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ABSTRACT

We presenta novel hierarchicalrepresentationRay-Strips for in-
teractive ray tracing of comple triangle meshes.Prior optimized
algorithmsfor ray tracingexplicitly storeeachtrianglein theinput
model. Instead,a Ray-Striptakesadvantageof meshconnectity
for compactstorage ef cient traversalandray intersections As a
result,we considerablyeducethememoryoverheadf theoriginal
modelandthehierarchicatepresentatioriVe alsopresentf cient
algorithmsfor singleray andray paclet traversalusingRay-Strips.
Furthermorewe demonstratanadditionalbene t of ourrepresen-
tation: maintainingutilization of the SIMD capabilitiesof current
CPUsfor incoherentay pacletsandsinglerays.We shawv the ben-
et of Ray-Stripson modelswith tensof thousandso tensof mil-
lions of triangles.In practice,our approactcanreducethe storage
overheadof interactve ray tracing algorithmsby up to ve times
comparedo standardnteractve approachewhile evenimproving
runtimeperformancdor largemodels.

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

Keywords: ray tracing, boundingvolume hierarchies,compact
representatiortrianglestrips

1 INTRODUCTION

Ray tracing has recently emeged as an alternatve rendering
methodto rasterizatiorfor interactve rendering. Ray tracinghas
beenextensvely studiedfor almostthreedecadeslueto its ability
to simulatethephysicalproces®f light propagtionandto generate
variousrenderingeffectslik e transpareng shadavs andindirectil-
lumination. Therehasbeerrenavedinteresin real-timeraytracing
dueto the exponentialgrowth rate of processingpower andrecent
hardware trendsof using multiple cores. Sinceray tracing algo-
rithmsareembarrassinglparallelandeasilymapto multi-coreand
multi-processosystemsit is expectedthatthe performancef ray
tracingcontinuesto improve signi cantly.

Oneof themainbene tsof raytracingis thatits asymptotidime
compleity increasessalogarithmicfunctionof thenumberof tri-
anglesof themodel. This makesray tracinganattractve approach
for renderinglarge datasetscomposedf tensor hundredsof mil-
lions of primitives.However, themodelrepresentatioandacceler
ationdatastructuresusedto performray tracingsuchmassve mod-
els cantake tensof giga-bytesof storage.This large storageover
headcansigni cantly affectthe performancef ray tracerd43].

Recentalgorithmicimprovementssuchas ray coherenceech-
niques[31,36] areableto exploit the coherenthierarcly traversal
behaior of pacletsor groupsof raysandimprove theruntimeper
formance. Thesealgorithmshave beenshovn to work well with
architecturalmodels,wheremostvisible trianglescover large ar
easin termsof numberof pixelsin the imagespace.As aresult,
groupsof rayscanmaintainhigh spatialcoherencen termsof hi-
erarcly traversalbehaior in suchmodels.However, thesemethods
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have decreaseéffectivenesson highly complex anddetailedmod-
elssincecoherencelecreasewith modelcompleity andsmalltri-
angleq43]. In particular recentadvancesn 3D scanningandsci-
enti ¢ simulationresultin dataset£omposedf tensor hundreds
of millions of smalltriangles.

Most ray tracing algorithmsassumethat input modelsare “tri-
anglesoup”,i.e. all trianglesare consideredunorderedandinde-
pendent.However, mary mesheaisedin computergames,CAD,
scanneddata, and scienti ¢ simulationshave well-de ned con-
nectvity betweenthe triangles. This propertyhasbeenexploited
to computea sequentialorder of trianglesand using that order
for higherrasterizatiorthroughput. This includesrepresentations
basedon trianglestripsor renderingsequencefl 1, 20], which are
designedto reducethe memoryrequirementsand transformation
costduringtrianglerasterizationUnfortunately suchcompaciand
ef cient representationdevelopedfor improving the rasterization
performancerenot directly applicableto ray tracing. Thisis due
to thefactthattrianglestripsor renderingsequencearemainly de-
signedfor sequentiahccessluringrasterizationOntheotherhand,
currentray tracingalgorithmsaccesshe underlyingdatarepresen-
tationsincludingthetrianglesin arandommanner Thereforemost
optimizedray tracingmethodsstoreeachtriangleandits geometric
coordinateseparatelyo facilitatesuchrandomaccessedlowever,
theserepresentatiosanhave high storageoverhead.

Main Contrib utions: In this paperwe addressheproblemof rep-
resentingtriangle meshedor fastray tracing. We presenta novel

meshand hierarcly representationRay-Strips for interactve ray
tracing.A Ray-Stripincludesalist of verticeswhichimplicitly rep-
resentsalist of triangleslike a trianglestrip. Moreover, our repre-
sentatioralsoincludesa light-weighthierarcly de ned onthelist.

Therefore,our Ray-Stripsallow efcient treetraversalaswell as
ef cient rayintersectiortestsbetweeraray andthetrianglesrepre-
sentedby the Ray-Strip.We alsopresentechniquego improve the
SIMD utilization for incoherentray paclets basedon Ray-Strips.
To evaluateour method,we apply our methodto differentbench-
marksincluding complex scannedand CAD and simulationdata
sets,whosemodelcompleity variesfrom tensof thousandf tri-

anglesto afew hundredmillion triangles.

As comparedo prior approachesour representationffers the
following advantages:

Memory ef ciency: Ray-Stripsrequiremuchlessmemory
for boththe hierarcly aswell asthe geometricprimitivesby
compactlystoring eachof them. Comparedo previous ap-
proachesRay-Stripsareableto reducememoryrequirements
by up to 5 times. This can considerablyimprove the per
formanceof out-of-coreray tracersand makesit possibleto
handlemassve modelson commodityhardwarewith limited
mainmemoryanddisk spacele.g.laptops).

SIMD utilization: Ray-Stripsenableusto ef ciently handle
incoherentpaclets by switchingthe usageof SIMD units to
primitive intersectiontestsfrom hierarcly traversal. Due to
this improved SIMD utilization for paclets, we are able to
achieze aperformancémprovementomparedo standarday
paclettraversal.

Faster single-ray performance: Dueto theimproved mem-
ory efciency and SIMD utilization, we areableto improve



theoveralltherun-timeperformancef raytracingonmassve
modelssigni cantly.

Organization:  Therestof the paperis organizedasfollows: In
Section2, we brie y suney relatedwork on meshrepresentations
andray tracing.We discusdssuedn ray tracingmassve modelsin
Section3 andgive anoverview of ourapproachSectiord presents
our meshrepresentatioin detailand Section5 describesef cient
traversaland intersectionalgorithmsbasedon our representation.
We discussour implementatiorand highlight the performanceon
differentbenchmarkén Section6.

2 PREVIOUS WORK

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

Coherentray tracing: Currentinteractie ray tracersusepack-
etsof raysto amortizethe costsof hierarcly traversalandprimitive
intersectiortestsover multiple raysby assuminghereis strongco-
herencébetweertheraysin eachpaclet. Thepaclettraversalalgo-
rithm was rst introducedfor kd-treeq36] andhasbeenappliedto
differentstructuresuchasboundingvolumehierarchie$23,37], s-
kd-treeq29,42], andgrids[39]. RecentlyReshetw etal.[31] pro-
poseda multi-level ray tracing method,which cansplit ray pack-
etsandadaptsray paclet sizeto the geometriccomplexity of the
model.

Out-of-core techniques: One of the major challengeswhen
dealingwith massive modelsis the high memoryfootprint during
rendering.To addresshis issue,mary out-of-coretechniquesiave
beenproposedn visualization[7] andrasterizatior{10,16]. Par
ticularly, Wald et al. [38] improvedthe performanceof ray tracing
by emplgying an explicit memoryhandlingschemeandusingpre-
computedlight- eld-lik e representationsf the sceneto hide the
lateny incurredduring the loading process.Pharret al. [30] pro-
posedan algorithmto optimize memorycoherencen ray tracing
by reorderingraysso thatthey accesghe primitivesin a coherent
manner They mainly shaved their performanceémprovementfor
offline ray tracing. Our approachis complementaryo thesealgo-
rithmsandcanbe combinedwith them.

Simpli cation: Levels-of-detail(LODs) have beenwidely used
to accelerateahe performanceof rasterizationof large polygonal
datasets[25] and have beenappliedto improve the performance
of ray tracing[8, 34,40,43]. However, theseLOD techniquesnay
introducevisual artifactsin the nal imagesandtheir representa-
tions canrequirebiggerdisk storagehanthoseof non-LOD based
methods On the otherhand,our methodreducesnemoryanddisk
requirementvithoutintroducingary visualartifacts.

Mesh and Hierar chical Representations: Thereis consider
able work on computingcompactmeshrepresentationfor trian-
gulatedmodels,especiallyfor GPU rasterization. Since modern
GPUsmaintaina small buffer to reuserecentlyaccessedertices,
triangle orderingcanimprove the framerates. This approachwas
pioneerecby Deering[11]. The resultingorderingof trianglesis
called a triangle strip or a renderingsequence Therehasbeen
considerablevork on designingimproved algorithmsto generate
thesesequencefl2,20,28] andextendingthemto view-dependent
rendering21,44].

In theray tracingliterature thereis work onimprovedrepresen-
tationsfor subdvisionmeshe$8,22,27,34] andtessellatedersions
of surfacessuchasBézierpatcheg6]. Amanatidesand Choi [3]
presentedin edge-baseday-meshintersectionrmethodfor regular
meshessingPlucker coordinatesAll of thesemethodautilize the
factthatconnectvity betweerverticesis implicit andthereforedoes
not needto beexplicitly stored.In contrastthereis relatively little
work on efciently handlingtriangularmeshes.As one example,
Galin and Akkouche[15] usea triangle fan decompositiorof the

Figure 1: Ray coherencefor packets of rays: Considera group of rays
organizedasa ray padet (visualizedhere by the enclosingrustum).In the
upperimage, thecompleity of thegeometryproportionalto thefrustumsize
is low, sorayswill likely traversethe samepart of the hierarchy andwill hit

the sameor closeprimitives. In thelower image, the geometriccompleity

is veryhighrelativeto thefrustumsize Traverisalandintersectionoverhead
are high sincerayswill traverseverydifferentpathsin thetree

modelandshaov an ef cient methodfor intersectinga ray against
trianglefans.

Compression: Thereis considerablevork on compactlyrep-
resentingtriangle mesheg2]. Most previous meshcompression
schemesvere mainly designedo achieze maximumcompression
asthey weretargetedfor archival useor transmissionHowever, it
is not clearwhetherthesecompressioralgorithmscanbe directly
usedto improve the performancef ray tracingalgorithms,asthey
may not provide randomaccesso the meshprimitives.

Coherent layouts: Sincethe storedorder of trianglesandver-
tices can affect the performanceof applications,coherentlayouts
minimizing the number of cachemisseshave beenresearched.
Theseincludes space lling cunes [24, 32], cache-ware lay-
outs[19], cache-obliiousmeshlayouts[44], etc..Ouralgorithmis
complementaryo all the layouttechniquesandcanpotentiallybe
combinedwith someof themto furtherimprove the performancef
raytracing.

3 OVERVIEW

In this sectionwe brie y explainthetwo mainissuegshatarisedur-

ing ray tracing of complex models: low ray coherenceand high

memoryrequirements.Next, we presentan overvien of our ap-

proachthat addresse$oth theseissues. We also further assume
thatthe basicinput primitivesaretriangulatednodels.

3.1 Ray Coherence

Ray coherencdechniquessuchas ray paclet traversaland inter-
sectiontests[36] andmulti-level ray tracing[31] cansigni cantly
improve theperformancef ray tracing. Theseapproachesimulta-
neouslyperformintersectiortestsfor raysin a groupagainsta hi-
erarcly (e.g.kd-treeor boundingvolumehierarcly) andgeometric
primitives of a model. Moreover, we can utilize the SIMD func-
tionality of currentCPUsor GPUsto performhierarcly traversal
andintersectiortestson multiple rayssimultaneously
Onemajordisadwantageof ray paclet traversalandintersection
testsis its behaior for incoherentpaclets, whenall theraysin a
group are forcedto traversedifferent parts of the hierarcly. For
complex models,this canresultin alow utilization ratio of SIMD
vectorresourcesMoreover, this canmalke paclet traversalslover
thanstandarday tracingmethodwith singleraysdueto the over
headof preparingdatafor SIMD usage. This behaior is more
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likely to happerasthe numberof primitivesin themodelincreases
(seeFig. 1). Thereforealarge partof the computationatesources
duringray tracingis notfully utilizedin thesekindsof models.As
the SIMD functionality will be morewidely usedin futuresCPU
andfuturemary-corearchitecture$4], suchincoherenpacketscan
resultin signi cant performancéssues.

3.2 Memory Requirements

Raytracingalgorithmstypically needtwo major datastructures:a
hierarchicalacceleratiordatastructuresuchaskd-treesor bound-
ing volume hierarchiegBVHs) anda geometricrepresentatioof
theprimitivesassociateavith thehierarcly. Theacceleratiorstruc-
tureis usedto improve the performanceof ray tracingby allowing
aquick searcHor the primitivesthataray or groupof rayscanpo-
tentially intersect. However, the acceleratiorstructureaddsa sig-
ni cant memoryoverheadin additionto storingthe actualprimi-
tivesof aninput mesh.Givena modelconsistingof n triangles,an
optimizedBVH with onetriangleperleaf has2n 1 BVH nodes
and eachnoderequires32 bytes[23,37]. Also, mostoptimized
softwareimplementationstoreadditionalinformationsuchasthe
normalanda projectionplane. In particular the systemdescribed
in [35] uses48 bytesper triangle for storage.Note that this does
not apply to hardwareray tracers[41] which have fasttrianglein-
tersectiorunits andcanthereforeuseindexed trianglelists. As an
example, the StanfordLucy model consistsof approximatelyl4
million verticesand28 million triangles.In this case the minimal
indexedtrianglelist includingverticesrequiresatotal of 482MB of
data,andthe optimizedtrianglerepresentatiod; 284 MB. A BVH
for themodeladdsanotherl; 712 MB.

Comparedto efcient meshrepresentationsuch as triangle
strips for rasterization,data representation$or ray tracing take
much more memoryspace. Moreover, prior researcH38,43] has
shawvn thatthe performancef ray tracingreducesirasticallywhen
theacceleratiomatastructuresandtheprimitivesdonot t into the
mainmemory Consideringhatoneof theattractionsf raytracing
is its logarithmic performancewith regard to the numberof input
primitives, it is importantthat we designcompactmemoryrepre-
sentationdor interactve ray tracing.

3.3 Our Approach

We introducea novel meshrepresentatiocalled Ray-Strips. This
representatiorns similar to triangle strips usedto accelerateas-
terization. However, this representatiois designedsuchthatit is
amenableo ray tracingwhile maintainingcompactnes€achRay-
Strip represents meshthatis a subsef the overall input model,
andall of themareorganizedn ahigh-level scenehierarcly, where
eachleaf nodereferences Ray-Strip. Ray-Stripsrepresent bal-
ancedhierarcly of thetrianglesasencodedy thestrips;therefore,
Ray-Stripsthemselesrepresena low-level scenehierarcly.

The choiceof atwo-level hierarcly stemsfrom the obsenation
that the high levels of the hierarcly have a major impacton ray
tracingperformance Therefore,t is desirableto usean optimized
treestructuresuchasonecomputedwith the surface-aredoeuristic
(SAH) [17]. Ontheotherhand,thetreestructurecloserto the leaf
nodesin the hierarcly is likely to be evenly distributedin space,
assumingthat the underlyinggeometricprimitives are connected
andclose.Therefore suchlower levelsof the hierarcly canbesplit
evenly without introducingsigni cant badsplit decisionsn terms
of the SAH metric. This meansthat at somepoint it is possible
to switch to splitting the hierarcly at the object medianwithout
sacri cing the global quality of the hierarcly. Oncewe split the
hierarcly atthe objectmedian thenwe canrepresenthehierarcly
as a balancedhierarcly, which requireslessmemorybecauseno
child pointersarenecessary

Figure 3: Exampletriangle strip: This gur e showsa simplemeshconsist-
ing of seventriangles,which can be representedas a triangle strip of nine
vertices.

3.3.1 High-level hierarcly

Ourrepresentationonsistof ahigh-level hierarcly andastriprep-
resentatiorfor the trianglemesh. The high-level hierarcly is built

onthetriangularprimitives,but only up to a certaintrianglecount
or othersubdvision criterion. Therefore gachleaf of the high-level

hierarcly references subsebf triangleprimitives. This hierarcly

canbe ary acceleratiorstructuresuchasa kd-tree,BVH, grid or

spatialkd-tree.Notethatthesizeof thetreeis signi cantly smaller
andthe boundingboxesof thetreearelarge sinceeachnodeof the
tree containsmary triangle primitives. Thereforewe canachieve

higherray coherenceluringtraversalthe high-level hierarcly. We

usea BVH of axis-alignedboundingboxes and constructthe hi-

erarcly usingthe SAH for bestperformance.We performsingle
ray andray paclettraversalon our high-level hierarcly in thesame
mannerasdescribedn [23,37].

3.3.2 Ray-Strips

Our low-level hierarcly represents trianglemeshandis intended
both to reducethe memoryfootprint of the geometricprimitives
in the meshaswell asto allow ef cient traversalandintersection.
Ray-Stripsare basedon triangle strips, but containan object hi-

erarcly on the strip thatis similar to spatialkd-treesand allows

hierarcly traversalfor efcient culling. Onemajor aspectof this

representatiors thatatary stepduringthetraversalit is possibleto

performintersectiortestswith all thetrianglescontainedn thecur

rentsub-treeinsteadof traversingfurther Later, we shav thatthis

propertycanspeedup ray tracingfor incoherenpacletsandsingle
rayshby ef ciently using SIMD instructions,which performinter-

sectiontestson a single ray with multiple primitives at the same
time. This is in contrastto prior SIMD algorithmsthat intersect
multiple rayswith a singletriangle. The traversalandintersection
algorithmsaredescribedn section5.

4 RAY-STRIP REPRESENTATION

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

4.1 Representation

The Ray-Striprepresentatioiis basedon triangle strips. Eachtri-

anglestrip represents setof connectedrianglesandis storedas
alist of vertices,whereconnectvity is givenimplicitly by the or-

der of vertices. Fig. 3 shavs an exampleof a simplemeshanda
correspondingrianglestrip. However, eventhougha trianglestrip
is an ef cient way to represent triangle mesh,intersectinga ray
with eachtrianglein the strip canberatherslow for ray tracing. To
addresghis issue,we generatea memory-eftient spatialkd-tree
hierarcly ontop of the strip. The hierarcly allows ef cient traver-

salfor determiningthevisible trianglesin the Ray-Strip.
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(a) Bunry (b) Buddha

(c) Thai

(d) CAD power plant (e) Lucy

(f) Isosurbce

Figure 2: Benchmark scenes:\e testour Ray-Striprepresentatioron a range of comple scene®f differenttypesincluding scannedscienti ¢ visualization
and CAD models.Fromupperleft: Bunny(scannedf9K), Buddha(scannedl.2M), Thai (scanned10M), Powerplant(CAD, 12.7M),Lucy (scanned30M),

Iso-surfacg(10M).

Figure 4: Strip hierarchy: We subdividea strip atthecenteredge (shownin

red)andthenrecod the minimumand maximunboundson oneaxisfor the
resultingtwo children. Thisde nesa balancedspatial kd-treeon the mesh
sud that only the two boundsneedto be stored. Theinterval in the strip

is de ned implicitly (also note that intervals overlap since both children
refelencethe centeredge 4-5.)

Givenn trianglesin a mesh,our Ray-Stripconsistsof a list of
n+ 2 vertex indicesto representhetriangles.We recursvely split
the strip at the medianedgeinto two partsof equalnumberof tri-
angles(or two sub-treesvhoseheightonly differsby one)in order
to de ne abalancedreeonthestrip. An exampleof this operation
isshavnin Fig. 4: Therededgeis theonethatde nesthesplitand
will bea partof thetwo resultingsub-strips.

In orderto usethe balancedree on the strip, we also needto
know the spatialboundsof the nodesduring traversal. Insteadof
storingthe full boundingbox, we selectthe axis of the leastabso-
lute overlapbetweerchildren. Then,we storethe maximumbound
for theleft andthe minimumboundfor theright child. Effectively,
we storethesplit axisaswell asthe coordinategor thetwo bounds,
which is very similar to spatialkd-trees[42]. Currently we split
down to sub-stripsof length4, i.e. representing@ triangles,which
hasperformanceadvantagedor SIMD usage.Becauseave always
perform mediansplits, the hierarcly is balanced(or the left sub-

Figure 5: Ray-Strip structure: Thedatastructue for storinga Ray-Strip
consistsof the headerrecoding the numberof triangles n, the hierarchy

de nedon the strip aswell asthe triangle strip representinghe geometry
Wealsoallow optionalpertriangleinformation,sud asmaterialrefelences
in this case Notethat the sizeof the Ray-Stripis knowna priori andonly

dependonn.

tree hasat mostonelevel more thanthe right) and cantherefore
be storedin an arraywithout the needfor child pointers. In addi-
tion, eachnodedirectly corresponds$o a consecutie sequencef

verticeson the vertex list of the triangle strip. Therefore,it is not

necessaryo actuallystoretheleaf nodesasthetraversalalgorithm
can detectwheneer it hasreacheda sub-stripof sufcient size.
Becausehe spatialkd-treeis an objecthierarcly, the numberof

nodesin thetreeis alsoknown: for n triangles,we needa total of

dn=2e 1 nodesfor thehierarcly.

Using a s-kd-treeis only one possiblechoice. Our decision
was motivatedby picking the mostlight-weight structureto save
memory ands-kd-treeshave previously beenshowvn to have sim-
ilarly fasttraversalto kd-trees[42]. B-KD-trees[41] and more
sophisticatedrelated hierarchies[18] may have better behaior
whereemptyspacesubdvisionisimportant,but for fully connected
mesheshisis notasmuchof anconcern.

The spatialkd-tree always assumeghat the left sub-stripin a
split is the one on the left with regard to the split axis. This can
betrue, butin generalwill only sometimesethe case.Sincewe
cannotmodify the strip order we needan additional ag per split
thatindicatesvhetherthesplitis thenormalsplit orderor in reverse.
Overall,anodein thehierarcly needdo storetwo split coordinates,
thesplitaxisandthereverseag. We encodehesewo datainto one
bytefor simplicity, althoughtechnicallythey only need3 bits (2 for
theaxisandonefor the ag). Fig 5 shawvs theactualmemoryrep-
resentatiorof a Ray-Strip: a headeistoresthe numberof triangles
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in the strip, thenall the hierarcly nodesare storedand nally the
actualtrianglestrip asa sequencef vertex indices. We alsostore
additionalpertriangleinformation,which currentlyis usedfor sav-
ing a materialreferencgasa 16-bit integer) for shadingpurposes,
but otherapplicationsarepossible If thematerialpropertiesarenot
usedor pervertex colorsareused,thenthis informationneednot
bestored.

4.2 Strip Generation

The decompositiorof an input meshto triangle stripsis a well-
studied problem called stripi cation and several algorithms are
known in the literature[12,20,28]. For a given input model,we
cansubdvide themodelinto trianglestripsandbuild the high-level
hierarcly onthosestrips. Unfortunatelytypical stripi cation algo-
rithmstendsto generateerylongandthin trianglestrips. However,
thetrianglestripsoptimizedfor high GPU vertex cacheutilization
may notbe goodfor ray tracingsincethey do notconsiderary spa-
tial relationshipsuchasspatialdistribution of geometrigorimitives
or overlaps,which have a decisve effect on the run-time perfor
manceof ray tracing.

Our approachfor nding suitabletriangle stripsis as follows:
we rst runthe SAH constructionalgorithmto decomposean in-
put meshinto smallersub-meshesgachof which hasa group of
trianglesbelow a thresholdcount. Then,we build a high-level hi-
erarcly from the sub-meshesAs a next step,we attemptto build a
trianglestrip from eachchunkof the mesh.For strip computation,
we usethe Stripelibrary [14] for computinga stripi ed versionof
the mesh.Note thatevenfor a connectednesh,the existenceof a
trianglestrip fully spanninga meshis not guaranteeéndthatthe
problemof computinganoptimaldecompositiomasbeenshavn to
be NP-completg13]. Thereforejf we arenotableto build a strip
for a sub-meshwe insteadpartitionit into asmary sub-mesheas
necessaryo geta decompositionBy performingthis partition,we
createnew child nodesfor a nodecontainingthe sub-mestin the
high-level hierarcly.

5 RAY TRACING USING RAY-STRIPS

In this section,we presenthow to performfastray tracing using
Ray-Strips. This includestwo operations:hierarcly traversaland
triangleintersectionWe presenanmethodsor singleraysaswell
asray paclets.

5.1 Hierarchy Traversal

The Ray-Striphierarcly is essentiallya spatialkd-tree. Therefore,
theRay-Stripcanbetraversedn avery similarmanneto thespatial
kd-tree (see[42], alsoillustratedin Fig. 6). Startingat the root
node, the boundingbox of the meshis split in the axis storedin

the node. Givena ray, the distances;. anddg to both split planes
canbetestedto determinewhetherit hits theleft, theright or both
children,wheretheorderis givenby theray's direction.

If the ray intersectsboth the children,the nearone — asdeter
minedby the ray's direction— is traversed rst andthe far oneis
pushedon a stack. The childrenare processedn the sameman-
ner by updatingthe boundingbox from the parentwith the child's
respectie split plane. Sincethe hierarcly is subdvided according
to x ed rulesandthe numberof trianglesin the meshis known,
thetraversaljust needgo keeptrackof how mary trianglesareleft
in the currentsub-treeto know whenit encounters leaf. Thisis
performedby updatingthe interval in the triangle strip represent-
ing thetriangleswheneer the traversaljumpsto anothemode. As
mentionedabove, this alsoinvolvesthereverse ag for the nodeto

nd outwhich sideof theinterval correspondso the left andright
children, respectrely. The pseudo-codémplementingthis traver
salis shavn in Algorithm 1.

Figure 6: Traversing a node: Givenan inner nodeof the meshhierarchy,

there are two split planesassociatedvith it. Theray hitstheleft child if the
distanceto theleft planed, is larger thanthe nodeentry distancedm, and
hitstheright child if thenodeexit distancedmaxis larger thandg. Forray1,

onlythenearchild is traverised,for ray 2 bothneedto betraversedandray
4 only traversesthefar child. Notethe specialcasefor ray which traverises
neitherof thetwo children.

Algorithm 1 Traversalof the Ray-Striphierarcly

node root,left 0O,right #indices- 1
[dmin; dmax = ray.intersectVithBoundingBox()
while node!= NULL do

while (right - left + 1) > 2 do

d. raydistToNear(node.axis)ode.splitlnode.split2)

dr raydistToFar(node.axisnode.splitlpode.split2)

if d_ < dmin then
if dr > dmaxthen
[node,left,rightimin,dmax
else
[node,left,righk
endif
continue
elseif dr  dmaxthen
stack.push(nodeafChild(raynode.rgerse),
max@r; dmin), dmax)

endif

dmax min(dL, dmax);

[node,left,right  node.nearChild(ragode.reerse)
endwhile
intersectStrip(leftright)
[node,left, rightimin,dmax

endwhile

stack.pop()

node.arChild(raynode.rgerse)

stack.pop()

5.2 Intersection Computation

At every stepin thetraversal,theray tracercandecideto intersect
with the trianglescontainedn the node,which arede ned by the
currentintenal in the triangle strip sequenceThe naive approach
would be to testevery triangle by itself using a standardriangle
intersectioralgorithm,but thatwould ignoreinformationavailable
aspart of the strip representation.nstead,we take advantageof
the connectiity information. Speci cally, we usean edge-based
intersectiorthatteststheray for containmentisingPlicker coordi-
nateq33], whichallows usto testtheorientationof arayrelative to
anedge.Giventhreeedgede ning atrianglein a consistenbrder
(clockwise/counteclockwise) theray intersectghetriangleif and
only if thesignsof the Pliicler edgetestsmatch.Givenanintenal
in the trianglestrip, we cancomputeall the edgetestsdirectly and
thentesteachconsecutie setof threeedgeresultsfor intersection
with the respectie triangle. Sincethereare sharededges this is
moreef cient thantestingeachof the triangles. In particular we
caneasilytest4 edgesatthe sametime by usingSIMD instructions
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on currentCPUs. This is particularly effective whentracing just
oneray becauseve utilize dataparallelism.

5.3 Ray Packets

Both the traversalandthe intersectionalgorithmsdescribedabove
canbeextendedo handleray paclets. For traversal the algorithm
givenabove changesn thata sub-treeis traversedif the bounding
boxis intersectedby ary of therays.For intersectiontheedgetests
haveto beperformedor eactrayin thepaclet. However, if therays
in the paclet sharethe sameorigin, the Pliicler intersectiorcanbe
optimizedto reusethe coordinatecomputationwhich is presented
in detailin [5].

An importantissuefor ray packet tracingon massve andcom-
plex modelsis thatrayscanbeveryincoherentaitthelowerlevelsof
the hierarcly dueto smalltrianglesandthe geometricdetail. This
leadsto traversalandintersectiorstepswherejust oneor very few
raysare“active”, i.e. intersectthe currentsub-tree.Ray-Stripsal-
low usto detectthosecasesandswitchto edgeintersectionwhen-
ever appropriate. Thus, whenthe numberof active raysbecomes
smallerthana certainthresholdwe switchto singlerayintersection
for all the active rays. This improvesperformancéecausef data
parallelismaswell asgenerallymorecoherenimemoryaccesses.

6 |IMPLEMENTATION AND RESULTS

We now presentresultsfrom our systemthat usesRay-Stripsand
compareits performanceo prior methods. We also analyzethe
performancef our methodanddiscussts limitations.

6.1 Resultsand Comparison

We have implementecthe Ray-Strip representatiorand traversal
methodson a Intel Xeon systemat 2.5 GHz and2 GB of RAM.
Althoughthesystemhasmultiple coreswe only useonethreadfor
rendering We usethelntel SSEinstructionsetwhichallowsto per
form traversalandintersectiorof 4 rays(a2 2 ray paclet) simul-
taneouslysimilar to otherinteractize ray tracingimplementations.
All performancenumbersaregivenin framesper secondat a res-
olution of 512 512 pixels. We testour methodon several bench-
mark scenef varied propertiesand compleity, rangingfrom 67
thousando 30 million triangles(seeFig. 2.)

Memory complexity: Table1l summarizeghe resultsfor mem-
ory reductionwhen using Ray-Stripsfor our benchmarkscenes.
We comparethe resultsto a currentBVH implementatiorasused
in interactve ray tracingthatstoresone[1, 23] or justa smallnum-
ber[37] of trianglespernodefor performanceTo comparethe ge-
ometryrepresentatiorthetablealsoshovs memorycostfor storing
thetrianglesbothasa minimal list of 3 vertex indicesandonema-
terial index (14 bytespertriangle, plus global vertex list), aswell
asthe performanceoptimizedtriangle representationisedin [35]
(48 bytespertriangle). To bettercomparethe results we alsosplit
up the total memoryfootprint into the memorytaken by hierarcly
andactualgeometry(trianglesandvertices)for all approachesThe
resultsshav thatRay-Stripsreducethe memorycostfor all models
signi cantly, for both hierarcly aswell asgeometry Note thatthe
impactof Ray-Stripsis slightly lower for architecturaland CAD
scenesuchasthe power plant. Thisis dueto lessemeshconnec-
tivity comparedo the mesheof 3D scannedandthe iso-surfice
models.

We alsocompareghe memoryef ciency of Ray-Stripsto several
otherhierarchieshat were previously usedto reducethe costfor
storingthe acceleratiorstructure. Table2 shawvs resultsfor a sub-
setof scenedrom Tablel. kd-treesand spatialkd-trees[42] are
both relatively light-weight structuresthat are optimizedfor fast
ray tracingof staticscenesPreviousapproachealsoincludecom-
pressedBVH structuressuchas limited precisionBVHs [26] as

[ Model [ Triangles| Ray-Strip(fps) | BVH (fps) ]

Bunry 67k 2.39 4.52
Buddha 1.2M 2.26 3.72
Thai 10M 2.29 3.04
Iso-surfice 10M 1.73 2.62
Powverplant | 12.7M 0.70 0.39
Lucy 30M 1.85 0.04

Table 3: Results: Rendering performance for single rays. This table
showsrenderingperformanceusingsingleraysfor a standad BVH imple-
mentationand the sameimplementatiorrunning on Ray-Strips.Thereso-
lution for renderingwas5122 usingonecore, and only primary rayswere
used.

[ Model T Triangles| Ray-Strip(fps) | BVH (fps) |
Bunry 67k 7.04 10.42
Buddha 1.2M 5.21 5.10
Thai 10M 3.89 3.10

Iso-surfice 10M 4.20 5.52
Powverplant | 12.7M 1.76 0.71
Lucy 30M 2.95 0.05

Table 4: Results: Rendering performancefor 2 2rays. Thistableshows
renderingperformanceusing2 2 ray padets,again for a standad BVH

implementatiorand the sameimplementatiorrunning on Ray-Strips. The
resolutionfor renderingwas 5122 usingone core, and only primary rays
were used.

well aslight-weight BVHs [9]. Both methodsguantizethe coor
dinatesof the axis-alignedboundingboxesandarethereforeable
to reducethe memorycostfor storingeachnode. They alsostore
multiplereferenceso trianglesin eachleafnodein orderto useless
nodesoverall. As theresultsshav, Ray-Stripsrepresenthe hierar
chy muchmoreefciently thanboth kd-treesandspatialkd-trees,
but maytake somavhatmorespacehanthecompressetepresenta-
tions. However, the compressedalueshave to be decodedraver
sal and boundingboxes may be enlaged due to the conserative
quantization|eadingto anoverheadf traversednodes.Therefore,
renderingusing the compressedtructuress incursa larger over
headthanusingRay-Strips.In addition,neitherof the approaches
aborvereduceshememoryfootprintfor storingthegeometry How-
ever, the Ray-Stripsapproachs largely orthogonako compression
approachesndcouldpotentiallybe combinedor acumulative ef-
fect.

Renderingperformance: Theperformanceesultsof usingRay-
Stripsare presentedor singleraysin Table3. Althoughthe pure
renderingperformances slightly lower thana standardBVH, the
behaior of Ray-Stripsfor complex modelsshaws thatthe SIMD

utilization and memorycompl«ity haseffectson the framerates
(notethatin the Lucy scenethe full BVH rendererhadto oper

ateout of coreandthereforewasslower thanwould otherwisebe
expected.)We alsotestedthe performancavhenusingray paclet
traversalfor 2 2 paclets(seeTable4) andfoundthat Ray-Strips
gain similar speed-updy using SIMD units comparedto stan-
dardBVH traversalandstill performvery well on complex models
wherethe standardpaclet traversalbecomesslow dueto lack of

coherence.

Construction: Performingthe stripi cation of the input model
addssomeoverheado the constructionof the hierarcly, which is

shavnin Table5. Almostall theadditionattimeis spentn thestrip-

i cation library, which is not optimizedfor speed.If necessarya

fastedibrary canbe usedinstead However, sincethemainapplica-
tion for Ray-Stripsis renderingcomple« models,the construction
is usuallyperformedasa preprocessingtepandthehierarchiecan
beloadedfrom diskfor runtimerendering Notethatthe CAD mod-

elsin generalonly have muchsmallertrianglestripssincethereis

alower degreeof connectvity in theinputdata.
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Model Tris Memorytotal (MB) / Reduction Memorygeometry(MB) Memoryhierarcly (MB)
Ray-Strip|  minimal optimized | Ray-Strip | minimal | optimized | Ray-Strip | BVH
Bunry 67k 15 5.5(-73%) 7.4(-80%) 1.2 14 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-surbce | 10M 220 822(-73%) | 1095(-80%) 110 195 469 108 626

Table 1: Results: Memory complexity. Thistable showsthe memoryrequirrmentdor our approad aswell asthe two usualothertriangle representations
combinedwith a BVH usingaxis-alignedboundingboxes.Thetotal memorycostcanbe split up into memoryrequirementdor the hierarchy aswell asfor the
actual geometry Thecomparisorstructuesare a minimal representatiowhich storesjust 3 vertex refeencesand a material pointer per triangle), aswell
asthetriangle representatioroptimizedfor intersectionspeedas usedin [Wald 2004]. For Ray-Stripsandindexedtriangle lists, the sizeof the global vertex

listisincluded.
Model | Triangles| Ray-Strip | kd-tree | spatialkd-tree | LBVH | LPBVH
[42] [42] [ [26]
Bunry 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: e compae the relative memorycompleity of several acceleation structuesto Ray-Stripgall values
in MB, “n/a” signi es thatthe modelwasnot usedin therespectivpaper) Thespatialkd-treeis an object-level hierarchy similar to our Ray-Striphierarchy,

LBVH and LPBVH are both compessedBVH structules storing multiple primitives at leafsand valueswere taken for the highestcompessionratio in the
respectivgpapess, which usuallyleadsto a signi cant degradationin performance Notethat our approac could usethe compessionfromthoseappoades
for further memoryreduction.Neitherof the techniqguesabove compesseshe geometrydata.

6.2 Analysisand Limitations

Theresultsabave shav thatRay-Stripsarean ef cient representa-
tion for our testedcomplex benchmarks.In practice ,the memory
improvementsgainedfrom usingRay-Stripsare highly dependent
on nding sufciently longtrianglestripsto build thehierarcly on.
Olviously, this makesour approachunsuitablefor modelswithout
ary meshconnectvity (e.g. without ary sharedvertices). In that
case the Ray-Striprepresentatioshavn in section4 becomesan
indexedtrianglelist with astandardVH (justwith theadditionon
the2-byteheadesstoringthetrianglecount)andperformanceains
arelost. However, the memoryoverheadaddedis only very small
andneitherwill therebe a performancdosscomparedo usingan
indexedtrianglelist to startwith.

Our currentimplementatiorusesthe stripi cation library Stripe
[14], which wasdesignedor rasterizatiorandunlike mary newver
approachesorks on generameshesvithout limitationson thein-
put. Sincethe computedstripscanbe sub-optimalfor ray tracing,
it shouldbe quite possibleto furtherimprove the performanceof
our approacheby designinga stripi cation algorithmthatchooses
stripsbasedn ray tracingcriteria.

As presentedn section3 and 4, our systemusesa BVH with
axis-alignedboundingboxesasthe high-level hierarcly, but is im-
portantto notethatin principle ary acceleratiorstructurecan be
usedinsteadsinceit is built on the Ray-Strips. We nd thata
BVH usually provides a reasonableompromisebetweenrender
ing speed,e xibility andeaseof use.lt is alsoeasilyupdateableso
thatdynamicsceneganbehandledef ciently . If maximumperfor
mancefor a staticscends desireda kd-treemaybea betterchoice
and might reducethe memoryfootprint slightly. Note that Ray-
Stripscanbe updatedin the samemanneras BVHs, but have the
limitation thatmeshconnecwity cannotchangein the animation,
e.g.objectscannot‘break”.

7 FUTURE WORK AND CONCLUSION

We have proposeda novel compactrepresentationRay-Strip, for
ray tracingtriangularmeshesBy usingour representationye are
ableto reduceup to 80% of the memoryfootprint over prior ap-
proachesWe arealsoableto obtainperformancemprovementson
ray tracingof large datasetslueto increasedIMD utilization and

andmorecoherentmemoryaccessomparedo astandargccelera-
tion structure Thismakesourrepresentatioanattractve candidate
for futureray tracingsystemsndhardware.

Thereare mary interestingissuesfor future work. It would be
usefulto extendthe meshrepresentatioto includegeometrycom-
pressionand hierarcly compressionwhich canfurther lower the
memoryoverhead. Another promisingavenueis integrationwith
a LOD techniguesuchas R-LODs [43] for out-of-corerendering
of more complex models. We are also interestedin investicat-
ing stripi cation algorithmsthat are optimizedtowardsgenerating
stripssuitablefor ray tracingwith Ray-Strips.Finally, we planto
investicatethe effectsof usingRay-Stripson otherdataparallelar
chitecturesuchasGPUs.
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