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ABSTRACT

We presenta novel hierarchicalrepresentation,Ray-Strips,for in-
teractive ray tracingof complex trianglemeshes.Prior optimized
algorithmsfor ray tracingexplicitly storeeachtrianglein theinput
model. Instead,a Ray-Striptakesadvantageof meshconnectivity
for compactstorage,ef�cient traversalandray intersections.As a
result,weconsiderablyreducethememoryoverheadof theoriginal
modelandthehierarchicalrepresentation.Wealsopresentef�cient
algorithmsfor singlerayandraypacket traversalusingRay-Strips.
Furthermore,wedemonstrateanadditionalbene�t of our represen-
tation: maintainingutilization of the SIMD capabilitiesof current
CPUsfor incoherentraypacketsandsinglerays.Weshow theben-
e�t of Ray-Stripson modelswith tensof thousandsto tensof mil-
lions of triangles.In practice,our approachcanreducethestorage
overheadof interactive ray tracingalgorithmsby up to � ve times
comparedto standardinteractiveapproacheswhile evenimproving
runtimeperformancefor largemodels.

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

Keywords: ray tracing, boundingvolume hierarchies,compact
representation,trianglestrips

1 I NTRODUCTI ON

Ray tracing has recently emerged as an alternative rendering
methodto rasterizationfor interactive rendering.Ray tracinghas
beenextensively studiedfor almostthreedecadesdueto its ability
to simulatethephysicalprocessof light propagationandto generate
variousrenderingeffectslike transparency, shadowsandindirectil-
lumination.Therehasbeenrenewedinterestin real-timeraytracing
dueto theexponentialgrowth rateof processingpower andrecent
hardware trendsof using multiple cores. Sinceray tracingalgo-
rithmsareembarrassinglyparallelandeasilymapto multi-coreand
multi-processorsystems,it is expectedthattheperformanceof ray
tracingcontinuesto improvesigni�cantly.

Oneof themainbene�tsof raytracingis thatits asymptotictime
complexity increasesasalogarithmicfunctionof thenumberof tri-
anglesof themodel.This makesray tracinganattractive approach
for renderinglargedatasetscomposedof tensor hundredsof mil-
lionsof primitives.However, themodelrepresentationandacceler-
ationdatastructuresusedto performraytracingsuchmassivemod-
elscantake tensof giga-bytesof storage.This largestorageover-
headcansigni�cantly affect theperformanceof ray tracers[43].

Recentalgorithmic improvementssuchas ray coherencetech-
niques[31,36] areableto exploit the coherenthierarchy traversal
behavior of packetsor groupsof raysandimprove theruntimeper-
formance. Thesealgorithmshave beenshown to work well with
architecturalmodels,wheremostvisible trianglescover large ar-
easin termsof numberof pixels in the imagespace.As a result,
groupsof rayscanmaintainhigh spatialcoherencein termsof hi-
erarchy traversalbehavior in suchmodels.However, thesemethods

have decreasedeffectivenesson highly complex anddetailedmod-
elssincecoherencedecreaseswith modelcomplexity andsmalltri-
angles[43]. In particular, recentadvancesin 3D scanningandsci-
enti�c simulationresult in datasetscomposedof tensor hundreds
of millions of smalltriangles.

Most ray tracingalgorithmsassumethat input modelsare“tri-
anglesoup”, i.e. all trianglesareconsideredunorderedandinde-
pendent.However, many meshesusedin computergames,CAD,
scanneddata, and scienti�c simulationshave well-de�ned con-
nectivity betweenthe triangles. This propertyhasbeenexploited
to computea sequentialorder of trianglesand using that order
for higherrasterizationthroughput. This includesrepresentations
basedon trianglestripsor renderingsequences[11,20], which are
designedto reducethe memoryrequirementsand transformation
costduringtrianglerasterization.Unfortunately, suchcompactand
ef�cient representationsdevelopedfor improving the rasterization
performancearenot directly applicableto ray tracing. This is due
to thefactthattrianglestripsor renderingsequencesaremainlyde-
signedfor sequentialaccessduringrasterization.Ontheotherhand,
currentray tracingalgorithmsaccesstheunderlyingdatarepresen-
tationsincludingthetrianglesin arandommanner. Therefore,most
optimizedray tracingmethodsstoreeachtriangleandits geometric
coordinatesseparatelyto facilitatesuchrandomaccesses.However,
theserepresentationcanhavehighstorageoverhead.
Main Contrib utions: In thispaper, weaddresstheproblemof rep-
resentingtrianglemeshesfor fastray tracing. We presenta novel
meshandhierarchy representation,Ray-Strips, for interactive ray
tracing.A Ray-Stripincludesalist of vertices,whichimplicitly rep-
resentsa list of triangleslike a trianglestrip. Moreover, our repre-
sentationalsoincludesa light-weighthierarchy de�ned on thelist.
Therefore,our Ray-Stripsallow ef�cient tree traversalaswell as
ef�cient ray intersectiontestsbetweenarayandthetrianglesrepre-
sentedby theRay-Strip.Wealsopresenttechniquesto improve the
SIMD utilization for incoherentray packetsbasedon Ray-Strips.
To evaluateour method,we apply our methodto differentbench-
marksincluding complex scannedand CAD and simulationdata
sets,whosemodelcomplexity variesfrom tensof thousandsof tri-
anglesto a few hundredmillion triangles.

As comparedto prior approaches,our representationoffers the
following advantages:

� Memory ef�ciency: Ray-Stripsrequiremuch lessmemory
for both thehierarchy aswell asthegeometricprimitivesby
compactlystoringeachof them. Comparedto previous ap-
proaches,Ray-Stripsareableto reducememoryrequirements
by up to 5 times. This can considerablyimprove the per-
formanceof out-of-coreray tracersandmakesit possibleto
handlemassive modelson commodityhardwarewith limited
mainmemoryanddiskspace(e.g.laptops).

� SIMD utilization: Ray-Stripsenableusto ef�ciently handle
incoherentpacketsby switchingthe usageof SIMD units to
primitive intersectiontestsfrom hierarchy traversal. Due to
this improved SIMD utilization for packets, we are able to
achieveaperformanceimprovementcomparedtostandardray
packet traversal.

� Faster single-ray performance: Dueto theimprovedmem-
ory ef�ciency andSIMD utilization, we areableto improve



theoveralltherun-timeperformanceof raytracingonmassive
modelssigni�cantly.

Organization: The restof the paperis organizedasfollows: In
Section2, we brie�y survey relatedwork on meshrepresentations
andray tracing.Wediscussissuesin ray tracingmassivemodelsin
Section3 andgiveanoverview of ourapproach.Section4 presents
our meshrepresentationin detail andSection5 describesef�cient
traversaland intersectionalgorithmsbasedon our representation.
We discussour implementationandhighlight the performanceon
differentbenchmarksin Section6.

2 PREVI OUS WORK

In this sectionwe give a brief overview on previous work on ray
tracingof massivemodelsandmeshrepresentations.

Coherent ray tracing: Currentinteractive ray tracersusepack-
etsof raysto amortizethecostsof hierarchy traversalandprimitive
intersectiontestsovermultiple raysby assumingthereis strongco-
herencebetweentheraysin eachpacket. Thepacket traversalalgo-
rithm was�rst introducedfor kd-trees[36] andhasbeenappliedto
differentstructuressuchasboundingvolumehierarchies[23,37], s-
kd-trees[29,42], andgrids[39]. Recently, Reshetov etal. [31] pro-
poseda multi-level ray tracingmethod,which cansplit ray pack-
etsandadaptsray packet sizeto the geometriccomplexity of the
model.

Out-of-core techniques: One of the major challengeswhen
dealingwith massive modelsis the high memoryfootprint during
rendering.To addressthis issue,many out-of-coretechniqueshave
beenproposedin visualization[7] andrasterization[10,16]. Par-
ticularly, Wald et al. [38] improvedtheperformanceof ray tracing
by employing anexplicit memoryhandlingschemeandusingpre-
computedlight-�eld-lik e representationsof the sceneto hide the
latency incurredduring the loadingprocess.Pharret al. [30] pro-
posedan algorithmto optimizememorycoherencein ray tracing
by reorderingraysso that they accesstheprimitivesin a coherent
manner. They mainly showed their performanceimprovementfor
offline ray tracing. Our approachis complementaryto thesealgo-
rithmsandcanbecombinedwith them.

Simpli�cation: Levels-of-detail(LODs) have beenwidely used
to acceleratethe performanceof rasterizationof large polygonal
datasets[25] andhave beenappliedto improve the performance
of ray tracing[8,34,40,43]. However, theseLOD techniquesmay
introducevisual artifactsin the �nal imagesandtheir representa-
tionscanrequirebiggerdisk storagethanthoseof non-LODbased
methods.On theotherhand,our methodreducesmemoryanddisk
requirementwithout introducingany visualartifacts.

Mesh and Hierar chical Representations: Thereis consider-
ablework on computingcompactmeshrepresentationsfor trian-
gulatedmodels,especiallyfor GPU rasterization. Sincemodern
GPUsmaintaina small buffer to reuserecentlyaccessedvertices,
triangleorderingcanimprove the framerates.This approachwas
pioneeredby Deering[11]. The resultingorderingof trianglesis
called a triangle strip or a renderingsequence. Therehasbeen
considerablework on designingimproved algorithmsto generate
thesesequences[12,20,28] andextendingthemto view-dependent
rendering[21,44].

In theray tracingliterature,thereis work on improvedrepresen-
tationsfor subdivisionmeshes[8,22,27,34] andtessellatedversions
of surfacessuchasBézierpatches[6]. AmanatidesandChoi [3]
presentedanedge-basedray-meshintersectionmethodfor regular
meshesusingPlücker coordinates.All of thesemethodsutilize the
factthatconnectivity betweenverticesis implicit andthereforedoes
not needto beexplicitly stored.In contrast,thereis relatively little
work on ef�ciently handlingtriangularmeshes.As oneexample,
Galin andAkkouche[15] usea trianglefan decompositionof the

Figure 1: Ray coherencefor packets of rays: Considera group of rays
organizedasa ray packet (visualizedhere by theenclosingfrustum).In the
upperimage, thecomplexity of thegeometryproportionalto thefrustumsize
is low, sorayswill likely traversethesamepart of thehierarchyandwill hit
thesameor closeprimitives. In thelower image, thegeometriccomplexity
is veryhighrelativeto thefrustumsize. Traversalandintersectionoverhead
arehighsincerayswill traverseverydifferentpathsin thetree.

modelandshow an ef�cient methodfor intersectinga ray against
trianglefans.

Compression: Thereis considerablework on compactlyrep-
resentingtriangle meshes[2]. Most previous meshcompression
schemesweremainly designedto achieve maximumcompression
asthey weretargetedfor archival useor transmission.However, it
is not clearwhetherthesecompressionalgorithmscanbe directly
usedto improve theperformanceof ray tracingalgorithms,asthey
maynotprovide randomaccessto themeshprimitives.

Coherent layouts: Sincethe storedorderof trianglesandver-
ticescanaffect the performanceof applications,coherentlayouts
minimizing the number of cachemisseshave been researched.
These includes space�lling curves [24, 32], cache-aware lay-
outs[19], cache-obliviousmeshlayouts[44], etc..Ouralgorithmis
complementaryto all the layout techniquesandcanpotentiallybe
combinedwith someof themto furtherimprovetheperformanceof
ray tracing.

3 OVERVI EW

In thissectionwebrie�y explain thetwo mainissuesthatarisedur-
ing ray tracing of complex models: low ray coherenceand high
memoryrequirements.Next, we presentan overview of our ap-
proachthat addressesboth theseissues. We also further assume
thatthebasicinputprimitivesaretriangulatedmodels.

3.1 Ray Coherence
Ray coherencetechniquessuchas ray packet traversaland inter-
sectiontests[36] andmulti-level ray tracing[31] cansigni�cantly
improvetheperformanceof raytracing.Theseapproachessimulta-
neouslyperformintersectiontestsfor raysin a groupagainsta hi-
erarchy (e.g.kd-treeor boundingvolumehierarchy) andgeometric
primitivesof a model. Moreover, we canutilize the SIMD func-
tionality of currentCPUsor GPUsto performhierarchy traversal
andintersectiontestsonmultiple rayssimultaneously.

Onemajordisadvantageof ray packet traversalandintersection
testsis its behavior for incoherentpackets,whenall the raysin a
group are forced to traversedifferentpartsof the hierarchy. For
complex models,this canresultin a low utilization ratio of SIMD
vectorresources.Moreover, this canmake packet traversalslower
thanstandardray tracingmethodwith singleraysdueto theover-
headof preparingdata for SIMD usage. This behavior is more
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likely to happenasthenumberof primitivesin themodelincreases
(seeFig. 1). Therefore,a largepartof thecomputationalresources
duringray tracingis not fully utilized in thesekindsof models.As
the SIMD functionality will be morewidely usedin futuresCPU
andfuturemany-corearchitectures[4], suchincoherentpacketscan
resultin signi�cant performanceissues.

3.2 Memory Requirements

Raytracingalgorithmstypically needtwo majordatastructures:a
hierarchicalaccelerationdatastructuresuchaskd-treesor bound-
ing volumehierarchies(BVHs) anda geometricrepresentationof
theprimitivesassociatedwith thehierarchy. Theaccelerationstruc-
tureis usedto improve theperformanceof ray tracingby allowing
aquicksearchfor theprimitivesthata rayor groupof rayscanpo-
tentially intersect.However, the accelerationstructureaddsa sig-
ni�cant memoryoverheadin additionto storing the actualprimi-
tivesof aninput mesh.Givena modelconsistingof n triangles,an
optimizedBVH with onetriangleper leaf has2n� 1 BVH nodes
and eachnoderequires32 bytes[23,37]. Also, most optimized
softwareimplementationsstoreadditionalinformationsuchasthe
normalanda projectionplane. In particular, thesystemdescribed
in [35] uses48 bytesper trianglefor storage.Note that this does
not apply to hardwareray tracers[41] which have fasttrianglein-
tersectionunitsandcanthereforeuseindexed trianglelists. As an
example, the StanfordLucy model consistsof approximately14
million verticesand28 million triangles.In this case,theminimal
indexedtrianglelist includingverticesrequiresatotalof 482MB of
data,andtheoptimizedtrianglerepresentation1;284MB. A BVH
for themodeladdsanother1;712MB.

Comparedto ef�cient mesh representationssuch as triangle
strips for rasterization,data representationsfor ray tracing take
muchmorememoryspace.Moreover, prior research[38,43] has
shown thattheperformanceof ray tracingreducesdrasticallywhen
theaccelerationdatastructuresandtheprimitivesdonot �t into the
mainmemory. Consideringthatoneof theattractionsof raytracing
is its logarithmic performancewith regard to the numberof input
primitives, it is importantthat we designcompactmemoryrepre-
sentationsfor interactive ray tracing.

3.3 Our Approach

We introducea novel meshrepresentationcalledRay-Strips.This
representationis similar to triangle strips usedto accelerateras-
terization. However, this representationis designedsuchthat it is
amenableto raytracingwhile maintainingcompactness.EachRay-
Strip representsa meshthat is a subsetof theoverall input model,
andall of themareorganizedin ahigh-level scenehierarchy, where
eachleaf nodereferencesa Ray-Strip. Ray-Stripsrepresenta bal-
ancedhierarchy of thetrianglesasencodedby thestrips;therefore,
Ray-Stripsthemselvesrepresenta low-level scenehierarchy.

Thechoiceof a two-level hierarchy stemsfrom theobservation
that the high levels of the hierarchy have a major impact on ray
tracingperformance.Therefore,it is desirableto useanoptimized
treestructuresuchasonecomputedwith thesurface-areaheuristic
(SAH) [17]. On theotherhand,thetreestructurecloserto theleaf
nodesin the hierarchy is likely to be evenly distributed in space,
assumingthat the underlyinggeometricprimitives are connected
andclose.Therefore,suchlower levelsof thehierarchy canbesplit
evenly without introducingsigni�cant badsplit decisionsin terms
of the SAH metric. This meansthat at somepoint it is possible
to switch to splitting the hierarchy at the object medianwithout
sacri�cing the global quality of the hierarchy. Oncewe split the
hierarchy at theobjectmedian,thenwecanrepresentthehierarchy
as a balancedhierarchy, which requireslessmemorybecauseno
child pointersarenecessary.

Figure 3: Exampletriangle strip: This�gur eshowsa simplemeshconsist-
ing of seventriangles,which canberepresentedasa triangle strip of nine
vertices.

3.3.1 High-level hierarchy

Ourrepresentationconsistsof ahigh-level hierarchy andastriprep-
resentationfor the trianglemesh.Thehigh-level hierarchy is built
on thetriangularprimitives,but only up to a certaintrianglecount
or othersubdivisioncriterion.Therefore,eachleafof thehigh-level
hierarchy referencesa subsetof triangleprimitives.This hierarchy
canbe any accelerationstructuresuchasa kd-tree,BVH, grid or
spatialkd-tree.Notethatthesizeof thetreeis signi�cantly smaller
andtheboundingboxesof thetreearelargesinceeachnodeof the
treecontainsmany triangleprimitives. Thereforewe canachieve
higherray coherenceduringtraversalthehigh-level hierarchy. We
usea BVH of axis-alignedboundingboxes andconstructthe hi-
erarchy using the SAH for bestperformance.We performsingle
rayandraypacket traversalonourhigh-level hierarchy in thesame
mannerasdescribedin [23,37].

3.3.2 Ray-Strips

Our low-level hierarchy representsa trianglemeshandis intended
both to reducethe memoryfootprint of the geometricprimitives
in themeshaswell asto allow ef�cient traversalandintersection.
Ray-Stripsare basedon triangle strips, but containan object hi-
erarchy on the strip that is similar to spatialkd-treesand allows
hierarchy traversalfor ef�cient culling. Onemajor aspectof this
representationis thatatany stepduringthetraversalit is possibleto
performintersectiontestswith all thetrianglescontainedin thecur-
rentsub-treeinsteadof traversingfurther. Later, we show that this
propertycanspeedupray tracingfor incoherentpacketsandsingle
raysby ef�ciently usingSIMD instructions,which performinter-
sectiontestson a single ray with multiple primitivesat the same
time. This is in contrastto prior SIMD algorithmsthat intersect
multiple rayswith a singletriangle. Thetraversalandintersection
algorithmsaredescribedin section5.

4 RAY-STRI P REPRESENTATI ON

In this sectionwe explain our Ray-Striprepresentationandits re-
lationshipwith our two levels of hierarchy. We also presentour
algorithmto build Ray-Strips.

4.1 Representation

The Ray-Striprepresentationis basedon trianglestrips. Eachtri-
anglestrip representsa setof connectedtrianglesandis storedas
a list of vertices,whereconnectivity is given implicitly by the or-
der of vertices. Fig. 3 shows an exampleof a simplemeshanda
correspondingtrianglestrip. However, eventhougha trianglestrip
is an ef�cient way to representa trianglemesh,intersectinga ray
with eachtrianglein thestripcanberatherslow for ray tracing.To
addressthis issue,we generatea memory-ef�cient spatialkd-tree
hierarchy on top of thestrip. Thehierarchy allows ef�cient traver-
salfor determiningthevisible trianglesin theRay-Strip.

Page3 of 8



(a) Bunny (b) Buddha (c) Thai (d) CAD powerplant (e) Lucy

(f) Isosurface

Figure 2: Benchmark scenes:We testour Ray-Striprepresentationon a range of complex scenesof differenttypesincludingscanned,scienti�c visualization
andCAD models.Fromupperleft: Bunny(scanned,69K),Buddha(scanned,1.2M),Thai (scanned,10M),Powerplant(CAD,12.7M),Lucy(scanned,30M),
Iso-surface(10M).

Figure 4: Strip hierarchy: Wesubdividea strip at thecenteredge(shownin
red)andthenrecord theminimumandmaximumboundsononeaxisfor the
resultingtwo children. Thisde�nesa balancedspatialkd-treeon themesh
such that only the two boundsneedto be stored. Theinterval in the strip
is de�ned implicitly (also note that intervals overlap sinceboth children
referencethecenteredge 4-5.)

Given n trianglesin a mesh,our Ray-Stripconsistsof a list of
n+ 2 vertex indicesto representthetriangles.We recursively split
thestrip at themedianedgeinto two partsof equalnumberof tri-
angles(or two sub-treeswhoseheightonly differsby one)in order
to de�ne a balancedtreeon thestrip. An exampleof this operation
is shown in Fig. 4: Therededgeis theonethatde�nesthesplit and
will beapartof thetwo resultingsub-strips.

In order to usethe balancedtreeon the strip, we alsoneedto
know the spatialboundsof the nodesduring traversal. Insteadof
storingthe full boundingbox, we selecttheaxisof the leastabso-
luteoverlapbetweenchildren.Then,westorethemaximumbound
for theleft andtheminimumboundfor theright child. Effectively,
westorethesplit axisaswell asthecoordinatesfor thetwo bounds,
which is very similar to spatialkd-trees[42]. Currently, we split
down to sub-stripsof length4, i.e. representing2 triangles,which
hasperformanceadvantagesfor SIMD usage.Becausewe always
performmediansplits, the hierarchy is balanced(or the left sub-

Figure 5: Ray-Strip structur e: Thedatastructure for storinga Ray-Strip
consistsof the headerrecording the numberof trianglesn, the hierarchy
de�nedon thestrip aswell as thetriangle strip representingthegeometry.
Wealsoallowoptionalper-triangleinformation,suchasmaterialreferences
in this case. Notethat thesizeof theRay-Stripis knowna priori andonly
dependsonn.

treehasat mostone level more than the right) andcan therefore
be storedin an arraywithout the needfor child pointers. In addi-
tion, eachnodedirectly correspondsto a consecutive sequenceof
verticeson the vertex list of the trianglestrip. Therefore,it is not
necessaryto actuallystoretheleaf nodesasthetraversalalgorithm
can detectwhenever it hasreacheda sub-stripof suf�cient size.
Becausethe spatialkd-treeis an objecthierarchy, the numberof
nodesin the treeis alsoknown: for n triangles,we needa total of
dn=2e� 1 nodesfor thehierarchy.

Using a s-kd-treeis only one possiblechoice. Our decision
wasmotivatedby picking the most light-weight structureto save
memory, ands-kd-treeshave previously beenshown to have sim-
ilarly fast traversal to kd-trees[42]. B-KD-trees [41] and more
sophisticatedrelated hierarchies[18] may have better behavior
whereemptyspacesubdivisionis important,but for fully connected
meshesthis is notasmuchof anconcern.

The spatialkd-treealways assumesthat the left sub-stripin a
split is the oneon the left with regard to the split axis. This can
be true,but in generalwill only sometimesbe the case.Sincewe
cannotmodify thestrip order, we needanadditional�ag persplit
thatindicateswhetherthesplit is thenormalsplit orderor in reverse.
Overall,anodein thehierarchy needsto storetwo split coordinates,
thesplit axisandthereverse�ag. Weencodethesetwodataintoone
bytefor simplicity, althoughtechnicallythey only need3 bits (2 for
theaxisandonefor the�ag). Fig 5 shows theactualmemoryrep-
resentationof a Ray-Strip:a headerstoresthenumberof triangles
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in the strip, thenall the hierarchy nodesarestoredand�nally the
actualtrianglestrip asa sequenceof vertex indices.We alsostore
additionalper-triangleinformation,whichcurrentlyis usedfor sav-
ing a materialreference(asa 16-bit integer) for shadingpurposes,
but otherapplicationsarepossible.If thematerialpropertiesarenot
usedor per-vertex colorsareused,thenthis informationneednot
bestored.

4.2 Strip Generation
The decompositionof an input meshto triangle strips is a well-
studied problem called stripi�cation and several algorithms are
known in the literature[12,20,28]. For a given input model,we
cansubdivide themodelinto trianglestripsandbuild thehigh-level
hierarchy on thosestrips.Unfortunately, typical stripi�cation algo-
rithmstendsto generateverylongandthin trianglestrips.However,
the trianglestripsoptimizedfor high GPUvertex cacheutilization
maynotbegoodfor ray tracingsincethey donotconsiderany spa-
tial relationshipssuchasspatialdistributionof geometricprimitives
or overlaps,which have a decisive effect on the run-timeperfor-
manceof ray tracing.

Our approachfor �nding suitabletriangle strips is as follows:
we �rst run the SAH constructionalgorithmto decomposean in-
put meshinto smallersub-meshes,eachof which hasa groupof
trianglesbelow a thresholdcount. Then,we build a high-level hi-
erarchy from thesub-meshes.As a next step,we attemptto build a
trianglestrip from eachchunkof themesh.For strip computation,
we usetheStripelibrary [14] for computinga stripi�ed versionof
themesh.Note thatevenfor a connectedmesh,theexistenceof a
trianglestrip fully spanninga meshis not guaranteedandthat the
problemof computinganoptimaldecompositionhasbeenshown to
beNP-complete[13]. Therefore,if we arenot ableto build a strip
for a sub-mesh,we insteadpartitionit into asmany sub-meshesas
necessaryto geta decomposition.By performingthis partition,we
createnew child nodesfor a nodecontainingthe sub-meshin the
high-level hierarchy.

5 RAY TRACI NG USI NG RAY-STRI PS

In this section,we presenthow to performfast ray tracingusing
Ray-Strips.This includestwo operations:hierarchy traversaland
triangleintersection.Wepresentanmethodsfor singleraysaswell
asraypackets.

5.1 Hierar chy Traversal
TheRay-Striphierarchy is essentiallya spatialkd-tree.Therefore,
theRay-Stripcanbetraversedin averysimilarmannerto thespatial
kd-tree(see[42], also illustratedin Fig. 6). Startingat the root
node,the boundingbox of the meshis split in the axis storedin
thenode.Givena ray, thedistancesdL anddR to bothsplit planes
canbetestedto determinewhetherit hits theleft, theright or both
children,wheretheorderis givenby theray'sdirection.

If the ray intersectsboth the children, the nearone– asdeter-
minedby the ray's direction– is traversed�rst andthe far oneis
pushedon a stack. The childrenareprocessedin the sameman-
nerby updatingtheboundingbox from theparentwith thechild's
respective split plane.Sincethehierarchy is subdividedaccording
to �x ed rulesand the numberof trianglesin the meshis known,
thetraversaljustneedsto keeptrackof how many trianglesareleft
in the currentsub-treeto know whenit encountersa leaf. This is
performedby updatingthe interval in the trianglestrip represent-
ing thetriangleswhenever thetraversaljumpsto anothernode.As
mentionedabove, this alsoinvolvesthereverse�ag for thenodeto
�nd out which sideof theinterval correspondsto theleft andright
children,respectively. Thepseudo-codeimplementingthis traver-
salis shown in Algorithm 1.

Figure 6: Traversing a node: Givenan inner nodeof themeshhierarchy,
thereare twosplit planesassociatedwith it. Therayhits theleft child if the
distanceto theleft planedL is larger thanthenodeentrydistancedmin and
hits theright child if thenodeexit distancedmax is larger thandR. For ray1,
only thenearchild is traversed,for ray2 bothneedto betraversedandray
4 only traversesthefar child. Notethespecialcasefor ray which traverses
neitherof thetwochildren.

Algorithm 1 Traversalof theRay-Striphierarchy
node root, left  0, right  #indices- 1
[dmin;dmax] = ray.intersectWithBoundingBox()
while node!= NULL do

while (right - left + 1) > 2 do
dL  ray.distToNear(node.axis,node.split1,node.split2)
dR  ray.distToFar(node.axis,node.split1,node.split2)
if dL < dmin then

if dR > dmax then
[node,left,right,dmin,dmax]  stack.pop()

else
[node,left,right]  node.farChild(ray,node.reverse)

end if
continue

elseif dR � dmax then
stack.push(node.farChild(ray,node.reverse),
max(dR;dmin), dmax)

end if
dmax  min(dL, dmax);
[node,left,right]  node.nearChild(ray,node.reverse)

endwhile
intersectStrip(left,right)
[node,left,right,dmin,dmax]  stack.pop()

endwhile

5.2 Intersection Computation

At every stepin thetraversal,theray tracercandecideto intersect
with the trianglescontainedin the node,which arede�ned by the
currentinterval in the trianglestrip sequence.Thenaïve approach
would be to testevery triangleby itself usinga standardtriangle
intersectionalgorithm,but thatwould ignoreinformationavailable
aspart of the strip representation.Instead,we take advantageof
the connectivity information. Speci�cally, we usean edge-based
intersectionthatteststheray for containmentusingPlückercoordi-
nates[33], whichallowsusto testtheorientationof arayrelativeto
anedge.Giventhreeedgesde�ning a trianglein a consistentorder
(clockwise/counter-clockwise),theray intersectsthetriangleif and
only if thesignsof thePlücker edgetestsmatch.Givenaninterval
in thetrianglestrip,we cancomputeall theedgetestsdirectly and
thentesteachconsecutive setof threeedgeresultsfor intersection
with the respective triangle. Sincetherearesharededges,this is
moreef�cient thantestingeachof the triangles. In particular, we
caneasilytest4 edgesat thesametimeby usingSIMD instructions
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on currentCPUs. This is particularlyeffective when tracing just
oneraybecauseweutilize dataparallelism.

5.3 Ray Packets
Both the traversalandthe intersectionalgorithmsdescribedabove
canbeextendedto handleray packets.For traversal,thealgorithm
givenabove changesin thata sub-treeis traversedif thebounding
boxis intersectedby any of therays.For intersection,theedgetests
havetobeperformedfor eachrayin thepacket. However, if therays
in thepacket sharethesameorigin, thePlücker intersectioncanbe
optimizedto reusethecoordinatecomputation,which is presented
in detail in [5].

An importantissuefor ray packet tracingon massive andcom-
plex modelsis thatrayscanbeveryincoherentatthelowerlevelsof
thehierarchy dueto small trianglesandthegeometricdetail. This
leadsto traversalandintersectionstepswherejust oneor very few
raysare“active”, i.e. intersectthecurrentsub-tree.Ray-Stripsal-
low usto detectthosecasesandswitch to edgeintersectionwhen-
ever appropriate.Thus,whenthe numberof active raysbecomes
smallerthanacertainthreshold,weswitchto singlerayintersection
for all theactive rays. This improvesperformancebecauseof data
parallelismaswell asgenerallymorecoherentmemoryaccesses.

6 I M PL EM ENTATI ON AND RESULTS

We now presentresultsfrom our systemthat usesRay-Stripsand
compareits performanceto prior methods. We also analyzethe
performanceof ourmethodanddiscussits limitations.

6.1 Resultsand Comparison
We have implementedthe Ray-Striprepresentationand traversal
methodson a Intel Xeon systemat 2.5 GHz and2 GB of RAM.
Althoughthesystemhasmultiplecores,weonly useonethreadfor
rendering.WeusetheIntel SSEinstructionsetwhichallowsto per-
form traversalandintersectionof 4 rays(a 2� 2 ray packet) simul-
taneouslysimilar to otherinteractive ray tracingimplementations.
All performancenumbersaregiven in framespersecondat a res-
olution of 512� 512pixels. We testour methodon severalbench-
markscenesof variedpropertiesandcomplexity, rangingfrom 67
thousandto 30million triangles(seeFig. 2.)
Memory complexity: Table1 summarizesthe resultsfor mem-
ory reductionwhen using Ray-Stripsfor our benchmarkscenes.
We comparethe resultsto a currentBVH implementationasused
in interactive ray tracingthatstoresone[1,23] or justasmallnum-
ber[37] of trianglespernodefor performance.To comparethege-
ometryrepresentation,thetablealsoshowsmemorycostfor storing
thetrianglesbothasa minimal list of 3 vertex indicesandonema-
terial index (14 bytesper triangle,plus global vertex list), aswell
asthe performanceoptimizedtrianglerepresentationusedin [35]
(48 bytespertriangle).To bettercomparetheresults,we alsosplit
up the total memoryfootprint into thememorytakenby hierarchy
andactualgeometry(trianglesandvertices)for all approaches.The
resultsshow thatRay-Stripsreducethememorycostfor all models
signi�cantly, for bothhierarchy aswell asgeometry. Notethat the
impactof Ray-Stripsis slightly lower for architecturaland CAD
scenessuchasthepower plant. This is dueto lessermeshconnec-
tivity comparedto the meshesof 3D scannedandthe iso-surface
models.

Wealsocomparethememoryef�ciency of Ray-Stripsto several
otherhierarchiesthat werepreviously usedto reducethe cost for
storingtheaccelerationstructure.Table2 shows resultsfor a sub-
setof scenesfrom Table1. kd-treesandspatialkd-trees[42] are
both relatively light-weight structuresthat are optimizedfor fast
ray tracingof staticscenes.Previousapproachesalsoincludecom-
pressedBVH structuressuchas limited precisionBVHs [26] as

Model Triangles Ray-Strip(fps) BVH (fps)
Bunny 67k 2.39 4.52
Buddha 1.2M 2.26 3.72

Thai 10M 2.29 3.04
Iso-surface 10M 1.73 2.62
Powerplant 12.7M 0.70 0.39

Lucy 30M 1.85 0.04
Table 3: Results: Rendering performance for single rays. This table
showsrenderingperformanceusingsingleraysfor a standard BVH imple-
mentationand the sameimplementationrunningon Ray-Strips.Thereso-
lution for renderingwas5122 usingonecore, andonly primary rayswere
used.

Model Triangles Ray-Strip(fps) BVH (fps)
Bunny 67k 7.04 10.42
Buddha 1.2M 5.21 5.10

Thai 10M 3.89 3.10
Iso-surface 10M 4.20 5.52
Powerplant 12.7M 1.76 0.71

Lucy 30M 2.95 0.05
Table 4: Results:Renderingperformancefor 2� 2 rays. Thistableshows
renderingperformanceusing2� 2 ray packets,again for a standard BVH
implementationand the sameimplementationrunning on Ray-Strips.The
resolutionfor renderingwas5122 usingonecore, and only primary rays
were used.

well as light-weight BVHs [9]. Both methodsquantizethe coor-
dinatesof the axis-alignedboundingboxesandarethereforeable
to reducethe memorycostfor storingeachnode. They alsostore
multiplereferencesto trianglesin eachleafnodein orderto useless
nodesoverall. As theresultsshow, Ray-Stripsrepresentthehierar-
chy muchmoreef�ciently thanboth kd-treesandspatialkd-trees,
butmaytakesomewhatmorespacethanthecompressedrepresenta-
tions. However, thecompressedvalueshave to bedecodedtraver-
sal andboundingboxesmay be enlargeddue to the conservative
quantization,leadingto anoverheadof traversednodes.Therefore,
renderingusingthe compressedstructuresis incursa larger over-
headthanusingRay-Strips.In addition,neitherof theapproaches
abovereducesthememoryfootprintfor storingthegeometry. How-
ever, theRay-Stripsapproachis largely orthogonalto compression
approaches,andcouldpotentiallybecombinedfor acumulativeef-
fect.
Renderingperformance: Theperformanceresultsof usingRay-
Stripsarepresentedfor singleraysin Table3. Although the pure
renderingperformanceis slightly lower thana standardBVH, the
behavior of Ray-Stripsfor complex modelsshows that the SIMD
utilization andmemorycomplexity haseffectson the framerates
(note that in the Lucy scenethe full BVH rendererhad to oper-
ateout of coreandthereforewasslower thanwould otherwisebe
expected.)We alsotestedtheperformancewhenusingray packet
traversalfor 2� 2 packets(seeTable4) andfoundthatRay-Strips
gain similar speed-upsby using SIMD units comparedto stan-
dardBVH traversalandstill performverywell oncomplex models
wherethe standardpacket traversalbecomesslow due to lack of
coherence.
Construction: Performingthe stripi�cation of the input model
addssomeoverheadto the constructionof the hierarchy, which is
shown in Table5. Almostall theadditionaltimeis spentin thestrip-
i�cation library, which is not optimizedfor speed.If necessary, a
fasterlibrary canbeusedinstead.However, sincethemainapplica-
tion for Ray-Stripsis renderingcomplex models,the construction
is usuallyperformedasapreprocessingstepandthehierarchiescan
beloadedfrom diskfor runtimerendering.NotethattheCAD mod-
els in generalonly have muchsmallertrianglestripssincethereis
a lowerdegreeof connectivity in theinputdata.
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Model Tris Memorytotal (MB) / Reduction Memorygeometry(MB) Memoryhierarchy (MB)
Ray-Strip minimal optimized Ray-Strip minimal optimized Ray-Strip BVH

Bunny 67k 1.5 5.5(-73%) 7.4(-80%) 1.2 1.4 3.2 0.3 4.2
Buddha 1.2M 23 87 (-74%) 116(-80%) 11 20 49 11 66

Thai 10M 215 801(-72%) 1068(-79%) 163 190 457 106 610
Powerplant 12.7M 395 1075(-63%) 1361(-71%) 196 296 583 198 778

Lucy 30M 581 2247(-74%) 2996(-81%) 301 535 1284 279 1712
Iso-surface 10M 220 822(-73%) 1095(-80%) 110 195 469 108 626

Table 1: Results: Memory complexity. This tableshowsthememoryrequirementsfor our approach aswell as thetwo usualother triangle representations
combinedwith a BVHusingaxis-alignedboundingboxes.Thetotal memorycostcanbesplit up into memoryrequirementsfor thehierarchyaswell asfor the
actualgeometry. Thecomparisonstructuresare a minimal representation(which storesjust 3 vertex referencesanda materialpointerper triangle), aswell
asthetriangle representationoptimizedfor intersectionspeedasusedin [Wald 2004]. For Ray-Stripsandindexedtriangle lists, thesizeof theglobal vertex
list is included.

Model Triangles Ray-Strip kd-tree spatialkd-tree LBVH LPBVH
[42] [42] [9] [26]

Bunny 67k 0.3 4.1 0.9 0.5 0.3
Buddha 1.2M 11 29 17 8.3 n/a
Lucy 30M 279 n/a n/a 214 103

Table 2: Results: Hierar chy memory comparison: We compare therelativememorycomplexity of several acceleration structuresto Ray-Strips(all values
in MB, “n/a” signi�es that themodelwasnot usedin therespectivepaper)Thespatialkd-treeis an object-level hierarchy similar to our Ray-Striphierarchy,
LBVH and LPBVH are both compressedBVH structuresstoring multiple primitivesat leafsand valueswere taken for the highestcompressionratio in the
respectivepapers,which usuallyleadsto a signi�cant degradationin performance. Notethat our approach couldusethecompressionfromthoseapproaches
for furthermemoryreduction.Neitherof thetechniquesabovecompressesthegeometrydata.

6.2 Analysisand Limitations
Theresultsabove show thatRay-Stripsareanef�cient representa-
tion for our testedcomplex benchmarks.In practice,the memory
improvementsgainedfrom usingRay-Stripsarehighly dependent
on �nding suf�ciently long trianglestripsto build thehierarchy on.
Obviously, this makesour approachunsuitablefor modelswithout
any meshconnectivity (e.g. without any sharedvertices). In that
case,the Ray-Striprepresentationshown in section4 becomesan
indexedtrianglelist with astandardBVH (justwith theadditionon
the2-byteheaderstoringthetrianglecount)andperformancegains
arelost. However, thememoryoverheadaddedis only very small
andneitherwill therebea performancelosscomparedto usingan
indexedtrianglelist to startwith.

Our currentimplementationusesthestripi�cation library Stripe
[14], which wasdesignedfor rasterizationandunlike many newer
approachesworksongeneralmesheswithout limitationson thein-
put. Sincethecomputedstripscanbesub-optimalfor ray tracing,
it shouldbe quite possibleto further improve the performanceof
ourapproachesby designingastripi�cation algorithmthatchooses
stripsbasedon ray tracingcriteria.

As presentedin section3 and4, our systemusesa BVH with
axis-alignedboundingboxesasthehigh-level hierarchy, but is im-
portantto note that in principle any accelerationstructurecanbe
usedinsteadsince it is built on the Ray-Strips. We �nd that a
BVH usuallyprovidesa reasonablecompromisebetweenrender-
ing speed,�e xibility andeaseof use.It is alsoeasilyupdateableso
thatdynamicscenescanbehandledef�ciently . If maximumperfor-
mancefor astaticsceneis desired,akd-treemaybeabetterchoice
and might reducethe memoryfootprint slightly. Note that Ray-
Stripscanbe updatedin the samemannerasBVHs, but have the
limitation that meshconnectivity cannotchangein the animation,
e.g.objectscannot“break”.

7 FUTURE WORK AND CONCL USI ON

We have proposeda novel compactrepresentation,Ray-Strip,for
ray tracingtriangularmeshes.By usingour representation,we are
able to reduceup to 80% of the memoryfootprint over prior ap-
proaches.Wearealsoableto obtainperformanceimprovementson
ray tracingof largedatasetsdueto increasedSIMD utilization and

andmorecoherentmemoryaccesscomparedto astandardaccelera-
tionstructure.Thismakesourrepresentationanattractivecandidate
for futureray tracingsystemsandhardware.

Therearemany interestingissuesfor future work. It would be
usefulto extendthemeshrepresentationto includegeometrycom-
pressionandhierarchy compression,which can further lower the
memoryoverhead.Anotherpromisingavenueis integrationwith
a LOD techniquesuchasR-LODs [43] for out-of-corerendering
of more complex models. We are also interestedin investigat-
ing stripi�cation algorithmsthatareoptimizedtowardsgenerating
stripssuitablefor ray tracingwith Ray-Strips.Finally, we plan to
investigatetheeffectsof usingRay-Stripson otherdataparallelar-
chitecturessuchasGPUs.
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