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Abstract

For almosttwo decadeseseachers havearguedthat ray tracingwill eventuallybecomedasterthan the rasteri-
zationtechniquethat completelydominatesodaysgraphicshardware. However, this hasnot happenedset. Ray
tracingis still exclusivelybeingusedfor off-line renderingof photoealisticimagesandit is commonlybelieved
thatraytracingis simplytoo costlyto ever challenge rasterization-basedlgorithmsfor interactiveuse However,

theris hardly anyscientificanalysisthat supportseitherpointof view. In particular there is no evidenceof whee
thecrosswer pointmightbe at which ray tracingwould eventuallybecomdaster or if sud a pointdoesexistat

all.

Thispaperprovidessereral contributionsto this discussion\Mefirst presenta highly optimizedmplementatiorof

a ray tracerthat improvesperformanceby more thanan order of magnitudecompaedto currently availableray
tracess. The new algorithm males betteruseof computationaresoucessud as cachesand SIMD instructions
and betterexploits image and objectspacecoheence Secondlywe showthat this softwae implementatiorcan
challenge and even outperformhigh-endgraphicshardware in interactive renderingperformancefor comple

ervironmentsWe also provide an brief overviewn of the benefitsof ray tracing over rasterizationalgorithmsand
point outthe potentialof interactiveray tracing bothin hardware andsoftwae.

1. Intr oduction
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Raytracingis famousfor its ability to generatéigh-quality
imagesbut is alsowell-knawn for long renderingtimesdue
to its high computationakost. This costis dueto the need
to traversea scenewith mary rays, intersectingeachwith
the geometricobjects,shadingthe visible surface samples,
andfinally sendingthe resultingpixelsto the screenDueto
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the costassociatedavith ray tracingthe techniqueis viewed
almostexclusively asan off-line techniquefor caseswvhere
imagequality mattersmorethanrenderingspeed.

Onthe otherhandray tracing offers a considerableum-
berof advantageover otherrenderingechniquesBasicray
castingj.e.samplingthescenewith individual rays,is afun-
damentataskthatis thecoreof alargenumberof algorithms
notonly in computergraphics Otherdisciplinesusethe sa-
me approachfor exampleto simulatepropagatiorof radio
wavest, neutrontransportanddiffusion33. Anotherexam-
ple is DARPA's large “Data Intensive Systems”(DIS) pro-
ject 10, which is mainly motivatedby the needto speedup
ray tracingfor computingradarcrosssections.

But evenif weonly concentrat®nrenderingapplications,
ray tracing offers a numberof benefitsover rasterization-

(© TheEurographicdAssociatiorandBlackwell Publisher22001.Publishedy Blackwell
Publishers 108 Cowley Road,Oxford OX4 1JF UK and350 Main Street,Malden,MA
02148,USA.

Figure1: Interactiveraytracing: Theoffice confeenceand
SodaHall modelscontainroughly40k, 680k,and 8 million
triangles, respectivelyUsing our softwae ray tracing im-
plementatioron a single PC (Dual Pentium-IIl, 800 MHz,
256MB)at a resolutionof 512 pixels,thesescenegender
at roughly 3.6, 3.2, and 1.6 framesper secondusing both
processcs.

basedalgorithmsthat dominatetodaysalgorithmstargeted
atinteractive 3D graphics:

OcclusionCulling and Logarithmic Complexity Raytra-
cing enables efficient rendering of complex scenes
throughits built in occlusionculling aswell asits loga-
rithmic compleity in thenumberof sceneprimitives.
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Flexibility Raytracingallows usto traceindividual or un-
structuredyroupsof rays.This providesfor efficientcom-
putationof justtherequirednformation,e.g.for sampling
narrav glossyhighlights,for filling holesin image-based
renderingandfor importancesamplingof illumination42.

Efficient Shading With ray tracing, samplesare only sha-
dedafter visibility hasbeendeterminedGiventhe trend
towardmoreandmorerealisticandcomplex shadingthis
avoidsredundantomputationdor invisible geometry

Simpler ShaderProgramming Programmingshaderghat
createspeciallighting andappearanceffectshasbeenat
thecoreof realisticrendering While writing shaderge.qg.
for the RenderManstandard®) is fairly straightforvard,
adoptingtheseshaderdo be usedin the pipelinemodelof
rasterizatiorhasbeenvery difficult 31. Sinceraytracingis
not limited to this pipelinemodelit canmale directuse
of shaderg6 38,

Corr ectnessBy defaultray tracingcomputesnostly physi-
cally correctreflections,refractions,and shading.In ca-
se the correctresultsare not requiredor are too cost-
ly to compute,ray tracing can easily make use of the
sameapproximationsusedto generatetheseeffects for
rasterization-basedpproachessuchasreflectionor en-
vironmentmaps.This is contraryto rasterizationwhere
approximationsare the only option andit is difficult to
evencomecloseto realisticeffects.

Parallel Scalability Raytracingis known for being“trivi-
ally parallel” aslong asa high enoughbandwidthto the
scenadatabaseis provided. Giventheexponentialgronth
of availablehardwareresources;ay tracingshouldbebet-
ter ableto utilize it thanrasterizationywhich hasbeendif-
ficult to scaleefficiently 12. However, theinitial resources
requiredfor aray tracingenginearehigherthanthosefor
arasterizatiorengine.

Coherence is thekey to efficient rendering Dueto the low
coherencebetweenrays in traditional recursve ray tra-
cing implementationsperformancehasbeenratherlow.
However, aswe shaw in this papeyray tracingstill offers
considerableoherencehatcanbe exploitedto speedup
renderingto interactive levelsevenon a standardCs.

It is dueto this long list of adwantagesthat we belie-
ve ray tracingis an interestingalternatve evenin the field
of interactize 3D graphics.The challenges to improve the
speedof ray tracingto the extent thatit cancompetewith
rasterization-basealgorithms.It seemghatsomehardware
supporwill eventuallybeneededo reachthisgoal,however
in this papemwe concentrat®n a puresoftwareimplementa-
tion.

While it is certainlytrue thatray tracinghasa high com-
putationalcost,its low performanceon todayscomputerss
alsostronglyaffectedby the structureof thebasicalgorithm.
It iswell-known thattherecursve samplingof ray treesneit-
her fits with the pipelineexecutionmodelof modernCPUs
nor with the useof cachingto hide low bandwidthandhigh
lateny whenaccessingnain memory?2s.

Mary researctprojectshave addressethetopic of spee-
ding up ray tracing 14 15 by variousmethodssuchasbetter
acceleratiorstructuresfasterintersectioralgorithms paral-
lel computation®4 8, approximatecomputation$, etc. This
researcthasresultedin alarge numberof improvementsto
the basicalgorithmandis documentedn the ray tracingli-
teratureof the pastdecades.

In ourimplementatiorwe build onthis previouswork and
combineit in a novel andoptimizedway, payingparticular
attentionto caching pipelining,andSIMD issuedo achie/e
more than an order of magnitudeimprovementin ray tra-
cing speedcomparedo otherwell-known ray tracerssuch
as Rayshadeor POV-Ray As a resultwe are able achieve
interactive frameratesevenon standard®Cs(seeFigurel).

We start this paper with a description of our high-
performanceay tracing engine,discussinggeneraloptimi-
zationstrat@jies(Section2), a vectorizedintersectioralgo-
rithm usingintel’s SSESIMD instructionswhichis working
onpacletsof rays(Section3), asimpleandefficient BSPtra-
versalalgorithmsthatalsoworksonray paclets(Sectiord),
andfinally a SIMD shadingmplementatior{Section5). The
performanceof our ray tracing engineis thenevaluatedin
Section6.

Wethenuseourraytracingengineto shaw thatraytracing
is particularlywell suitedfor efficient renderingof comple
models(Section7). We evaluatethe performanceandscala-
bility of ourraytraceronanumberof modelsrangingfrom a
few ten-thousandip to 8 million triangles We alsocompare
our softwareray traceragainsthe performancef OpenGL-
basedasterizatiorhardwaresuchasalow-costNvidia GPU,
a SGI Octaneworkstation,anda SGI ONYX-3 graphicssu-
percomputeiWe shav thateventodaythe performancef a
softwareray traceron a single PC can challengededicated
rasterizatiorhardware for complex ervironments.Additio-
nally, we shaw early resultsof distributedray tracingusing
a few desktopPCsthat outperformsthe graphicshardware
above for complex scenes.

1.1. Previous Work

Even thoughray-tracingis asold as 1968420439  its use
for interactve applicationds relatively new. RecentlyParker
etal. 282930 demonstratedhatinteractve frameratesould
be achieved with a full-featuredray traceron alarge shared
memorysupercomputer

Theirimplementatioroffers all the usualray tracingfea-
tures,includingparametricsurfacesandvolumeobjects but
is carefully optimizedfor cacheperformanceand parallel
executionin a non-uniform memory accessernvironment.
They have proven that ray tracing scaleswell in the num-
berof processorin asharedmemoryervironment,andthat
evencomplex scene®f severalhundredhousandrimitives
couldberenderedat almostreal-timeframerates.

(© TheEurographic#ssociationandBlackwell Publisher2001.
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Pharret al. 32 have shavn that coherencean be exploi-
ted by completelyreorderingthe ray tracing computation.
They wereableto rendersceneswith up to 46 million tri-
anglesTheirapproactactively manageshescenegeometry
andraysthroughpriority queuesnsteadf relyingonsimple
cachingaswe do. However, their systemwasfar from real
time.

Hardwareimplementation®f ray tracingareavailable4,
but are currently limited to acceleratingoff-line-rendering
applicationsanddo not targetinteractve framerates.

2. An Optimized Ray Tracing Implementation

The following four sectionsdescribeour implementation
of a highly optimizedray tracing enginethat outperforms
currentlyavailableray tracersby morethananorderof ma-
gnitude(seeSectiont).

We startwith an overview of generaloptimizationtech-
niguesand how they have beenappliedto our ray tracing
engine suchasreducingcodecompleity, optimizingcache
usage reducingmemory bandwidth,and prefetchingdata.
A similar discussiorof optimizationissues- althoughon a
higherlevel — canalsobefoundin 39. In thefollowing secti-
onswethendiscusgheuseof SIMD instructionscommonly
availableon microprocessortoday to efficiently implement
the main threecomponent®f a ray tracer:ray intersection
computationsscendraversal,andshading.

2.1. Code Complexity

A modernprocessohasseveral hardware featuressuchas
branchprediction,instructionreordering speculatie execu-
tion, and othertechniques!” 18 in orderto avoid expensi-
ve pipeline stalls. However, the succesf thesehardware
approachess fairly limited and dependgo a large degree
onthecompl«ity of theinput programcode.Thereforewe
prefer simple codethat containsfew conditionals,and or-
ganizeit suchthatit canexecutein tight innerloops.Such
codeis easierto maintainandcanbe well optimizedby the
programmeras well as by the compiler Theseoptimizati-
onsbecomemoreandmoreimportantasprocessopipelines
getlongerandthe gapbetweemprocessospeedcandmemory
bandwidthandlateng opensfurther

For traversing the scene,we use an axis-alignedBSP-
tree?3: Its raytraversalalgorithmis shorterandsimplercom-
paredto octrees boundingvolume hierarchiegBVH), and
grids.Eventhoughmosteasilyformulatedrecursvely, it can
betransformedo a compaciterative algorithm?1.

We have alsochoserto only supporttrianglesasgeome-
tric primitives.As a result,the innerloop that performsin-
tersectioncomputation®n lists of objectsdoesnot have to
branchto a differentfunctionfor eachtype of primitive. By
limiting the codeto triangleswe loselittle flexibility asall
surfacegeometrycan be converted. The sameapproachs

(© TheEurographic#ssociationandBlackwell Publisher2001.

beingusedby mostcommerciaray tracergaccordingo in-
formationfrom their developers).While the numberof pri-
mitivesincreasesthis is morethancompensatetly the bet-
ter performancef theray tracingengine.

For shadingwe needthe flexibility to supportarbitrary
shadersandthusallow for dynamicloadingof shadersAd-
vancedshadingeaturedik e multi-texturing, bump-mapping
or reflectionscould be addedwithout changingthe core of
the ray tracing engine.Flexibility in the shadingstageis
much less problematicthan for intersectioncomputations,
asit is only calledoncefor eachshadingray, while we per
form anaverageof 40-50traversalstepsand5-10intersecti-
ontestsperray.

2.2. Caching

Contraryto generalopinion, our careful profiling reveals
thata ray traceris not boundby CPU speedput is in fact
bandwidth-boundby accessto main memory Especially
shootingraysincoherently(asdonein mary globalillumina-
tion algorithms)resultsin almostrandommemoryaccesses
andbad cacheperformanceOn currentPC systemspand-
width to mainmemaoryis typically up to 8-10timeslessthan
to primary cachesEven moreimportantly memorylateny
increasedy similar factorsaswe go dowvn thememoryhier
archy For example ourtriangletestis morethan60%slower
if the datahasto be fetchedfrom main memoryinsteadof
beingin the cache.Memory issuesbecomeeven moreim-
portantfor BSPtraversal,wheretheratio of computatiorto
memorybandwidthis lower, thusmakingit moredifficult to
hidelatencies.

Sincedatatransferbetweermemoryandcacheis always
performedn entirecachdinesof 32 bytes theeffectivecost
whenaccessingnemoryis not directly relatedto the num-
berof bytesread,but the numberof cacheline transfersAs
ageneraresultwe needto carefullylay out datasuchthatit
malkesbestuseof the available cachesanddesignour algo-
rithmssothatwe canefficiently hidelateng by prefetching
data,suchthatit is alreadyavailablein a cachewhenit is
neededor computations.

We carefullyalign datato cachdines: This minimizesthe
additionalbandwidthrequiredto loadtwo cachdinessimply
becaussomedatahapperto straddleacachdine boundary
However there are often trade-ofs. For instanceour trian-
gle datastructurerequiresabout37 bytes.By paddingit to
48 byteswe trade-of memoryefficiengy andcacheline ali-
gnment.

We keepdatatogetherif andonly if it is usedtogether:
E.g.only datanecessarfor atriangleintersectiortest(plane
equation.etc.) are storedin our geometrystructureswhile
datathatis only necessarfor shading(suchasvertex colors
and normals,shaderparametersetc.) is storedseparately
Becauseve intersecton averageseveraltrianglesbeforewe
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find anintersectionwe avoid loading datathat will not be
used.

Giventhe hugelateny of accessingnain memoryit be-
comesnhecessaryo load datainto the cachebeforeit will
be usedin computationsand not fetch it on demand.This
way the memorylateny canbe completelyhidden.Most of
todaysmicroprocessorsffer instructionsto explicitly pre-
fetch datainto certaincachesHowever, in orderto usepre-
fetchingeffectively, algorithmsmustbe simpleenoughsuch
thatit caneasilybe predictedwhich datawill be neededn
thenearfuture.

2.3. Cachesand Mailboxes

We also separateead-only e.g. preprocessedriangle da-
ta, from read-writedata such as mailboes 5. If a mail-
box would be storedwith the triangle dataasin the origi-
nal proposal anentirecacheine would be marked changed
eventhoughonly asingleintegerhasactuallybeenmodified.
This becomes hugeproblemin a multi-threadedenviron-
ment,whereby constantlychangingmailboxeseachproces-
sorkeepsinvalidatingcacheinesin all otherprocessors.

Theseproblemscan easily be resoled by emplo/ing a
simplehashingnechanismeachthreadcomputingintersec-
tionshasasmallhashtableof entriesof theform (triangleld,
rayld). A mailboxlookup thensimply consistsof checking
the correspondinghashtableentry. Sincea goodscenetra-
versalalgorithmresultsin only a few triangleintersections
perray, the hash-tableanbekeptsmall.

Similarly we do not needan elaboratenashfunction but
simplemaskingof the triangleid will do. Dueto the small
amountof memoryusedandthefrequentaccessew its ent-
ries,thehashtablewill stayin thefirst level cachesnostof
the time. Occasionaledundanintersectionf objectsdue
to hashcollisionsarefar outweighedoy thevastlyimproved
memory-performancélhis mechanisms simpleenoughto
beimplementedy only afew linesof code.

2.4. Coherencethr ough Packetsof Rays

The mostimportantaspectof acceleratingay tracingis to
exploit coherencasfar aspossible Our mainapproachs to
exploit coherencef primaryandshadev raysby traversing,
intersectingand shadingpadkets of raysin parallel. Using
this approachwe canreducethe computetime of the algo-
rithm by usingSIMD instructionson multiple raysin paral-
lel, reducememorybandwidthby requestinglataonly once
perpaclet, andincreasecacheutilization at the sametime.

2.5. Parallelism thr ough SIMD Extensions

Several modern microprocessomrchitecturesoffer SIMD
extensionswhich allow to executethe samefloating point
instructionsin parallelon several (typically two to four) da-
ta values therebyyielding a significantspeedugor floating

pointintensive applicationsncluding 3D graphics Suchex-

tensionsalso containinstructionsfor explicit cachemana-
gementlike prefetching.Examplesof suchextensionsare
Intel's SSE1%, AMD’ s 3dNow! 1, andIBM/Motorola’s Al-

tiVec2s,

In the following threesectionswe discussin moredetail
how coherentomputationswith pacletsof raysand SIMD
operationscan be usedtogetherto speedup the core of a
raytracer namelytriangleintersectionraytraversalandsha-
ding.

3. Ray-Triangle Intersection Computation

Optimalray triangleintersectioncodehaslong beenan ac-
tive field of researchn computergraphicsandhasleadto a
large variety of algorithms e.g.MoellerTrumbore?3, Glas-
snerl5, Badouel®, Pluecler 13, andmary others?4. Before
discussingSIMD implementationswe first describethetri-

angletestusedin our C-codewithout using assemblemor
SSEoptimizationsThis formsthe basefor our laterdiscus-
sions.

3.1. Optimized Barycentric Coordinate Test

Thetriangletestusedin our implementatioris a modifica-
tion of Badouels algorithm5. It first computeghe distance
to the point wherethe ray piercesthe planedefinedby the
triangle,andcheckshatdistancefor validity. Only if thedi-
stancealls within theinterval wheretheray is searchindor
intersectionsthe actualhit pointH is computedandprojec-
tedinto a 2D-planeperpendiculato a coordinateaxis.

In orderto preventnumericalinstabilities,the planewith
thelargestangleto thetrianglenormalis choserfor thepro-
jection. This resultsin threecasedor the intersectioncom-
putation.The barycentriccoordinate®of the hit pointH can
thenbecalculatecefficiently in 2D. Basedonthesebarycen-
tric coordinatesijt canbe decidedwhetherthe ray pierces
thetriangleor not.

For the implementationwe needonly the properly sca-
led 2D edgeequationgor two of thetriangleedgestogether
with the plane equationfor the distancecalculation,and a
tagto marktheprojectionaxis.By preprocessingndproper
scalingof theseequationsthisinformationcanbeexpressed
by 9 floatsplusthe projectionflag. For cachealignmentpur
poseswe padthat datato a total of 48 bytes.An in-depth
descriptionof theimplementatiorcanbefoundin 41.

3.2. Evaluating Instruction Level Parallelism

Theimplementatiorof the barycentrictriangletestrequires
only few instructionsand offers almostno potentialfor ex-

ploiting instruction-level parallelism.Optimizing the algo-

rithmsusingtheIntel SSEextensiongesultsin a speedupf

about20%. It is clearthatthis speedups not sufficient for

interactive ray tracing.

(© TheEurographic#ssociationandBlackwell Publisher2001.
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Bary.  Pluecler Bary. speedup
C code SSE SSE4-1
min 78 77 22 3.5
max 148 123 41 3.7

Table 1: Cost(in CPU cycles)for the differentintersection
algorithms.41 cyclescorrespondto roughly 20 million in-
tersectionger seconcona 800 MHz Pentium-I1Il. Measued
by usingtheinternal Pentium-111 CPU countes.

As anotheralternatve, we alsoevaluateda SIMD imple-
mentatiorof the Pluecler triangletest(see3é 13). Dueto ali-
nearcontrolflow anda someavhathighercomputationatost,
this triangletestoffers muchmorepotentialfor instruction-
level parallelism.The SSE implementationis straightfor
ward and shaved good speedupsomparedto a C imple-
mentationof the Pluecler test. However, dueto its higher
computationatostandparticularlyits higherbandwidthre-
quirementsthe instruction-parallePluecler codeis effec-
tively not significantlyfasterthanthe original barycentricC
code(seeTablel).

3.3. SIMD Barycentric Coordinate Test

The speedupachiezed with the instruction-paralleimple-
mentationss too smallto be of significantimpactonrende-
ring time. We thereforewent backto the alreadyfastbary-
centriccode,and useddataparallelismby performingfour
ray-triangletestsin parallel. However, this meansto either
intersectoneray with four triangles,or to intersecta paclet
of four rayswith a singletriangle.Thelattercaserequiresa
changeo theoverall architectureof theray tracingengine.

Intersectingoneray with four triangleswould requireus
to always have four trianglesavailable for intersectionto
achieve optimal performance However, voxels of accele-
ration datastructuresshouldcontainonly few triangleson
average(typically 2-3). More importantly trianglesfall in-
to threedifferent projectioncaseswith separateodeeach,
which lowersthe optionsto usedataparallelismeven more
andprecludeghe useof this approach.

In contrastt is muchsimplerto bundlefour raystogether
andintersectthemwith a singletriangle.However, this ap-
proachrequiresus to always have a bundle of four rays
available together which requiresa completelynen scene
traversalalgorithm,which we discussn the next section.

The data-paralleimplementatiorcorrespondglimostex-
actly to the original algorithmandis straightforvard to im-
plementin SSE.A potentialsourceof overheads thateven
thoughsomerays may have terminatedearly, all four rays
have to beintersectedvith atriangle.Informationon which
of the four raysis still active is keptin a bit-field, which
canbe usedto maskout invalid raysin a conditionalmove
instructionwhenthe hit pointinformationis stored.In prac-
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tice we obtain almostperfectparallelismfor primary rays
andto a somevhatlessemdegreefor shada rays.

In ourimplementationthe SSEcodefor intersectingour
rays with a single triangle requires86-163 CPU cycles.
Amortizing this cost over the four rays resultsin only 22
to 41 cycles per intersectionwhich correspondgo rough-
ly 20 to 36 million ray-triangleintersectiontestper second
on a 800 MHz Pentium-1l1l CPU. The obsered speedugs
3.5-3.7(seeTablel), andis closeto the maximumexpected
value. Note that this algorithm could also be usedto acce-
lerateotherray tracing-basedenderingalgorithmssuchas
memorycoherentay tracing32.

4. BSPTraversal

Evenbeforeacceleratinghetriangletest traversalof theac-
celerationstructurewastypically 2-3 timesascostlyasray-
triangle intersection As the SSEtriangle intersectioncode
reducedheintersectioncostby morethana factorof three,
traversalis thelimiting factorin ourray tracingengine Sin-
ceour SSEintersectiorproceduregequiresusto alwayshave
four raysavailablethis suggesta dataparalleltraversalof a
bundleof atleastfour rays.

A wide variety of ray tracing acceleratiorschemeda-
ve beendeveloped suchasoctreesgeneraBSP-treesaxis-
alignedBSP-treestegularandhierarchicalgrids, ray classi-
fication, boundingvolume hierarchiesand even hybrids of
several of thesemethods See3” 15 for anoverview andfur-
therreferencesOur mainreasorfor usinga BSPtreein our
implementatioris the simplicity of the traversalcode: Tra-
versinganodeis basedn only two binarydecisionspnefor
eachchild, which canefficiently be donefor several raysin
parallelusing SSE.If ary ray traversesa child, all rayswill
traverseit in parallel.

This is in contrastto algorithmslike octreesor hierar
chical grids, whereeachof the rays might take a different
decisionof which voxel to traversenext. Keepingtrack of
thesestatess non-trivial andwasjudgedto betoo compli-
catedto beimplementecefficiently. BoundingVolumeHier-
archieshave a traversalalgorithmthat comesclosein sim-
plicity to BSPtrees However, BVHs do notimplicitly order
their child nodeswhich is anothereasorfor our choiceof
axis-alignedBSPtrees.

4.1. Traversal Algorithm

Beforedescribingour algorithmfor traversalof four raysin
parallel,we first take a look at the traversalof a singleray,
aspresentedn 23 In eachtraversalstep,we maintainthe
currentray sgment[near far], which is the partof theray
thatactuallyintersectghecurrentvoxel. Thisray sggmentis
firstinitializedto [0, c0), thenclippedto theboundingbox of
thesceneandis updatedncrementallyduringtraversal.For
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Figure2: Thethreetraveisal casesn a BSPtree:Aray say-
mentis completelyin frontof the splitting plane(a), comple-
tely behindit (b), or intersectsbothsides(c).

eachtraversednode,we calculatethe distanced to the split-
ting planedefinedby thatnode,andcomparehatdistanceo
thecurrentray segment.

If theray sggmentlies completelyon onesideof the split-
ting plane(far < d ord < near), weimmediatelyproceedo
the correspondinghild voxel. Otherwise we traverseboth
childrenin turn,with theray segmentclippedto therespecti-
ve child voxel. This avoids problemsfor raysthatareforced
by anotheray from the samepaclet to traverseavoxel they
would nototherwiseraverse For thoseraystheray segment
will betheemptyinterval.

Thealgorithmfor tracingfour differentraysis essentially
the same:For eachnode,we useSSEoperationdo compu-
te the four distancedo the splitting planeandto compare
theseto the four respectie ray sggments,all in parallel. If
all raysrequiretraversalof the samechild, we immediate-
ly proceedto that child without having to changethe ray
segments.Otherwise, we traverseboth children, with each
ray sggmentsupdatedo [near min( far, d)] for thecloserre-
spectiely [maxneard), far] for thedistantchild.

Whentraversingseveralraysatthesameime, theorderof
traversalcanbeambiguoussincedifferentraysmightrequi-
readifferenttraversalorder Sincetheorderis basednly on
the sign of the respectie direction, this canhappenonly if
thesignsof thefour directionvectorsdo notmatch,whichis
ararecasef we assumeheraysto be coherentAdditional-
ly, it canbeshavn thatnotwo rayswith the sameorigin can
requiredifferenttraversalorders.This completelyresohes
this problemfor pinholecamerasandpoint light sourceslf
raysareallowedto startin differentlocations,a straightfor
ward solutionis to only allow rayswith matchingdirection
signsin the samepaclet, andtracingthe few specialcases
separately

4.2. Memory Layout for Better Caching

As mentionedabore, theratio of computatiorto theamount
of accessethemoryis very low for scendraversal.Thisre-
quiresusto carefully designthe datastructurefor efficient
cachingandprefetchingMemorybandwidthsandcacheuti-

lization have beenimproved with a compact,unified node
layout.For innernodesn aBSPnodewe have to store

e Pointersto thetwo child nodesBy implicitly storingthe
right child immediatelyaftertheleft child, this canbere-
presentedavith a singlepointer

e A flag on whetherit is a leaf nodeor the type of inner
node(splitting axis). This requirestwo bits.

e The split coordinate which is the coordinatewherethe
planeintersectsts perpendiculagxis.

For bestperformanceve useonefloat for the split coor
dinateandsqueezéehetwo flag bitsinto the 2 low orderbits
of the pointer which resultsin 8 bytespernodeor 4 nodes
per cacheline. By aligning the two children of a nodeon
half a cacheline we male surethat both children are fet-
chedtogethersincethey arelikely to be traversedtogether
The additionalcomputationgo extract thesetwo bits from
thepointerarenggligible asthetraversalcodeperformsvery
few computationsanyway comparedo the amountof me-
mory it accesses.

Forleafnodeghepointeraddressethelist of objects,and
theotherfieldscanbe usedto storethe numberof objectsin
thelist. Using the samepointerfor both nodetypesallows
usto reducememorylatenciesandpipelinestallsby prefet-
ching,asthe next data(eithera nodeor thelist of triangles)
canbe prefetchedbeforeeven processinghe currentnode.
Eventhoughprefetchingcanonly be usedwith SSEcache
controloperationsthereducecandwidthandimproved ca-
cheutilization alsoaffect the pureC implementation.

4.3. Traversal Overhead

Traversingpacletsof raysthroughtheacceleratiorstructure
generatesomeoverhead:Evenif only a single ray requi-
restraversalof a subtreeor intersectiorwith a triangle,the
operationis alwaysperformedon all four rays.Our experi-

mentshave shawvn that this overheadis relatively small as
long astheraysarecoherentTable2 shavs the overheadn

additionalBSPnodetraversalsfor differentpacletsizes.

As canbe seenfrom this experiment,overheadis in the
orderof a few percentfor 2 x 2 paclets of rays, but goes
up for larger paclets. On the otherhand,increasingscreen
resolutionalsoincreasesoherencéetweerprimaryrays.

Most important is the fact that the effective memory
bandwidthhasbeenreducedessentiallyby a factorof four
throughthenew SIMD traversalandintersectioralgorithms
astrianglesandBSPnodeseednotbeloadedseparatelyor
eachray. This effectis particularlyimportantfor ray traver-
salasthe computatiorto bandwidthratioin relatively low.

Of courseonecouldoperateon evenlargerpacletsof rays
to enhancehe effect. However, our resultsshav thatwe are
runningalmostcompletelywithin theprocessocachesven
with only four rays.We have thereforechosemotto usemo-
re raysperray paclet, asit would additionallyincreasethe

(© TheEurographic#ssociationandBlackwell Publisher2001.
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2x2 4x4 8x8 256 1024
Shiley6  1.4% 4.4% 11.8% 5.8% 1.4%
MGF office 2.6% 8.2% 21.6% 10.4% 2.6%
MGFconf. 3.2% 10.6% 28.2% 12.2% 3.2%

Table 2: Overheadmeasued in numberof additionalnode
traversals)of tracingentire padetsof raysat animage reso-
Jution of 1024 in thefirstthreecolumns:Asexpectedpver-
headincreaseswith scenecomplexity (800, 34k, and 280k
triangles, respectivelyand padet size but is tolerable for
small padet sizes.Thetwo columnson the right showthe
overheadfor 2 x 2 padetsat differentscreenresolutions.

overheaddueto redundantraversalandintersectiorcompu-
tations.

5. SIMD PhongShading

As data-paralleintersectionandtraversalhasshowvn to be
very effective, the samebenefitsshouldalsoapply for sha-
ding computationsSimilar to the traversalandintersection
code,we canshadefour raysin parallel. Sincethe four hit
pointsmay have differentmaterials,datahasto be rearran-
ged.Althoughthis setupresultsin someoverheadthefollo-
wing shadingoperationganbevery efficiently implemented
in SSE yielding almostperfectutilization of the SSEunits.

Light sourcesare processedn turn: For eachlight sour
ce,we first determinais visibility by shootingshadav rays
using the traversal and intersectionalgorithms described
above. If a light sourceis visible from at leastone pixel,
its contritution to all four hit pointsis computedn parallel.
This contrikution is thenaddedto thevisible hit pointsonly,
by maskingout shadeved points. This procedurecomputes
informationthat may getdiscardedater andthushassome
overhead.However, this happensonly in the casethat the
visibility of alight sourceis differentbetweerthe setof hit
points.For acoherensetof raysthis happendut rarely

Specialcarehasto be taken when shootingthe shadav
rays.Sinceshadav raystypically make up thelargestfracti-
onof all raysin araytracer shootingthemwith thefastSSE
traversalcodeis desirableThis, hawvever, is only efficientas
longastheraysarecoherentwhichis notautomaticallytrue
for shade rays,sinceall shadav raysfrom asinglehit point
typically goin very differentdirections.However, coherent
primary rays are also likely to hit similar locationsin the
sceneyielding coherenshadav raysif connectedo oneof
thelight sourcesln theworstcase(i.e. if theraysareinco-
herent) performancelegradego the performanceachieved
whentracingeachray on its own.

Implementingheshadingn SSEoperationgjivesaspee-
dupof 2 to 2.5ascomparedo the C implementatioron top
of thespeedumpbtainedby thegenerabptimizationsdiscus-
sedabove. Texturing hasshawn to berelatively cheapEven

(© TheEurographic#ssociationandBlackwell Publisher2001.

scene flat textured
Quale 4.22fps 3.85fps
Terrain 1.05fps 0.96fps

Figure 3: Texturing comegather cheaply: Evenfor a com-
plex scenewith incoheent texture access,texturing only
slightlyreducegheframeute renderingevena sceneof one
million trianglesinteractively Image resolutionis 512.

Figure4: Framedromtheaccompanyingideoshowingthe
entire confeenceroombeingreflectedn the fire extinguis-
her (left). Performanceonly dropsslightly evenwhena large
fractionof the scends reflective Theoffice hasbeenrende-
redwith manyreflectivematerials(window lamp, mug and
others) andthreepointlight sources.

anunoptimizedversionhasreducedrameratesby lessthan
10percentascanbeseenn Figure3. Thiscostcouldproba-
bly bereducedevenmoredueto alarge potentialfor prefet-
chingandparallelcomputationshatwe currentlydonottake
adwantageof. As shadingypically makesupfor lessthan10
percentof total renderingtime, morecomple shadingope-
rationscould easilybe addedwithout a major performance
hit.

6. Performanceof the Ray Tracing Engine

After all thepartsof afull raytracerarenow togethemwe can
evaluatethe overall performanceof our system(RTRT). We
startby evaluatingthe performanceor primaryraysasthis
will allow usto comparethe ray tracingalgorithmdirectly
to rasterization-basealgorithmsthatdo notdirectly support
shadwvs, reflection,andrefractioneffects.
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Tris Rayshade POV-Ray RTRT

MGF office 40k 29 22.9 2.1
MGF conf. 256k 36.1 29.6 2.3
MGF theater 680k 56.0 57.2 3.6
Library 907k 72.1 50.5 3.4
SodaFloor5 2.5m OOM OOM 2.9
SodaHall 8m OOM OOM 4.5

Table 3: Performancecomparisorof our ray traceragainst
Rayshad@ndPOV-Ray All renderingtimesare givenin mi-
crosecondper primary ray includingall renderingopeiati-
onsfor the sameview of eat sceneat a resolutionof 512
(OOM = outof memory).

Onasingle800MHz Pentium-IIl,we achieze arendering
performancdrom about200,000to almost1.5 million pri-
maryraysper secondor the SSEversionof our algorithm.
If we comparehe performancef thethis versionto our op-
timized C codewe seean overall speedupbetweent.8 and
2.5. This is a bit lessthanthat for ray-triangleintersection
but is dueto the worseratio of memoryaccesseto compu-
tationsin thetraversalstageandthestrictsequentiatraversal
orderthatdoesnotallow for betterprefetching.

6.1. Comparisonto Other Ray Tracers

In orderto evaluatethe performanceof our optimizedray
tracingenginewe testedt againstanumberof freely availa-
ble ray tracers,ncluding POv-Ray 27 and Rayshadé2. We
have choserthe setof testsceneso that they spana wide
rangeregardingthe numberof triangle and the overall oc-
clusionwithin the scene Unfortunately both othersystems
failedto rendersomeof themorecomple testsceneslueto
memorylimitationsevenwith 1GB of mainmemory

The numbersof the performanceomparisorfor the case
of primaryraysaregivenin Table3. It demonstrateslearly
that our new ray tracing implementationimproves perfor
manceconsistentlyby a factorbetweenll and15 (!) com-
paredto both POV-Ray and RayshadeThe numbersshav
that payingcarefulattentionto cachingandcoherencéssu-
escanhave atremendougffect onthe overall performance,
evenfor suchwell-analyzedalgorithmsasray tracing.

The numbersalsoseemto indicatethat the performance
gapwidensslightly for morecomplex sceneswhichindica-
te thatthe cachingeffect getevenmorepronouncedn these
casesOurimplementatiorwastestedon a machinewith on-
ly 256 MB of mainmemory while we hadto useamachine
with 1GB of memoryfor theotherray tracers.

Somecomment®ntheseresultsarenecessaryRayshade
is usinga uniform grid asan acceleratiorstructureandwe
hadto determinethe bestgrid size for eachsceneby trial
anderror. No suchmanualoptimizationswasnecessaryor
POV-Ray andour implementation Also both otherray tra-

cerscould not dealwell with large scenesandreportedout
of memoryerrorsfor scenedeyond1 million triangles.

Of coursePOV-RayandRayshadeffer considerablyno-
refeatureghanour ray tracerengine However, mostof the-
sefeaturesareshadingrelatedandcould easilybe addedto
our engineusingdynamicallyloadableshadersThis would
have little effect on the performanceof the coreengineun-
lessthosefeaturesareused Theotherraytracersarealsonot
limited to only usetrianglesto represenbbjects.However,
we believe this is actuallyan advantagefor us andis partly
thereasorfor thegoodperformanceFinally, theseotherray
tracersarenotwritten with highestoptimizationin mind but
aremoretargetedtowardsalargefeatureset.We believe that
we will beableto shawv in the futurethatthesetwo goalsdo
notcontradicteachother

6.2. Reflectionand Shadowv Rays

Of coursea ray tracing enginewould not be completeif it
could not handleshadavs, reflection,andrefraction.These
effectsalsochallengeour overall approachasray coherence
canbe considerablytessfor shadav or evenreflectionrays.
Althoughthehandlingof secondaryaysis notyetfully opti-
mizedin ourimplementatiorwe weresurprisedy thegood
performanceve obsenedevenfor extremecasef reflecti-
vity.

The accompaying video shavs a walkthrough of the
MGF conferencescene wheremostof the materialhasat
leasta slight contrikution by reflectionrays.Eventhe doors,
wall panelswith fixtures,andmetalframesof theseatgene-
ratereflectionrays,oftenresultingin multiple reflectionsas
clearlyvisible whenzoomingtowardsthe fire extinguishey
which reflectsthe entiresceng(seeFigure4).

Sphere-lile objectssuchasthe fire extinguisherare po-
tentialhot spotsin scenedik e theseasthey cantriggerlarge
numbersof reflectionraysthat samplethe entirevisible en-
vironmentandarelikely to have adverseeffect on caching.
It is interestingto seethatthe effectis hardly noticeableas
longastheseobjectscover only moderategartsof theimage.
In thiscaseonly afew raysarereflectedalmostrandomlyin-
to theenvironment. Thoserayspotentiallysamplethe entire
scenebut our acceleratiorstructuresuccessfullflimits the
databeing accessedo only a few BSP-cellsand triangles
alongthe pathsof thosefew rays.As aresulttheimpacton
performanceemaindow.

Performancelegradessignificantlyonly if zoomingin on
a reflective objectsuchthatit fills the field of view. In this
casealmostall visible geometrywill actually be sampled
andcachingwill nolongerbeeffective for largescenesHo-
wever, this is anunavoidableconsequencef dealingwith a
working setmuchlarger thanthe cache(our largestscenes
occupy closeto 2GB of memoryhbut renderfine with 256
MB of main memory).In thosecasest seemsunavoidable
to useapproximationsuchasa reflectionmap.

(© TheEurographic#ssociationandBlackwell Publisher2001.
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An exampleimagerenderedvith reflectionsandshadavs
canalsobe seenon theright in Figure 4. Many objectare
reflectve and generateeflectionsrays. Also threeshadev
raysaresentfor eachintersectionThe performanceés main-
ly influencedby the numberof shadev rays.

7. Ray Tracing of Complex Scenes

Thereis astrongtrendtowardsmoreandmorecomplex sce-
nesthat needto be renderedMary disciplinesneedto vi-
sualizelarge assembliesuchas whole cars, ships,airpla-
nes,power plants,andsimilar structureslt is often very ti-
me consumingo preprocesshe datain orderto reducethe
compleity to alevel manageablby currentrenderingtech-
nology Thesepreprocessingtepsare non-trivial andoften
requireconsiderablaiserinteraction?. We expectthis trend
to more complex modelsto increaseascomputingand me-
mory resourcegnale large assemblieasierto storeand
handle.

Raytracingstill needspreprocessindor thosedatasets,
but this preprocessings limited to purespatialorderingand
doesnotinvolve ary complex computation®nthegeometry
itself, aswould for instancegeometricsimplification. Addi-
tionally ray tracing hasocclusionculling built into the al-
gorithmsand doesnot requirecomple« precomputatiorof
data,suchasthe potentiallyvisible set(PVS) or similar da-
ta structure€?. Consequentlyray tracingis especiallywell
suitedfor largeandcomplex models.

7.1. Comparisonwith Rasterization Hardware

We startedthis paperwith the claim madeby researchers
in the pastthat ray tracing would eventually becomefa-
sterthanrasterizatiorhardware.However, it wasunclearat
which point thatcross@er would happenif atall. With the
ray tracing systemdescribedabose we arenow in a posi-
tion to answerthis questionsWe have alreadyreachedhe
cross@er point and cannow even outperformrasterization
hardware with a softwareray tracer— at leastfor complex
scenesaindmoderatescreerresolutions.

For this demonstratiorwe comparedhe performanceof
our ray tracing implementationwith the renderingperfor
manceof the OpenGL-basedhardware. In orderto getthe
highestpossibleperformanceon this hardware we chose
to renderthe sceneswith SGI Performer3s, which is well-
known for its highly optimizedrenderingenginethat takes
adwantageof most available hardware resourcedncluding
multiprocessingon our multiprocessomachines We have
usedthedefaultparametersf Performemwhenimportingthe
scenalatavia the NFF formatandwhile rendering The 32-
bit versionof Performerthatwe usedwasunableto handle
the largestsceneg(SodaHall) becausét ranout of memory
We usedsimpleconstanshadingn all cases.

The rasterizatiormeasurementsf our experimentsvere

(© TheEurographic#ssociationandBlackwell Publisher2001.

Scene Tris Octane Onyx PC RTRT

MGF office 40k >24 > 36 12.7 1.8

MGF conf. 256k >5 >10 54 1.6
MGF theater 680k 0.4 6-12 1.5 1.1

Library 907k 1.5 4 1.6 1.1
SodaFloor 2.5m 0.5 1.5 0.6 1.5

SodaHall 8m ooM OOM OOM 0.8

Table 4: OpenGLrenderingperformancean framesper se-
condwith SGI Performeron three different graphicshard-
ware platformscompaed with our softwae ray tracerat a
resolutionof 512 pixelson a dual processorPC. Theray
tracerusesonly a singleprocessqgmwhile SGlPerformerac-
tually usesall available

conductedon threedifferentmachinesn orderto getare-
presentatie sampleof todayshardwareperformanceOnour
PCs(dualPentium-111,800MHz, 256 MB) we usedaNvidia
GeForcell GTS graphicscardrunningunderLinux. Addi-
tionally, we usedan SGI Octane(300 MHz R12k, 4 GB)
with therecentlyintroducedv8 graphicssubsystenaswell
asabrandnew SGIOnyx-3 graphicssupercompute8x 400
MHz R12k, 8 GB) with InfiniteReality3graphicsand four
rastermanagersTheresultsareareshavn in Table4.

The resultsshav clearly that the software ray traceral-
readyoutperformthebesthardwarerasterizatiorenginedor
scenewith a compleity of roughly 1 million trianglesand
moreandis alreadycompetitve for scenef abouthalf the
size. The ray tracing numberscan be scaledeasily by ad-
ding more processors— just enablingthe secondCPU on
our machinegoublesour RTRT numberggivenin Table4.

In orderto visualizethe scalingbehaior of rasterization
andray tracing-basedendererswe usedthe large terrain
sceneshawn in Figure3 andsubsamplethe geometry The
resultsare shavn in Figure5. EventhoughSGI Performer
usesa numberof techniquego reducerenderingtimes,we
seethetypical linear scalingof rasterizationEven occlusi-
on culling would not helpin this kind of sceneRaytracing
benefitsfrom the factthateachray visits roughly a constant
numberof trianglesbut needgo traversea BSPtreewith lo-
garithmicallyincreasinglepth.Raytracingalsosubsamples
thegeometryfor the higherresolutionterrainasthe number
of pixelsis lessthanthe numberof triangles.

For sceneawith low complity, rasterizationhardware,
benefitsfrom the large initial costperray for traversaland
intersectionrequiredby a ray tracer However, we believe
thatfor thesecaseshereis still room for performancem-
provements.The largeinitial costperray alsofavors raste-
rizationfor higherimageresolutionsHowever, this effectis
linear in the numberof pixels and can be compensatedy
addingmoreprocessordpr instancen form of adistributed
ray tracer
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Figure 5: This figure showsthe logarithmic scaling of ray
tracingwith input compleity. e also showthe linear sca-
ling of differentrasterizatiorhardware. Thescenesvere ob-
tained by subsamplinghe high resolutionterrain from Fi-
gure 3 with more than one million triangles. Other scenes
showevenbetterresultsdueto more occlusion.

7.2. Distrib uted Ray Tracing

Sofarwe have concentratedn simpleray tracingwith pri-
mary raysonly thatcanbe comparedo rasterization-based
hardware.As we addspecialray tracingeffectssuchassha-
dows, reflections,or even global illumination, we are con-
frontedwith the needto traceanincreasinghumberof rays.
However, ray tracing is well-known for its almost perfect
scalabilityin adistributedenvironment.

Our small distributedray tracing systemusesthe typical
master/slae approachwith soclet-baseccommunicationA
simpleloadbalancingschemébasedn awork queueonthe
masterkeepstheclient processorbusyalmostall thetime.

Table5 shav the preliminary performanceof our engine
whenconnectingo five dual Pentium-IIl desktopPCs(800
and866 MHz, 256to 768MB of memory).In particularwe
getadecentenderingspeedwith the office scenesvenwith
reflectionsandshadevs from threepointlight sources.

The machinesare connectedwith a switched 100-Mbit
Ethernetandrenderingspeeds mainly limited by the band-
width to the computerusedfor display The uncompres-
sedpixel streameasily saturateghe available links andwe
arecurrentlyexperimentingwith higherbandwidthnetwork
componentdo eliminateor at leastreducethe currentbott-
leneck.However, the bandwidthrequirementsare only de-
pendenbn the sizeof the outputimageandarenot affected
aswe proceedo morecostly renderingoperationssuchas
morelight sourcesmoreexpensve shaderssupersampling,
andglobalillumination.

7.3. Description of Accompanying Video

This submissioralsocontainsavideo.Eachvideoclip is re-
cordedlive from the screenof oneof our PCs.Ray tracing
is computedat a resolutionof 640 by 480 pixels. The ray
tracingcomputationgreperformedon five PCs which send

Scene Tris  framerate
Library 907k  7.7fps
MGF Theater 680k  7.3fps
MGF office 40k  2.4fps(*)

Table5: Interactiverenderingperformanceof a distributed
ray tracingimplementatiorbasedon the optimizedray tra-
cing core. All images are rendeed at a resolutionof 512
onfivePCs(Pentium-III,800MHz madines).(*) Werender
primary raysonly, exceptfor the office with containsreflec-
tionsandshadowdromthreepointlight sources.

the computedpixels to the display host acrossa switched
100Mbit EthernetHigherresolutionscouldnotberendered
dueto network bandwidthrestrictions Note that somesyn-

chronizationartifactsarevisible, which aredueto the early
stageof developmentof this distributed renderingsystem.
Thecurrentframeratds alwaysdisplayedn thetitle areaof

thedisplaywindow.

Thevideostartswith a simplemodelof a Quale monster
renderedvith andwithouttexturesto shav thattexturinghas
hardlyary effectontherenderingoerformanceln particular
texturing performancés independentf scenecompleity as
eachpixel is only shadednce.All scenesrerenderedvith
only a single primary ray for eachpixel unlessotherwise
mentioned.

Thenext clip shavstherenderingof atexturedterrainsce-
necontainingl million triangles.The camerastartszoomed
in on afew triangleswith the pointeroutlining oneof them.
We thenzoomout until almostall trianglesarevisible. The
renderingperformancehange®nly slightly in theprocess.

We thenshav a walkthroughof the MGF theatrescene
containing200k triangles.The illumination hasbeenpre-
computedvith stochastigadiosityusingthe RenderRrk sy-
stemby BekaertandSuylens’.

The next clip actuallyshavs two differentmodelsof the
fully furnished,sevenfloor SodaHall building from Berke-
ley. Theinitial view is the non-illuminatedmodelconsisting
of 1.5million triangles.As we enterthe building we switch
to a illuminated model subdvided by the radiosity compu-
tationinto roughly 8 million triangles.Note thatthe model
containscoplanartrianglesof which someare black. This
createsrtifactsthatareunrelatedo therenderingalgorithm.

The next two clips shav the MGF office and conference
scenawith reflectionby almostall materials Pleasenotethe
reflectionin the doorsrails alongthe walls, andtheir fixtu-
res.Multiple reflectioncanfor instancebe seenin the lower
partof the desklampin the office clip. Performancestays
fairly high exceptwhendisplayingthereflective lampin full
screen.

Thefinal clip shawvs the office sceneagain,this time with
reflectionsandshadavs from threepoint light sourcesThe
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performancedropsaccordingto the additionalnumbersof
raysthatneedto betraced.

8. Conclusions

The computationaktostof ray tracingis known to be loga-
rithmic in termsof the numberof triangles.In contrastthe
renderingcost using a rasterizationpipeline appeardinear
in the numberof triangleseven with optimizationssuchas
view frustumculling. Thereforea break-een point in mo-
delcompleity wasexpectedabove whichraytracingwould
be preferredover rasterizatiorhardware. The main goal of
this paperwasto investigatewherethis break-een point is
located,comparingan efficient software implementatiorof
theray tracingalgorithmon a commodityPC with state-of-
the-artrasterizatiorhardware.

Our ray tracingimplementatiorexploits a numberof no-
vel techniquesdescribedabore, that male it morethanan
order of magnitudefasterthan other ray tracerswe could
comparewith:

e Carefulattentionis paidto exploiting coherencén theray
tracingalgorithmsin orderto achieze goodcachingbeha-
vior suchthat the algorithmscan essentiallyrun within

the first and secondlevel datacachesof the processors.

Ourexperimentdndicatethatthis resultsin a speed-upf
roughly half anorderof magnitude.

e Several stratgies have been investigatedfor utilizing
SIMD instructionsfound on commodity processorsin
ourimplementationwe usedintel’'s SSEextensionson a
Pentium-IllprocessorA significantspeed-uganonly be
obtainedby re-orderingthe ray tracingalgorithmso that
raysaretracedin pacletsof four coherentrays. This re-
duceghememorybandwidthby afactorof four andgives
anadditionalspeed-ugactorof about2.

We have comparedrenderingspeedsof this ray tracing
implementatioron a 800MHz Pentium-lll basedLinux PC
with thoseobtainedusing a high-endcommercialvisuali-
zationpackaggSGI Performer)on threedifferentgraphics
acceleratorgNVidia GeForcell GTS, SGI Octanewith V8
graphicshoard,SGIOnyx-3 with InfiniteReality3 graphics).
Our experimentson a variety of models(seeTable4), sug-
gestthat the break-@en point is reachedor modelsof the
orderof magnitudeof 1 million trianglesat a screerresolu-
tion of 512x 512.For largermodels ray tracingwins.

Both ray tracing andthe Z-buffer algorithm have a cost
componentinearin the numberof screerpixelsaswell ho-
wever. In hardwareimplementation®f the rasterizatiorpi-
peline,this costcomponents almostnagligible. The costof
ray tracingis directly proportionalto the numberof pixels.
Thebreak-@en pointthereforeshiftstowardsmorecomplex
models,proportionalto screenresolution.Moreover, more
sophisticatedcclusionculling algorithmscurrently being
developedmay reducethe costof arasterizatiorpipelineto
sub-lineaysimilarto ray-tracing.

(© TheEurographic#ssociationandBlackwell Publisher2001.

Ontheotherhand,by payingcarefulattentionto caching
issuesray tracingis not limited by memorybandwidthbut
runswithin the processocachesandperformancescaledi-
nearlywith theimageresolution the speedf the processar
andwith the numberof processors.

We testedourimplementatioralsoon 4-CPUsystemwith
no performancealegradationandestimatea gradualbottlen-
eck dueto limited memorybandwidthonly at around6-8
CPUswith currentPCtechnology The memorybandwidth
of currentPC systemss ratherpoor andmeasurest about
200 MB per secondto main memory A hardware imple-
mentationwould allow for memorybandwidthin the order
of several GB per secondenoughto keepa large number
of parallelray tracingunitsbusy This would allow for real-
time visualizationfor a very wide rangeof models.We are
actively investigatingsuitablehardwarearchitecturesor this
approach.

We concludethat, unlike widely believed, the ray tracing
algorithmis aviable alternatve for a Z-buffer basedasteri-
zationpipelineespeciallywhenit comeso visualizinglarge
polygonaldatasets.
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