysor SIMD
rays.They arethereforeunsuitable,andthis incompatibilityraised
the problemof incoherentrayswhich, suchassecondaryraysor
global illumination rays(i.e. most the rays tracedin real life ray
tracing)areimpossibleto processef�ciently . An original coupled
useof BSPandBVH treesis proposedto overcomethis disadvan-
tage.Eachtree,usedindividually, canef�ciently boostbothsmall
raybundlesandwideraybundles.Usedtogetherin acoupledstrat-
egy, they canachieveaglobalspeedupof +50%.

Index Terms: I.3.7 [ComputerGraphics]:RayTracing—

1 INTRODUCTION

Raytracingis usedmassively for realisticimagerendering.Given
its strongCPU consumption,this algorithm has for a long time
beenmainly usedoff line [9, 28]. This ray tracingalgorithmhas
obviously undergoneprofoundchangesascomputershave become
increasinglypowerful but alsoasaresultof severalalgorithmicop-
timizations. It hasnow becomean interactive global illumination
strategy [23]. A numberof studiesareevenconsideringits usein
video gamesasa replacementof classicalz-buffering techniques
[18].

Datastructures,whicharethecoreof raytracingin termsof per-
formance,have beencontinuallychangingsincethe development
of this method. To facilitate searchingfor surface intersections,
spaceswere subdivided or objectswere partitioned. Grids were
built, a hierarchy was establishedfor objectsand the complexity
of the operationwasdecreased.Thesevariouscombinationsgave
placeto regulargrids[7], multigrids[5], octrees[9], BoundingVol-
umeHierarchies(BVH) [10], BinarySpacePartitioning(BSP)[11],
BoundingInterval Hierarchies(BIH) [22], ah-tree[14]... Thereare
now a very signi�cant numberof different trees. Havran's works
[12] provesthefact thateachtreehasits own strengthsandweak-
nesses.

The recentuseof bundlesis a major improvement. Treesthat
had beendiscardedbecausethey were not capableof ef�ciently
handlingcertainmodelshave now reappearedand are usedwith
bundles[25]. However, they arestill dif�cult to exploit within a
full enginebecauseit is not alwayseasyto coherentlygrouprays,
especiallywhenit comesto globalillumination. Moreover, bundles
createantagonisms.Treeswhich adequatelybene�t from bundles
have poor performancecomparedto simple ray tracing and vice
versa. The BVH and the BSP are fairly opposedstate-of-the-art
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trees. BSP offers a very ef�cient algorithm of tree traversal for
singleraysor packetsof four rays. BVH enablesthe launchingof
“wide” bundles.

It is thereforebene�cial to combinevarioustreecapabilities,in
orderto make up for thede�cienciesof eachof themandproduce
industrialapplicationswhich cantake advantageof theseimprove-
ments.This paperproposesa combinationof a BSPtree(themost
ef�cient asfar aslaunchinga singleray is concerned)anda BVH
tree which offers a strongpotentialfor launchingbundles. Each
implementedtreeis comparative to onespresentedin thestate-of-
the-art(timesa constantfactor)andusing this coupledtechnique
will enableeveryoneto boostperformanceby up to +50%(seeTa-
ble1).

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 presentedby reviewing the
state-of-the-art.Thenatheoreticalandpracticalcomparisonof BSP
andBVH treesaccordingto differentpacket sizesshows animbal-
ance.An original coupledstrategy is proposedto solve this antag-
onismandtheresultsachievedaresummarized.

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 versions,ray tracingwasusedto solve renderingprob-
lemsby usingthin raysto representlight beams[28]. Thenvolumic
raysappearedto solve problemsconcerningspatialand temporal
aliasingmoreef�ciently . Generally, hiddenandunattainedobjec-
tives,for all theseapproaches([15], [1], [17], [21], [8]) havealways
beenaimedat cutting down the computationtime by consistently
reducingthenumberof operations.

Nevertheless,with ray packets,performancehasimproved. The
ideais to propagateonly rayswhich encloseanothersetof internal
rays.Theseboundaryraysthenform a shaft,ensuringthat internal
raysgo throughthesameelementsin thedatastructureasthey did.
Havran et al. [13] suggestimplementingthis ideaby propagating
eachboundaryray sequentially. Thus,by �nding out whetherthe
structureswhich are traversedby theseraysareall identical,one
canprove whetherinternalraysgo throughthe samestructuresor
not. It is thereforeuselessto carryoutcomputationsfor theinternal
raysandis thuspossibleto save timeasshown in Figure1.

2.2 How to make bundles?

Wald et al. [24] triggereda major improvement: they suggested
propagating raysin the form of packetsthatgatherfour rays. The
coherenceof theraysaswell astheuseof SIMD architecturethen
makesit possibleto tracethesepacketsfor acomputationcostclose
to that of a singleray. This optimizationis the basisof many ray
tracingalgorithmswhich build bundlesof 2x2 rays(SIMD rays).
Therefore,Havranet al.'s workswereexpandedby Dmitriev et al.
[6] who, insteadof tracingeachboundaryray sequentially, traced
anentirepacketmodellingthebundlecornerraysin oneoperation.

Among themostef�cient approaches,Reshetov et al. [20] rec-
ommendthe implementationof bundleswith a kd-Tree[12]. The
methodconsistsin �nding anentrypoint for a givenbundleinside
the tree. If the entry point is an internalnodewithin the tree,the
rayscontainedin the bundlecanthenstart to propagatefrom this
point thussaving traversalsteps.If, on theotherhand,oneis deal-
ingwith aleaf,intersectioncomputationsarecarriedoutdirectlyfor
internalrays. If oneis concernedwith an “empty-occluder”,then
all theraysinevitably intersectthesamesurfaceallowing minimal
calculationstrategies. Although the performancedescribedin the
studyshowsanaccelerationfactorcloseto threeandcorrespondsto
a reductionin thenumberof traversalstepsequallycloseto three,
asBenthin [2] pointsout, andasour studyalsodemonstrates,an
actualimplementationwhich doesnot carryout all theintersection
operationsanddoesnot integratethe notion of “empty-occluder”
undoubtedlyhasamorelimited accelerationfactor.

Waldetal. alsoshow ef�cient packet tracingbothby workingon
a regulargrid [27] andon a BVH tree[25]. In bothcases,a bundle
is propagatedinsidethe datastructureandpackets locatedwithin
the bundlecheckfor intersectionswhenthe structureis traversed.
Waldetal. demonstratethat,despiteits ratherinef�cient simpleray
tracing,a BVH treeoffers moreinterestingcapacitiesfor bundles
thanBSPtreesdo.

2.3 What is the problem with bundles?

Coherencemustbefoundto ef�ciently exploit bundleperformance.
However, secondaryraysandomni-directionalraysbreakthis co-
herencedown andaredif�cult to handlewith bundles.Considering
thisstate-of-the-art,separatebundleimplementationsaretriedwith
BSPandBVH treesto comparethemandto bene�t from thebest
of both.

3 BUNDLE PERFORMANCE

BSPandBVH treesareselectedfor our experimentsbecausethey
provedto provide complementaryadvantagesandto have intrinsi-
cally oppositestructures.To evaluategeneralbundleperformance
with BSPandBVH trees,a datastructureanalysisis carriedout in
the�rst placesoasto comparetreepropertiesin orderto ef�ciently

exploit raybundles.Next, afterhaving describedpacket implemen-
tation choices,performancemeasurementsaccordingto different
packet sizesthencon�rm thedatastructureanalysis.

3.1 Data structure analysis

(a) BSP:singleray. (b) BVH: singleray.

(c) BSP:raybundle. (d) BVH: raybundle.

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 BSPtreesimplycutsspaceby recursively subdividing it into two
partsaccordingto an axis alignedsplitting plane(seeFigure 3).
This splitting plane is chosenin order to satisfy a surface area
heuristic(SAH) which enablesoptimizationof computationcosts
betweentreetraversalstepsandtriangleintersections[12]. An anal-
ysisof thedatastructuredividesBSPtreepropertiesinto favourable
andunfavourablesetswith regardto performance.

FavourableBSPtreeproperties:

� Low traversal cost. During the BSP tree traversal, a ray
traversingan inner nodesimply hasto checkwhich side it
takes over a splitting planeto go throughchild nodes. Be-
causesplitting planesareaxisaligned,ray/planeintersection
is doneveryquickly.

� Few trianglesin leaves. Averagenumberof trianglesis very
small(generallylessthanthree)thanksto its ability to subdi-
videspaceandef�ciently enclosetriangles.

� Orderedtraversal. Whenanintersectionis found,thetraver-
sal processcanbe immediatelystoppedbecausethe ordered
traversalpropertyensuresthat 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 spacesubdivision,BSPtree
mustbuild a lot of splitting planes.This propertybecomesa
bottleneckfor wide bundles. As the bundle openingangle
increases,thebundlehasto traversea high numberof nodes
withoutamortizingthisoverloadover innerrays.

� Shared triangles. Trianglescrossingthesplitting planemust
besharedby child nodes.Thustrianglereferencesaredupli-
catedwhichcauseshighmemoryconsumption(seeTable2).

Bounding Volume Hierarchy Tree

BVH is alsobuilt recursively andusestheSAH asin thecaseof the
BSPtree.Themaindifferenceis that,insteadof splittingspace,the
BVH treepartitionsobjectsin two subsets.An axisalignedbound-
ing box (AABB) is �tted aroundeachsubset(seeFigure3(b)).

FavourableBVH treeproperties:

� Big spaceskipping. BVH leafAABB enclosestrianglesin the
threedimensions.It is possiblethata ray intersectsno leaves
andthusskipsbig spacesveryquickly.

� Smalltree. As a consequenceof thepreviousproperty, BVH
treedepthis signi�cantly smallerthanBSPtree. This prop-
erty is highly interestingfor wide bundlesbecauseit limits
traversaldivergenceswhenbundleopeningangleincreases.

� Low memoryconsumption. A small numberof leaves and
uniquetriangle referencelimit the memoryconsumptionof
theBVH treeaccordingto BSPtree.

UnfavourableBVH treeproperties:

� High traversalcost. In orderto gothroughaleaf,aray/AABB
overlap test must be performed. Comparedto the ray/AA-
planeintersectiontestusedwith theBSPtree,this testis more
costly.

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

Discussion

With regard to this datastructuresanalysis,BSPtreehasa more
ef�cient traversalalgorithmbut cannotef�ciently handlewidebun-
dlesbecausedeeptreepenalizeswide bundledivergence(seeFig-
ure3). BVH treerequiresmorecomputationsfor atraversalstepbut
thesecomputationscanef�ciently be amortizedover several rays
includedin abundle.Theseobservationsarecon�rmed in practice,
sobeforeshown timings,implementationchoicesarepresented.

3.2 Implementation choices

Implementationchoicesfor handlingraypacketsmustbedescribed
so that they can in�uence performance. Theseimplementations
with BSP and BVH treeswere inspired from the most ef�cient
state-of-the-artworksto bundleraysaccordingto eachtree.SIMD
raysarecodedin thesamewayfor bothtrees,whereaswiderpacket
strategiesdiffer.

Binary Space Partionning

ThesamemethodasWaldetal. [26] is used.Traversalandintersec-
tion BSPcodesalsointegrateSIMD packets. Using thesepackets
allows usto bene�t from vectorialinstructionsetandto doublethe
performancespeed(seeTable4(c))ascomparedto singlerays.

Many experimentswereled towardsbundlingraysinto setscon-
tainingmorethanfour rays.For thatpurpose,our researchwasin-
spiredby Reshetov et al.'s works[20] which seemto bethefastest
implementationof bundling rays with a BSP tree. They suggest
splitting ray tracinginto two stages:

� The�rst stageconsistsin anentrypointsearchusingthebun-
dleshaftfor culling non-intersectedtreenodes.

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

In ourworks,wehave consideredReshetov etal.'s approachbe-
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 correspondingto the deepernodein the
tree (whereall the inner packets pass)is often very closeto the
root anddoesnot allow for skippingmany traversalsteps.An ex-
tendedversionis usedby recovering all the inner and leaf nodes
alsovisitedin a commonway by thefrustum.Thetime spentwith
entrypoint searchhadincreasedslightly, whereasthetime spentin
ray tracingtimehaddecreasedsigni�cantly. Globalperformanceis
notablybetter: a +15%improvementin time renderingis reached
comparedto usinga singleentrypoint. Two principleswhichwere
not exploited in our implementationmay explain why the single
entrypoint versionis slower in ourcase:

� Many efforts have to be madeto build a treeef�ciently ex-
ploitablefor a singleentrypoint approach.This signi�cantly
increasesthetime spentfor building thetree. Althoughreal-
time dynamicupdatesarenot supportedby our system,inter-
activity mustbekeptby a lazyandfastconstructionstrategy.

� Terminationobject(or “empty-occluder”)— which canstop
the frustumtraversalandskip costly triangleintersectionsat
a very early stage— is not used. Theseterminationobjects
arenotadaptedfor userinteractionsthatcanchangeonthe�y
objectopacities.Furthermore,terminationobjects'searchis



basedon a stronghypothesisstatingthatobjectsdo not con-
tainholes.

With theexceptionof thesetwo points,our packet implementation
seemsto bethemoreef�cient methodaccordingto state-of-the-art
BSPtreepackets.Otherstrategieslike [6], whichdonotgivebetter
results,con�rm this.

Bounding Volume Hierarchies

The works of Wald et al. [25] promotedBVH treesby showing
their high potentialin tracingmorethanfour-ray bundles.Theim-
plementationrealizedfor BVH treein thispaperissupportedbyand
basedon theseworksanddoesnot includesigni�cant differences.

BVH tree is codeddirectly by using the SIMD instructionset
to generatefour-ray packets. Packets which are larger than four
raysarealsointegratedinto BVH trees.Contraryto the BSPtree
bundleapproach,traversalsandintersectionsaredonein thesame
function.Thebundlefrustumis recursively propagatedinto thetree
andtestedagainsteachAABB node. Wald et al.'s “Quick Entry”,
then“Quick Exit”, and�nally “First Entry” strategiesareusedto
make thesefrustum/boxintersectiontestsef�cient. Whena bundle
traversesa leaf, a shaftculling technique[6] is usedto reject the
trianglesoutsidethe frustum. Then eachremainingactive inner
packet (SIMD rays) includedin the bundle is individually tested
againsttriangles.

3.3 Absolute perf ormance

To evaluatebundleimplementationperformance,�rst we carryout
a measurementof primaryray times. This evaluationis of interest
asit obtainsthefollowing properties:

� Easybundlegeneration. A simpleimagetiling permitsto di-
vide the imageplanein severalcoherentsubsets.So,perfor-
manceis notpenalizedby bundleconstruction.

� State-of-the-artcomparisonis possible. Primaryraymeasure-
mentis, until now, theonly way to compareresultswith pub-
lishedtimes.

� Generalization. Divergenceproblem— whichappearfor sec-
ondaryraysandomni-directionalrays— canbesimulatedby
building exaggeratedwideprimarybundles.

Evaluationwasdoneover the� ve modelsshown in theFigure2
with an imageresolutionof 1024x1024pixels. The modelswere
renderedfor eachtreewithout varyingbundlesizes.Figure4 sum-
marizesaveragespeedupsand averagenumberof traversalsteps
andtriangle intersections.Minimum andmaximumspeedupsare
also indicatedin order to evaluatethe bestand worst cases. All
speedupsarerelative to a BSPsingleray tracer. Threemainobser-
vationscanbehighlighted:

� Whenlooking for absoluteperformance,BVH treeoffersthe
bestperformancewith aspeedupof 4.5xoverBSPsingleray.
This speedup,reachedfor 8x8 ray bundles,is explainedby a
drasticreductionof traversalsteps(4(b)) (dividedby 10) and
aquitetolerableincreasein theintersectionnumber(1.3x).

� Still lookingat absoluteperformance,BVH treeperformsthe
worst times,only 1.5x over BSPsingleray. Even if the av-
eragetraversalstepis half comparedto BSPtraversalsteps
for SIMD rays;asthepacket/boxoverlaptestis morecostly
than the packet/planetest,BVH treecannotreachthe same
speedupasBSPtree.Theef�ciency of BSPtreetraversalal-
gorithmis moreinterestingfor smallbundles.

� Each tree getsa maximumspeedupwith 8x8 bundle rays.
For wider bundles,bothBVH andBSPtreeperformancede-
creases.For BVH tree,overloadof visible intersectionsin a

(a) Averagenumberof traversalstepsandtriangleintersectionsfor BSP
tree.

(b) Averagenumberof traversalstepsandtriangleintersectionsfor BVH
tree.

(c) Relative speedupof packetsover BSPsingleray. Bestperformance
for widebundlesis reachedwith BVH 8x8rays(4.5x).Bestperformance
for smallbundlesis reachedwith BSPSIMD rays(2.5x).

Figure 4: Primary ray performance.

widefrustumbecomesalimitation, andfor BSPtree,speedup
disappearswhile thenumberof traversalstepsincreases.

3.4 Question

Theseperformanceresultsleadto aquestion:thebesttreeto choose
in orderto ef�ciently exploit bundlesis notobvious.

Which tree to choose?

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



supportall kindsof rays,from simplerayswhichcancorrectlydeal
with omni-directionalsamplingsto wideraybundles,ef�ciently ex-
ploiting spatialcoherence.

A commonapproachchoosesthetreewhichonaverageperforms
well for all modelsevenif it is not thebestfor aparticularmodelor
morepreciselyfor a speci�c kind of rays. In this way, BSPtreeis
generallypreferredbecause,without the useof complex solutions
to bundle rays [4], it alwaysperformswell. However, BVH tree
can boostperformancefor wide bundles. Oppositeperformance
areimbalancedandleadto a limited solution,no matterwhat the
treechoiceis.

Problem generalization

Althoughrelative performancebetweenBSPandBVH treesseem
to dependon implementationchoices,resultscan be generalized
for all kind of rays and for all implementationsaccordingto the
following assertions:

� Primaryraysresultscanbetransposedto generalrays. In or-
derto simulateincoherentrays,it is suf�cient to build bigger
bundles.Resultsshow the lack of performancewhile bundle
openinganglesincreases.

� Datastructureanalysis,which is not implementationdepen-
dent,con�rms measurementsdonewith particularimplemen-
tations.

� The proposedequation(which statesthat BVH treeis better
for widebundlesandthatBSPtreeis betterfor smallbundles)
is sharedwith otherwell known works. Firstly, [6] and [2]
prove, like us, that speedupof BSPbundlesis quite limited.
Next, comparingBSPresultsissuedfrom [23] to BVH results
issuedfrom [25] which wereimplementedwith thesameop-
timizationskills, ourproposedequationwasagaincon�rmed.
Moreover, [3] suggestsusing BVH insteadof BSP tree be-
causeBVH treesupportswide bundlesbetterin the caseof
Whitted Style andDistributedray tracing. Finally, [19] pre-
vents a severe limitation being reachedfor secondaryrays
whenusingBSPbundles.

� Treeimplementationsusedifferentalgorithms,but areimple-
mentedwith thesamelevel of optimization.Many functions
aresharedby bothimplementationssuchas:cameraray gen-
erator, packet builders,triangledata,packet/triangleintersec-
tions,shading...Therefore,theonly timing differencesarein
thetranspositionof algorithmiccomplexity differences.

Exposedimbalanceis not focusedon our speci�c implementa-
tion, but canbegeneralizedfor all implementations.To avoid the
dif�cult taskof choosingbetweentwo trees,coupleduseof both
treesis exposedin thefollowing section.

4 COUPLED USE OF BSP AND BVH TREES

4.1 Global strategy

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

An empiriclimit is de�nedbetweensmallbundlesandwidebun-
dles.SmallbundlesareSIMD rayswhile widebundlesare8x8rays
(or 4x4 SIMD rays). BSPtreeis only usedfor small bundlesand
BVH treeis only usedfor widebundles.Figure5 summarizeshow
bundlesizesareselecteddependingon thekind of ray.

Due to high coherence,primary and shadow rays can exploit
wide bundles,so BVH tree is selectedfor theserays. Secondary
raysaredividedin two cases:

� The �rst casegathersall bundleswhich intersectedhomoge-
neoussurfaces(seeFigure7). Homogeneoussurfacesreferto
coplanarsurfaceswith the samematerialproperty. Building
of secondarycoherentbundlesis thereforeobvious.

� The secondcasedealswith all remainingrays. Bundlesare
brokenup in severalSIMD rayswhicharelaunchedusingthe
BSPtree.

All otherrays,namely“omni-directional”raysaswell asglobal
illumination raysor ambientocclusionrays,useSIMD rayswith
BSPtree.

It is certainlybetterto geta treewhich satis�essmallandwide
bundles;thereforehybrid trees[22, 14] (which provide very inter-
estingpropertieswhen looking for tree constructiontimings) are
not asef�cient asBSPor BVH trees.Without overloadingtheray
tracingengine,bothtreesareintegrated.

4.2 Tree cohabitation

Models # Tri ref. # Nodes Average Size Time to
(x 1 000) (x 1 000) depth image

BSPTree
Conference 1 222 762 28 16MB 2.1s
Fairy 975 1 028 29 19MB 3.9s
SodaHall 4 500 1 526 29 40MB 15s

BVH Tree
Conference 282 74 18 3MB 0.8s
Fairy 174 70 17 3MB 0.8s
SodaHall 2 146 160 21 13MB 7s

Table 2: BSP and BVH tree statistics.

Figure 6 showshow asimpletreewrappercanabstractaccesses
to morethanonetree.Analysisof limitationsraisedby coupleduse
of bothdatastructuresis quiteacceptable:

� Memory consumption. A lazy tree constructionlimits the
globalmemoryconsumption.Moreover, addingBVH treeto
an existing BSPtreeengineincreasesmemoryusedby trees
by a rathersmall factor in the rangeof 15-30%asshown in
table2.

� Dynamic updates. The needof dynamicallyupdatingtwo
treesmay slow interactivity. Insteadof updatingboth trees,
it is possibleto only updatethe fastesttree (accordingto
constructiontime it is clearly the BVH tree)andpostpones
updatesfor the other tree. Other strategies such as asyn-
chronouslyrebuilding of treescouldalsobeused[16].

� Incoherent memoryaccess. A more signi�cant problemis
raisedwhenswitchingfrequentlybetweenBSPandBVH data
structures.To maximizedatalocality andto limit the inco-
herentmemoryaccesses,all computationsaregroupedby the
kind of datastructureaccesses.



Figure 6: Wrapping of BSP and BVH trees.

4.3 Results

Experiment description

To evaluatethe proposedglobal strategy, threemeasurementsce-
nariosarecarriedout:

� The�rst scenarioevaluatesBSPtreeonly using8x8 ray bun-
dleswhenpossibleandSIMD rayswhennotpossible.

� The secondscenarioevaluatesBVH tree only with bundles
suchasBSPtreeonly.

� Thethird scenarioevaluatesthecoupleduseof BSPandBVH
treesasdescribedby theglobalstrategy.

All scenariosare testedby animatinga walkthroughinsideFairy
Forest,ConferenceandSodaHall models. Material propertiesof
eachmodel are updatedfrom original models. Re�ections and
transparenciesweremostly addedin order to generatemany sec-
ondaryrays.Two point lightswereaddedin eachmodel.

For the “Fairy Forest”model,only the �rst frameof thedown-
loadableanimationwasused.Re�ectionswereaddedto the �oor ,
walls, rocks, fairy wings and magic wand. Transparencieswere
addedon plantsandfairy dress.Thecamerawasanimatedstarting
with anoverview, thenzoomingin on thefairy, turningaroundher
and�nally focusingonherface.

For the“Conference”model,all materialswereturnedto re�ec-
tive except for glass. The cameradid a completeturn aroundthe
conferencetable.

For the “SodaHall” model,room�oors andsomesmalldetails
suchaslights or decorative objectswereturnedto re�ective. The
camerabeganwith anoverview of thebuilding, thenzoomedin on
alargeroomof the�rst �oor capturinga lot of re�ections,andafter
enteringan of�ce room anddoing a corridor traversal,it �nished
with anotheroverview.

All threemodelsarefreemodelswhichcanberetrievedin other
works. No geometryupdateis done. Detailedperformancetim-
ings for eachkind of raysareprovided for Fairy ForestandSoda
Hall models(seeFigures8 and9). Syntheticvaluesaregiven for
all models(seeFigure10). Performancewasevaluatedwith anim-
ageresolutionof 1024x1024pixelson anIntel Core2 Duo (2Ghz)
notebook,with only oneCPUused.

Primary and shadow rays

Primaryrayslogically bene�t morefrom BVH treeascanbeseen
in Figures8(a)and9(a) for thetwo models.Averagespeedupsare
+10%and+24%.Similarly, shadow raysreachbetterperformance
for thetwo modelswith BVH tree(seeFigures8(b) and9(b)). Av-
eragespeedupfor Fairy Forestmodelis +17%and+160%for Soda
Hall model.With regardto this lastmodel,shadow raysarehighly
ef�cient with BVH treeastherearea lot of occlusions.BVH tree
doesnot supportorderedtraversaland so performanceis limited
whenlooking for the closestintersections.But a shadow ray can
be stoppedas soonas an occluderis intersected.Although BSP
treetraversalcanbestoppedin thesameway, it hasto dealwith a
deepertree,especiallyin suchacaseasthiscomplex model.

Secondary rays

Secondaryraysarepropagatedwith onelevel of recursionto sim-
ulatere�ectionsandtransparencies.By consideringBVH treeonly
solution,performancearedecreasedby -8% for SodaHall andby
-13%for Fairy Forestmodel(seeFigures8(c) and9(c)). Coupled
solutionreachesbetterperformanceandgivesa small speedupof
+5%for SodaHall andasigni�cant speedupof +12%for Fairy For-
est. CoupledsolutionusesBVH 8x8 ray bundlesandBSPSIMD
rays(seeFigure10) which avoid thepredictedlow performanceof
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-directionalrays.About
a thousandambientocclusionvaluesarecomputedin eachframe.
A hemisphericalsamplingis doneby launchingabouttwo hundred
raysto approximateeachambientocclusionvalue. Becausethese
omni-directionalrayscannotbeef�ciently packagedinto widebun-
dles,they arejust packagedinto SIMD rays. For the two models,
the BVH treegives the worst timings with averagepenaltiesof -
21%and-50%(seeFigures8(d) and9(d)). As a roughlyambient
occlusionalgorithmis used,morere�ned samplingor illumination
globalinteractionsmayaccentuatethispenalty.

Speedup

All speedupsshown in Figure 10 are relative regarding the BSP
treeonlyscenario.Whenlookingfor BVHtreeonly, speedupvaries
between-10%and+22%for thethreemodels.Mitigatedresultscan
be explainedby the lack of performancefor secondaryandomni-
directionalrays. Coupledsolutionsolves thesepenalties;it does
notreducespeedupin theworstcaseandin thebestcasereachesan
interestingspeedupof 1.5x for SodaHall model.Coupledsolution
is thebestsolutionto exploit bundleperformance.



(a) Fairy Forest:primaryrays(1 024K/frame)

(b) Fairy Forest:shadow rays(� 2 000K/frame)

(c) Fairy Forest:secondaryrays(� 900K/frame)

(d) Fairy Forest:omni-directionalrays(� 200K/frame)

Figure 8: Million rays per second for Fairy Forest model according to
kind of rays.

(a) SodaHall: primaryrays(1 024K/frame)

(b) SodaHall: shadow rays(� 1 700K/frame)

(c) SodaHall: secondaryrays(� 150K/frame)

(d) SodaHall: omni-directionalrays(� 280K/frame)

Figure 9: Million rays per second for Soda Hall model depending on
the kind of rays.



(a) Conference:relativespeedups.

(b) Fairy Forest:relativespeedups.

(c) SodaHall: relativespeedups.

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 computationtimescanbe comparedto the bibliog-
raphy accordingto a constantfactor. Our implementations,which
arealsooptimized,aredesignedto be integratedinto an industrial
applicationwhichaddsaclearAPI overheadin computationtimes.
The aim of this paperis to demonstratethe effectivenessof com-
biningBSPandBVH trees,whichhavebeenimplementedwith the
samelevel of optimization.

Integratingbundlesin a renderingengineallows us to demon-
stratethe fact that BVH bundlesarethe bestway to computepri-
mary andshadow rays. For secondaryandomni-directionalrays,

anoriginalapproachof couplingBVH raybundlesandBSPSIMD
raysis proposedfor maximizedperformance.

Ray bundle strategies could be studiedmore deeplyto deliver
moreperformance.Thecoupledsolutionis a �rst level of integra-
tion. Parametersandsensorscanbeaddedto selecttheadapteddata
structuremoreef�ciently for launchinga particularray. Themain
motivationbehindthis paperis to prove that it is possibleto boost
performanceby usingmorethanonetree in the sameray tracing
engine,even if their functionseemsredundant.Thereis roomfor
additionalwork to choosethebesttreesandthebeststrategies.

Naturally, all thesemechanismsaim at acceleratingrenderings
andmaking interactive visualizationpossiblefor complex effects
suchasglobalillumination. Theomni-directionalnatureof bundles
tracedwith aG.I. algorithm(whichtakesthelargestpartof compu-
tation time) makesexploiting bundlesdif�cult. Treecombination,
therefore,mustbeencouragedto makeit possibleto ef�ciently pro-
cessthesebundletypes.
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