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Abstract
Theraytracingalgorithmis well-knownfor its ability to generatehigh-qualityimagesandits �exibility to support
advancedrenderingandlighting effects.Interactiveray tracinghasbeenshownto work well on clusters of PCs
andsupercomputersbut directhardwaresupportfor ray tracinghasbeendif�cult to implement.
In this paper, we presenta new, scalable, modular, and highly ef�cient hardware architecture for real-timeray
tracing. It achieveshigh performancewith extremelylow memorybandwidthrequirementsby ef�ciently tracing
bundlesof rays.Thearchitecture is easilycon�gurableto supporta varietyof workloads.For OpenGL-likescenes
our architecture offers performancecomparableto state-of-the-artrasterizationchips.In addition,it supportsall
theusualraytracingfeaturesincludingexactshadows,re�ections,andrefractionandis capableof ef�ciently han-
dling complex sceneswith millions of triangles.Thearchitecture and its performancein differentcon�gurations
is analyzedbasedoncycle-accuratesimulations.

Categoriesand SubjectDescriptors(accordingto ACM CCS): I.3.1 [ComputerGraphics]:Hardware Architec-
ture I.3.7 [ComputerGraphics]:Three-DimensionalGraphicsandRealismB.5.1 [HardwareDesign]:Register-
Transfer-Level Implementation

1. Intr oduction

Currently, interactive computergraphicsis almost exclu-
sively availablethroughgraphicshardwarebasedontheras-
terizationalgorithm.Over the last few yearshardwareinte-
grationallowedthis approachto offer high performance3D
graphicsevenon low costPCs.

However, rasterizationhardware is severely limited by
memorybandwidthdueto frequentoverwritesof pixels in
the framebuffer and its heavy useof Z andstencilbuffers.
Currentgraphicschipsrequirethelatestmemorytechnology
andhighmemoryclock ratesto reachtheirperformance.

Additional limitationsresultfrom thestrictpipelinestruc-
ture of the rasterizationhardware. The implementationof
advancedrenderingeffectsrequirescomplex, non-intuitive,
and non-trivial useof textures,multiple renderingpasses,
andcomplex pipelineprogramming.Eventhen,mosteffects
canonly be approximatedbecausetheir complex sampling
patterncannotbesupportedef�ciently , evenfor simplecases
suchasre�ections.

Furthermore,rasterizationperformancedecreaseslinearly
with thenumberof trianglesin a scene.This requirescom-
plex algorithms,suchasgeometrysimpli�cation or occlu-

sion culling, to be implementedby applicationsin orderto
reducethenumbertrianglesto besubmittedto thehardware.

Raytracingdoesnotsuffer from theseproblems.It scales
logarithmically in the number of triangles using a sim-
ple hierarchicalaccelerationstructureandocclusionculling
comesfor free 30. The requirementsfor shadingandframe
buffer accessarelow asevery ray getsshadedexactly once
andno Z buffer testsarerequiredto resolve visibility. Ray
tracingcanalsobe parallelizedeasilyaseachray is essen-
tially independentof all otherrays.

Becauseraytracingis not limited to astrictpipelinestruc-
ture,shadingcanbeseparatedfrom visibility computations
and can be executedasynchronously. This allows the di-
rectuseof sophisticatedshaders(likeRenderMan8) thatre-
sult in physically correctimages— providing correctshad-
ows, multiple re�ections on arbitrarysurfaces,complex re-
�ectancefunctions,andcorrectvisualeffects,suchastrans-
missionandrefraction.

Attemptsto directly implementray tracing in hardware
hascausedmany problemsdueto its useof recursion,the
high requirementsfor �oating point computationandits ir-
regular and high bandwidthmemoryaccesspatterns.This
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hasmaderay tracingratherunattractive for a hardwareim-
plementation.

The ray tracing architecturepresentedin this paper is
basedon theobservationthatsigni�cant coherencebetween
raysdoesexist andcanbe exploited 30 by rearrangingthe
coreray tracingalgorithm.While this hasworked well al-
readyfor a softwareimplementationit is even moreattrac-
tive for hardware.

We show that for OpenGL-like scenesray tracinghard-
wareoffersperformancecomparableto state-of-the-artras-
terizationhardware with signi�cantly lower bandwidthre-
quirements.In addition,raytracinghardwareprovidesmuch
higherimagequality andhandlessigni�cantly largerscenes
thancurrentrasterizationhardware.

In this paper, we concentrateon the ray traversalandin-
tersectionpartof a ray tracingarchitectureandonly brie�y
considershadingwith a �x ed Phong-like re�ection model
anda singlebilinearly �ltered texture. In a relatedpublica-
tion 28 weshow thatdynamicchangesof thescenecaneffe-
ciently be supportedeven for a ray tracer. With OpenRT 29

we have alsoproposedan API for ray tracing.This API is
basedon OpenGLbut hasbeenextendedto bettersupport
therequirementsof ray tracingbasedrenderers.

Usingacon�gurationof ourarchitecturethatis compara-
ble to thecomplexityy of currentrasterizationhardware,we
achieve more than200 framesper second(fps) for typical
OpenGL-likescenes,renderedat1024x768pixels.Thestan-
dard con�guration of our architecture,which has roughly
half the costof currentrasterizationhardware,still renders
highly complex sceneswith millions of triangles,andhigh-
quality shadingincluding multiple re�ections andshadows
from severallight sourcesatmorethan25 fps.

2. PreviousWork

Interactive 3D graphicstodayis entirely dominatedby ras-
terization hardware1. Today's consumergraphic cardsre-
quiresigni�cant computepower andmemorybandwidthto
achieve their level of performance.For example Nvidia's
GeForce310 offers76GFlopsataclockrateof 200MHz and
hasa 256 bit wide memoryinterfacerunningat 230 MHz.
Theseresultsrequireat least380parallel�oating pointunits
andoffer amemorybandwidthof 7.2GB/s.

A major issuewith mostrasterizationapproachesis scal-
ability. One exception is the Pomegranatearchitecture2.
However this architecturerequireshigh bandwidthconnec-
tionsaswell ascomplex routingschemesbetweenthefunc-
tionalunits.

In contrastto rasterizationhardware, ray tracing scales
trivially, andcaneasilybe parallelized.Several approaches

y measuredin �oating pointpowerandbandwidthto mainmemory

have alreadybeenrealizedon MIMD andSIMD architec-
tures 4; 5; 13. Exploiting this scalability by massive paral-
lelization hasrecentlyallowed interactive ray tracingto be
achievedin software.It was�rst realizedonsupercomputers
16; 12; 19; 17; 18; 23 and more recently, interactive performance
has beenbrought to commodity clustersof standardPCs
30; 31. Ourhardwareimplementationis basedonanextended
versionof thesoftwareapproachoutlinedin 30. Foradetailed
overview of thestate-of-the-artin interactive ray tracingsee
27.

Besideusing existing architectures,several specialpur-
posehardwarearchitecturesfor ray tracinghavebeendevel-
oped.Initially hardwaresupportprovided wasonly for the
intersection-operation.For a survey see3. LaterDSPswere
usedto build PC-cardbasedray tracingaccellerators6. Sev-
eral volume ray casterson PC-cardshave beendeveloped
15; 22; 21 and thereis a commerciallyavailablehardwarear-
chitecturefor highqualityoff-line ray tracing26; 7.

While these projects achieved remarkableresults and
work well asaccelleratorsfor ray tracing,noneof themare
capableof delieveringfull-screenreal-timeframeratescom-
parableto thoseof currentrasterizationhardware.

Insteadof designingspecialpurposehardware for ray
tracing,anotherinterestingapproachis to map it to more
generalarchitecturesavailablein thenearfuture:Usinga a
multi-processorsystemon a singlechip 14, Purcellhasde-
velopeda highly optimizeddistributedray tracerthatwould
becapableof deliveringinteractiveperformance24. Morere-
cently, it hasbeenshown thatraytracingcanalsobemapped
to next generation's standardrasterizationhardware using
shaderprograms25. Thesetwo projectsshow thatraytracing
canin principleberealizedon suchhardwarearchitectures.
In this paperwe explore the ef�ciency andcomplexity re-
quiredfor designingspecialpurposehardwarefor ray trac-
ing.

3. The Ray Tracing Algorithm

Theray tracingalgorithmconsistsof threeparts:generating
raysfrom theviewer's eye throughthepixelsof thescreen,
tracing theserays throughthe scenedelivering trianglehit
points,and�nally shadingtheray givena hit point.For ad-
vancedlightingeffectsnew raysmaybespawnedrecursively
from thehit point.

In this paperwe concentrateon the secondpart: tracing
raysthroughthescene.Thishasbeenthemajorbottleneckin
previousattemptsto designhardwarefor ray tracing.Issues
aredealingwith the recursionandreducingthe bandwidth
requirementsto the cache,which for a naive implementa-
tion would reach� 300GB/sat 100fps for our benchmark
scenes.
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3.1. Tracing Packetsof Rays

Wald et al.30 have proposeda simple iterative traversalal-
gorithmusingaxis-alignedBSPtreesanda fastray triangle
intersectionroutine.In their systemraysaretracedin pack-
etsof four rays,whichreducesbandwidthandallowstheuse
of SIMD instructionsavailablein modernprocessors.

Weusethesameapproachbut with largerpacketsof rays.
All raysof apacketaretraversedsimultaneouslythroughthe
BSPtree,enteringa child nodeif any of therayspiercesit.
In the casewhenboth childrenneedto be traversed,the it-
erative traversalalgorithmstoresoneof thechildrenontoa
stackandenterstheotherone.Obviously, groupingraysin
a packet only works out if the rays are coherentand visit
roughlythesameitemsin theBSPtree.ThentraversedBSP
nodesneedto befetchedonly onceto beusedfor every ray
in apacket.Thisdramaticallyreducesthebandwidthin pro-
portionto thesizeof thepacket.

However, largepacketsalsoincreasetheoverheadasthey
causemoreraysto traverseBSPnodesthey would not tra-
verseif tracedindividually or in smallerpackets.To over-
come this problem, we associatea bit vector with each
packet.For eachray thisbit vectorindicateswhethertheray
is activein thecurrentbranchof theBSPtree.Thisallowsus
to ef�ciently operateononly asubsetof raysin apacketand
dramaticallyreducestheoverhead.In hardwaretheoverhead
of updatingandevaluatingthebit vectoris almostnegligible.

Measurementsshow that groupsof 64 rays are a good
compromisebetweenbandwidth requirements,additional
overhead,andon-chipmemoryrequiredfor storingtherays.
Figure 1 shows the in�uence of the numberof rays per
packet on the amountof memorytransferedduring render-
ing of one frame (i.e. the bandwidthto the cache).It also
shows the averageamountof memorytouchedby tracing
onepacket.This amountgivesa roughestimateof themini-
mumsizeacacheshouldhave.

4. The HardwareAr chitecture

Our hardwarearchitecture(seeFigure2) consistsof a cus-
tom ray tracingchip connectedto severalSDRAM chips,a
framebuffer, and a PCI/AGP bridge all placedon a single
PCboard.ThePCI/AGPbridgeis usedto uploadscenedata
andcamerasettingsfrom thehost.TheSDRAM chipsstore
the entiresceneincluding geometry, BSPtree,andmateri-
als/shaders.The imageis renderedinto the framebuffer or
transferedbackto thehost.

Thecustomchip containsour ray tracinghardwarearchi-
tectureSaarCOR(Saarbrücken's CoherenceOptimizedRay
Tracer).
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Figure 1: In�uenceof thenumberof raysper packet on the
amountof memorytransferedduringrenderingof oneframe
and the average amountof memoryrequestedby a packet.
Thelatter �gur e givesa roughestimateof theminimumsize
a cacheshouldhave.

4.1. The SaarCORChip

TheSaarCORchip is split into threemainunits:theraygen-
erationandshadingunit (RGS), theray tracingcore(RTC),
andaunit to managememoryaccess(RTC-MI).

Thearchitectureis designedtobemodularandscalableby
exploiting the inherentparallelismof ray tracingandshad-
ing. Adding morefunctionalunits to eitherthe RGSor the
RTC allowsto independentlyscaletheshadingor raytracing
performance,respectively.

4.1.1. Ray Generationand Shading

Theray generationandshadingunit is again split into three
typesof sub-units:a singlemasterdeterminingwhich eye
raywill berenderednext, oneslavefor eachconnectedRTC
receiving the coordinatesof a pixel from the masterand
managingthis ray until it is fully rendered,andthe uni�ed
memoryinterface(MemInt) handlingall memoryaccesses.
In orderto scalewith theshadingcomplexity eachslavecan
containseveralshadingunits.

4.1.2. Ray Tracing Core

Theray tracingcore(RTC) tracesraysthroughtheBSPac-
celerationstructureandintersectsrayswith trianglesfound
in theleafnodes.Accordingto thebasicstructureof raytrac-
ing, theRTC is again split into threesub-units.The traver-
sal unit receivesraysfrom theRGSandtracesthemuntil it
locatesaBSPnodecontaininga list of triangles.Thelist ad-
dressis thenforwardedto therathersimplelist unit fetching
theaddressesof thetrianglesandsendingtheir addressesto
theintersectionunit.

The intersectionunit �nally fetchesthe triangledataand
performsthe intersectioncomputation.The resultsof these
intersectionsarethensentbackto thetraversalunit.Depend-
ing ontheintersectionresultsit continuestracingtheraysor
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Figure 2: TheSaarCORhardware modelsplits into threeparts: Theray tracingcore (RTC),theray-generation andshading
unit (RGS),and RTC's memorymanager (RTC-MI).To allow for easyscaling, several RTCsare supported.Pleasenotethe
simpleroutingschemeused:it containsonlypoint-to-pointconnectionsandsmallbusses,whosewidth is alsoshownseparated
into data-,address-andcontrol-bits.

sendsthe �nal resultsbackto theslave andits shadingunit
for further processing.Eachsetof RTC andRGS-slave in
sucha con�guration is completelyindependentexcept for
thememoryinterfaceandtheconnectionto theRGS-master.

4.1.3. RTC Memory Interface

The memory interface for the ray tracing core (RTC-MI)
handlesmemoryrequestsfor all cores.It consistsof several
simple routing units (SR) implementinga simple but ef�-
cient routing scheme,threecacheseachholding a different
typeof data,andtheexternalmemorycontroller(MemCtrl)
connectingto theSDRAM chips.

4.2. Implementation Issues

In thefollowing we analyzetherequirementsof anef�cient
andhigh-performanceray tracing implementationanddis-
cusspossiblecon�gurationsthat ful�ll theserequirements.
Wealsodiscusspotentialproblemsandoptimizations.

For eachbusFigure2 lists its width separatedin thenum-
ber of data,address,and control bits. It becomesobvious
that the interconnectionbetweenthe units andsub-unitsis
very simpleandnarrow, anddoesnot requirecomplex rout-
ing. We exclusively usepoint-to-pointlinks simplifying the
overall designandits implementationin hardware.

The architectureis designedto be fully pipelined and
carefulattentionhasbeenpaidto avoid stallsin any partsof
thesystem.By avoidingstallswecanbuild deeplypipelined
units without runninginto performanceissues(seeSection
5).

4.2.1. Ray Tracing Core

Theraytracingcoreconsistsof threesub-units:thetraversal,
thelist, andtheintersectionunit. Theimplementationof the
list unit is straightforwardandnotdiscussedany further.

We startwith anestimationof thecostof traversalopera-
tions(trav-op) andintersectionoperations(int-op). For ade-
tailedoverview of thebasicalgorithmssee30. Eachtrav-op
requires64 bits of data,three�oating point (FP) additions,
andoneFPmultiplication.In contrastanint-opaccesses288
bits of data,andexecutes12 FPaddsand13 FPmultiplica-
tions(we assumethesamecostfor additionandsubtraction
andcountadivisionasthreemultiplications).

This cost differencesuggeststhat we shouldbe able to
trade intersectionoperationsfor traversaloperations.This
canberealizedby usinga �ner spacepartitioningthrougha
deeperBSP-tree,generallyresultingin lesstrianglesperleaf
cell. While this canreducethe numberof intersectionsby
building tighterenclosures,it increasestheaveragenumber
of traversaloperationsrequiredto locatetriangles.Figure3
shows this relation for a simpleanda complex scene(see
alsoSection5).

We canexploit this relationin two ways.While planning
thechipwecanoptimizefor theaveragetraversalto intersec-
tion costof ourtargetscenes.Secondly, for agivenhardware
we canload balancebetweenthe traversalandintersection
unitsby varyingthedepthof theBSPtree.For rasterization
hardware,loadbalancingbetweenvertex andfragmentpro-
cessingcanonly be achieved with LOD techniques.How-
ever, generatingLODs is a non-trivial taskwhich mustbe
supportedby theapplication.OntheotherhandtheBSPgen-
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timally choosen,performancedegradesonlyslowly.

erationis fully automaticandcanbehandledin hardwarefor
arbitraryscenes.

Our measurementsshow thata ratio of four traversalop-
erationsto oneintersectionoperationis well suitedfor most
scenes.

By supportingdifferentnumbersof traversalandintersec-
tion units we needto managethe communicationbetween
them.An importantgoal in our designwasto keepthis sort
of communicationas simple as possible.Having indepen-
dent traversalunits eachtraversingseparatepacketswould
requirecomplex routingandschedulingschemes.Insteadwe
staticallysplit eachpacketof raysinto asmany groupsaswe
have traversalsub-units.

Eachtraversalsub-unitonly traversesits groupof raysin
a packet. The resultsof all sub-unitsarethencombinedto
form the resultthat would have beencomputedby a single
traversalunit.Thusthey appearasasingletraversalunit sim-
plifying connectionsto the list and intersectionunits. This
allows us to usedirect point-to-pointconnectionsbetween
units.

The overheadintroducedby splitting the packet of rays
staticallygrows with thenumberof groupsor traversalsub-
units.A groupof raysscheduledto a traversalsub-unitmay
not containany active raysmakingit run idle. However, in
the caseof four traversalsub-unitsrunningsynchronously
their averageusageis still well above90%.

Insteadof having all traversal sub-units running syn-
chronously, we canallow themto run asynchronouslythus
reducingtheoverheadintroducedby a groupof idle raysto
a singlecycle, independentof the numberof traversalsub-
units.

Another positive effect of using multiple traversalsub-
units in parallel is the proportional reduction of latency
causedby thetraversalcomputation.Theaveragelatency of

processingraysmustbe minimized in order to reduceon-
chipstoragerequirementsandto increaseresponsiveness.

Anothersourceof latency is dueto memoryaccess.Any
ray in apacket thatrequiresaccessto slow externalmemory
would stall theentirepacket andreduceef�ciency. To over-
comethis problemwe operateon severalpacketsof rayssi-
multaneously. While onepacket is beingtraversed,thedata
for the next one can be fetched,and anotherpacket could
be intersected.This conceptis similar to multi- or hyper-
threading, usedon someof the latestprocessorsfrom Intel
andIBM andin parallelcomputers20 to overcomememory
latency andschedulingissues.

While a Pentium-4is limited to two threadsthat increase
theperformanceby up to 30%9, we candomuchbetter. Us-
ing 8 threadsincreasesperformanceby 750%andwith 16
threadsstill achieve1220%for typicalscenes.Thisindicates
thatwe canhidealmostall latency by usingmulti-threading
allowing usto usedeeplypipelinedunitsandrelativly slow
memory.

Multi-threadingwith packetsof raysmayintroduceband-
width, latency, andbuswidthproblemsfor transferringpack-
ets betweenunits in a RTC. Insteadof forwarding entire
packetsof raysduring the computation,we initially broad-
castthe read-onlypartof raysto the traversalandintersec-
tion units,which keeplocal copies.During processingit is
thensuf�cient to passsmallidsfor packetstogetherwith dy-
namicdata,suchasthecurrentactivebit-vector.

4.2.2. RTC Memory Interface

TheRTC-MI connectsall ray tracingcoreswith mainmem-
ory. Since several units needto accessa commonbus, a
routingschemehasto beused.However, complex schemes
likebutter�y networksareverycostlyto implementfor large
busses.Our goalwasto simplify thearchitectureandavoid
complex routing as far aspossible.This leadsto the most
simpleschemeusinga round-robinmultiplexer for submit-
ting memoryrequestsanda labeledbroadcastto returndata.
Eachunit allows for severaloutstandingmemoryrequests.

Eventhoughthis schemeis extremelysimpleit fully sat-
is�es the requirementsof our hardwarearchitecture,asthe
useof packets of rays hasalreadyreducedthe bandwidth
to thecachedrastically. Obviously this schemewill breakif
too many RTCsincreasethebandwidthrequirementsto the
cachesbeyond the bus capacity. Our simulationsshow that
thiswouldhappenwith 8 to 16RTCs,basedonpacketswith
64 raysanddependingon the scene.The scalabilitycould
be increasedfurther by using larger packets of rays or by
addingcaches.Sinceall memoryaccessesareread-only, no
cacheconsistency problemsarise.

The bandwidthbetweenthe cacheandmain memoryis
ratherlow sinceevenfor smallcachesof 64 KB to 144KB,
dependingon its datatype, we achieve a cachehit rateof
about95%.For thecacheswesimulateddirect-mapped,two,
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and four way set-associative cachedesigns.However, per-
formancewashardly effectedby the cachedesign(< 3%).
Theselow bandwidthrequirementsallow usto usestandard,
low-cost,andsimplePC133SDRAM technology.

In order to provide scalability in the memory interface
whenmultiple RTCsareused,we supportseveralSDRAM
chipsconnectedto thememoryinterfaceandusesimplead-
dresshashingto avoid hot spots.For our simulations(see
Section5) we assumethat our SaarCORchip runs at 533
MHz, giving a4-to-1clockratiobetweenthechipandmem-
ory. Dependingon the benchmarkscene,betweenoneand
four 16bit wideSDRAM chipsarerequired,offeringa total
memorybandwidthof 250MB/s to 1 GB/s.

Currentlyourdesignrequiresall scenedatato bestoredin
local RAM on thegraphicscard.In a relatedpublication31

weshow how thememoryaccessibleby theray tracercould
be usedas a cacheby dynamicallyloading missingscene
data.We believe that a similar systemwould alsowork in
hardware.

4.2.3. Ray Generationand Shading

In this paperwe canonly cover the ray traversalandinter-
sectionpartof therenderingarchitecture.For completeness
weprovidearoughoverview of shading.To thisendwelimit
theshaderto simplePhong-likeshadingwith bilineartexture
�ltering. Its costperrayis conservatively approximatedwith
50FPadditionsand70FPmultiplicationsincludingaddress
calculationfor texturereads.

Oursimulationsshow thatdependingonthescene,aRTC
�nishes a ray every 20 to 80 cycleson a standardSaarCOR
chip. By usingpipelining or parallelizationthis requires3
FPaddersand4 FPmultipliersfor eachslaveperformingthe
shadingoperation.This makesit 4 to 8 timeslessexpensive
thantheRTC unit in termsof hardwareressources.

Sinceshadingis alsoperformedin packetsandno over-
draw dueto the Z buffer mustbe accommodated,memory
bandwidthrequirementsfor shadingarecomparableto that
of theRTC evenwith bilineartextureaccess.Pleasenotethat
for shadingcomputationsraytracingwill generallyneedsig-
ni�cantly lower texturebandwidththanrasterization,where
complex shadingmustoften be precomputedandstoredin
textures.With asynchronousshadingsomeof thesecom-
putationscaneasilybe performedon the �y saving texture
memoryandbandwidth.

A similarargumentholdsfor coherencein textureaccess.
As trianglesget smallerobjectsspacecoherenceexploited
in rasterizationis lostbetweenmany separatelyrenderedtri-
angles.Becausewe shadepacketsof rayswe arelargely in-
dependentof individual trianglesandexploit coherenceof
texturesasthey areprojectedinto imagespace.

With ray tracingshadingparametersmustnot be carried
along through the pipeline for every triangle but can be
fetchedoncewe know that we needto shade.Someof the

shadingparametersmightevenbesharedbetweenmany tri-
anglesandmustonly beloadedonce.Thisbecomesincreas-
ingly importantasmorecomplex shadersarebeingused.Fi-
nally, shadingis decoupledfrom visibility computationsand
allows the architectureto be tunedfor speci�c target mar-
kets.

During rendering,several secondaryrays(e.g. for shad-
owsandre�ections)maybegenerated.If moreraysaregen-
eratedthan can be handledor storedby the hardware,we
simply throw away partially completedraysto avoid dead-
locking. Even this rathersimpleandnaive solutionreduces
theperformanceby only 5% to 10%andleavesmuchroom
for furtherimprovements.

5. Resultsand Discussion

The modulardesignof our architectureoffers many possi-
ble con�gurationsfor a hardware ray tracer, which makes
it dif�cult to presentan exhaustive analysis.We solve this
problemby presentinga standard con�guration,which was
derivedfrom our setof benchmarkscenes.For thesescenes
it is agoodcompromisebetweenperformanceandhardware
cost.We believe thatthis standardcon�guration is econom-
ically feasibleeven for a production-typechip with more
complex shading,sincethis standardcon�guration requires
lesshardwareressourcesthancurrentgraphicschipsbased
on rasterization(seebelow). We also presentperformance
�gures achievablefor muchlarger hardwarecon�gurations
in orderto show thepotentialof ourarchitecture.

Takingthisstandardcon�gurationasthebaseline wethen
evaluatetheimpactof selectively changingoneor a few pa-
rameters.Theresulting�gures shouldprovide suf�cient in-
sightinto thepropertiesof theoverall architecture.

ThestandardSaarCORsystemconsistsof four RTCseach
using16threadsandfour traversalsub-units.Weassumethat
thechip runsataclock rateof 533MHz andis connectedto
four SDRAM chipsrunningat 133MHz via threecachesof
272KB total.Thiscacheis split into 64KB for thetraversal
cache,64KB for thelist cache,and144KB for theintersec-
tion cache.Eachcachestoresitemsof differentdatatypes
andsizes.For example,the intersectioncachestores4096
trianglesof 288bitseach(seeFigure2).

With thestandardcon�guration,aSaarCORchiprequires
a totalof 192�oating-point units,822KB for registers-�les,
and272KB for cache,addingup to 1094KB total on-chip
memory. All on-chipmemoryis split into small localpieces
of memory, allowing for simple connections,and a feasi-
ble chip design.The RTCs are limited to a bandwidthof
1 GB/s to main memory. 192 FP-unitsis roughly half the
hardware�oating-point budgetof state-of-the-artrasteriza-
tion hardware.We assumethat for a production-typechip,
theotherhalf wouldbespentonmorecomplex shading.The
�oating-point unitsarestreamlinedversionsnot supporting
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the full IEEE standard.For comparison:the GeForce3has
380�oating-point-unitsand7.2GB/sof memorybandwidth.

5.1. A Simulator for SaarCOR

In order to analyzeand evaluateour architecture,we per-
formedcycle-accuratesimulationsof our design.Thesimu-
lator canbeadaptedto a chip technologyby specifyingthe
numberof gatesthatcanbeexecutedwithin oneclockcycle.
Thus the latency of a fully pipelinedfunctional unit mea-
suredin cyclesis its delaymeasuredin gatesdividedby this
technologyconstant.In this paper, we assumethis constant
to befour for all functionalunits.

In order to verify the correctnessof the hardwaresimu-
lation,we comparedthetraceswith a separateinstrumented
softwareray tracer.

With our simulatorwe achieve a run-timeof roughlytwo
hoursper framefor a typical sceneon a standardSaarCOR
chip. This allows us to examinea wide rangeof system-
parameterswithoutbeinglimited by simulatorrun times.

5.2. TestEnvir onment

To cover a wide rangeof applicationsTable1 providesex-
ampleswith correspondingimagesshown in Figure 4. All
sceneswere testedat full-screenresolutionof 1024x768
without oversampling.Pleasenote that all lights in the
scenescastshadows.

Figure4: Someof thescenesusedfor benchmarking

Wegroupthescenesinto threesections:theOpenGL-like,
whereonly eye raysareshot,sceneswith light sourcesand
shadows,andsceneswith light sources,shadows andmulti-
ple re�ections.

TheQuake3sceneconsistsof thelevel q3dm7of thegame
Quake3-Arena11. TheSodahallscenegivesa perfectexam-
ple of a large seven-storiesbuilding completlymodeledin
high detail— chairs,books,plants,andevenpencilson the

re�ection-
scene #triangles #lights depth raysshot

Quake3 34772 0 0 786432
Sodahall 1 510322 0 0 786432
CruiserGL 3 637101 0 0 786432

Conf 282000 2 0 2 359296
Cruiser 3 637101 2 0 2 359296

Of�ce 33952 3 3 3 863846
BQD-1 2 133537 1 3 1 583402
BQD-2 2 133537 1 3 1 548632

Table1: Thescenesusedfor benchmarking

desksaremodeled.This modelis highly occluded,whereat
eachlocationonly a smallpartof thesceneis actuallyvisi-
ble. This is wherethebuilt-in occlusion-cullingof ray trac-
ing performsoptimally. TheCruiserGLscenemodelsalarge
partof anavy battlecruiserin very �ne detail.

The Conf sceneis a model of a conferenceroom with
many chairsandtwo light sources.TheCruisermodelis sim-
ilar to CruiserGL,but enhancedwith two light-sources.

TheOf�ce scenecontainsthreelight-sourcesandseveral
re�ective objects,like the window and the re�ective ball.
The BQD sceneis anothergame-like model. It consistof
a largeterrainwith theQuake3sceneplacedin avalley. Fur-
thermoreit wasenhancedby a parallel light sourcemodel-
ing the sun. Inside the Quake3 sceneis a re�ective teapot
and a column giving an idea of effects possiblewith ray
tracing.While in the �rst view we standinside the build-
ing, BQD-2 is a view from above.Pleasenotethatno level-
of-detailmechanismhasbeenusedto approximatefar-away
geometry.

5.3. PerformanceMeasurements

Table2 presentsthe performanceachievablewith the stan-
dardSaarCORchip.

scene 1 RTC 2 RTCs 4 RTCs

Quake3 27.20 54.45 111.12 fps
Sodahall 28.88 56.71 113.22 fps
CruiserGL 28.58 52.04 65.86 fps

Conf 8.91 16.77 31.56 fps
Cruiser 9.82 17.38 20.05 fps

Of�ce 7.52 14.34 28.56 fps
BQD-1 11.74 23.12 45.90 fps
BQD-2 7.55 12.98 17.43 fps

Table 2: Absoluteperformancemeasurementsfor theSaar-
CORchip with 1, 2 and4 RTCs,272KB cache, and1 GB/s
memorybandwidth.4 RTCshaveonlyhalf the�oating-point
performanceof a GeForce3andthere is analmostlinear re-
lation betweenperformanceandthenumberof RTCs.

The performancemeasurementsof Table2 show several
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interestingpoints: The performancescalesalmost linearly
with thenumberof RTCsusedandwith thenumberof rays
usedto calculatethe image(seeTable1). In comparisonto
rasterization,whereperformancedegradeslinearly with the
numberof trianglesin the scene30, this numberhasonly a
small impacton theperformancefor our architecture.How-
ever, some�gures are not as expected.In particularboth
Cruiser-scenesandBQD-2 show that theremustbe a bot-
tlenecklimiting theperformanceof thesystem.

A closeranalysisshows, that the Cruiserscenewith 3.5
million trianglesis limited by thememorybandwidthfor tri-
anglefetching.Table3 givesperformancemeasurementsof
the CruiserGLscenefor differentsizedintersection-caches
in combinationwith 1 and 2 GB/s bandwidth to main-
memory. Thisshowsthatwith abandwidthof 2 GB/sandan
int-cacheof 288KB theperformanceagainscaleslinearly in
thenumberof RTCs.Achieving linearspeed-upwith 4 RTCs
in BQD-2-sceneis harder:weneedto enlargeall cachesfour
timesto roughly1 MB togetherwith a 2 GB/sbandwidthto
main-memory.

sizeof int-cache 144KB 288KB 576KB

1 GB/s (4 SDRAMs) 65.86fps 77.54fps 86.36fps
2 GB/s (8 SDRAMs) 87.24fps 103.62fps 113.89fps

Table 3: In�uenceof memorybandwidthandsizeof theint-
cache(which cachesthe triangles)on thesceneCruiserGL
with 4 RTCs.This showsagain a linear speed-upwith the
numberof RTCs.

In contrastto thesecomplex models,the Quake3 scene
shows perfectlinear scaling.Using the standardcacheand
a bandwidthof only 250 MB/s linear scaling is achieved
evenup to 16 RTCs.The �oating-point performanceof the
GeForce3 equalsthe �oating-point performanceof a full
SaarCORchip with 8 RTCsandfull shading.Renderingthe
Quake3scenewith 8 RTCsachieves235fps.

Further analysisleadsto the observation that for most
sceneslinearspeed-upwith n RTCscanbeachievedby us-
ing n SDRAMs,resultingin abandwidthof n � 250MB/s.

Theperformanceof a chip canbemeasuredin two ways:
the absoluteandthe relative performance.Table2 lists the
absoluteperformance,while Table4 shows therelative per-
formance.The relative performanceis de�ned as the per-
centageof absoluteperformanceversusideally achievable
performance.Theideally achievableperformanceis de�ned
as

fpsideal =
chip-speedin cycles per second

maxf #trav-ops
#RTCs� #trav-sub-units;

#int-ops
#RTCs g

Simplyspeaking:if thereis nooverheadatall, weneedat
leastonecyclefor everyoperationwehaveto perform.If we
divide thenumberof operationsby thenumberof unitswe
obtainthe theoreticalachievableminimal numberof cycles
needed.

Table 4 shows that even the simple architectureof the
standardSaarCORchip alreadyachieves70%–80%of the
ideal performance.Using 32 threadsinsteadof 16 threads
perRTC, we increasetheseresultsby 10%achieving 80%–
90%of the idealperformance.On theotherhand,using32
threadsinsteadof 16increasestheon-chipmemoryfrom822
KB to 1050KB (notcountingthecaches).If we increasethe
sizeof the cache,the memory-bandwidthor the numberof
threadsper RTC, these�gures can be improved even fur-
ther. Sodependingon thepriceoneis willing to pay, nearly
arbitrary�gures canbeachieved.This shows the �e xibility
of ray tracingandour hardwarearchitecture,which canbe
scaledoverawideperformancerange.

scene 1 RTC 2 RTCs 4 RTCs

Quake3 76% 76% 78%
Sodahall 80% 79% 79%
CruiserGL 71% 65% 41%

Conf 67% 63% 59%
Cruiser 72% 63% 37%

Of�ce 71% 68% 68%
BQD-1 73% 72% 71%
BQD-2 54% 46% 31%

Table 4: Relativeperformance:percentage of the theoreti-
cally ideal performanceachievedwith a standard SaarCOR
chip

The relative performance,as listed in Table 4, equals
roughlytheusageof thetraversalandintersectionunits.Let
c bethenumberof clock-cyclesfor renderinganimageand
w the numberof cyclesa unit or a bus wasbusy. We then
de�ne theusageasw=c. Figure5 shows severalcharacteris-
tic measurementsfor a standardSaarCORchip runningthe
BQD-1scene:a)Theusageof eachof thetraversalsubunits,
b) theusageof eachof thetraversalandintersectionunits,c)
thepercentagea unit contributedto all accessesto thecom-
monbus,d) theusageof thebusto thecaches,e) thehit rate
of the caches,f) the percentagea cachecontributed to all
accessesto memory, g) theusageof thebus to thememory
controller, h) the percentageof all accessesto the memory
eachSDRAM handles.

The high amountof traf�c to main-memorycontributed
by the int-cacheis dueto the fact thatall accessesto main-
memoryare only 64 bits wide and thereforeeachtriangle
requires5 consecutiveaccesses.

5.4. In�uence of the Accelleration Structur e

As mentionedin Section4.2.1, thenumberof scenesubdivi-
sionsof our accellerationstructurecanbeusedto adjustthe
hardwarearchitectureto any sceneandvice versa.Chang-
ing the numberof subdivisions in�uences the architecture
in threeways:As shown in Figure3, thenumberof traver-
salandintersectionoperationsrequiredto calculatea frame
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Figure 5: Usage andhit-ratesof a standard SaarCORchip
running the BQD-1 benchmark: this showsin detail, that
trivial staticload-balancingworksoutperfectlywell

changes,resultingin differentframerates.As thenumberof
scene-space-subdivisions increases,the memoryneededto
storeall itemsof theBSPgrows exponentially. Sincetheit-
erative traversalof a BSP-treerequiresa stackof thesizeof
themaximumdepthof thescenesubdivisions,the required
on-chipmemoryincreaseslinearly with thenumberof sub-
divisions.

Thefollowing formulacalculatestheon-chipmemoryof a
standardSaarCORchipdependingonthenumberd of scene
subdivisions:

on-chip-memory = cache+ 287:6 KB+ d � 17:25KB

Thealgorithmwe usedto build theBSPis a very simple
one.First resultsonseveralmoreadvancedalgorithmsshow
that thereis muchroom for improvementswith regardsto
renderingperformanceandBSPmemory.

5.5. Lights, Re�ections, and Anti-Aliasing

Oneof themainadvantagesof raytracingis its ability to ren-
derphysically correctshadows, re�ections,andrefractions.
In thissectionweanalysetheimpactof thesedifferenttypes
of rayson the overall performanceby renderingthe Of�ce
scenein differentconditions,aslistedin Table5 andshown
in Figure7 (in thecolor section):(a) eye rays(er) only, (b)
er andre�ectionsup to 3 levels(r3), (c) er and3 lights (3l),
(d) er, re�ectionsand3 lights,(e)erwith asimplefour times
oversampling(4� os),i.e. for eachpixel, 4 raysareshotand
their contribution is averagedto calculatethe color of the
pixel. Pleasenotethatin (b) 20%of all raysarere�ected.

Table5 showsthattheperformancedegradeslinearlywith
the numberof raysshot,independentlyof the type of rays.
This is also true for refractedrays usedto simulateglass-
effects(not shown here).Case(e) shows thatoversampling

#rays #rays(er)
#rays FPS f ps

f ps(er)

(a)er 786432 100% 127.75 100%
(b) er,r3 966275 81% 99.23 78%
(c) er,3l 3 145728 25% 36.67 29%
(d) er,r3,3l 3 863846 20% 28.56 22%
(e)er,4� os. 3 145728 25% 35.06 27%

Table 5: Of�ce with different typesof rays.Thisshowsthat
theperformanceis verycloseto linear in thenumberof rays
shotandalmostindependentof thetypeof theray.

is slightly cheaperthanlinear: 4 timesmorerayscostonly
3.6timesmore,dueto abettercachehit-rate.SeeTable6 for
adetailedlook on thecache.

oversampling none 4-times

hit-ratetrav-cache 89.9% 96.8%
hit-ratelist-cache 89.7% 95.7%
hit-rateint-cache 97.1% 98.8%

Table6: Byusingsimplefour-timesoversamplingthecache-
hit-rate increases,giving a 10% performanceimprovement
over theexpectedcostof anti-aliasing.

6. Conclusionsand Futur eWork

In this paperwe have presenteda �e xible, modular, and
scalablehardwarearchitecturefor real-timeray tracing.At
costscomparableto currentrasterizationchipsit offerssim-
ilar performancewith thesametypeof OpenGL-likescenes.
In additionit offersall thebene�ts of ray tracingincluding
accurateshadows, correctre�ection, refraction,andbuilt-in
occlusionculling.

Usingextensive cycle-accuratesimulationswe evaluated
thepropertiesandperformanceof thearchitecturefor awide
set of test scenes.The resultsshow that the architecture
scaleswell in thenumberof functionalunitsused.

In this paperwe concentratedon the visibility computa-
tions andsimpleshading,but the simulationsindicatethat
supportfor advancedshadingwould changelittle in theba-
sicarchitectureandperformanceresults.

With the�e xible andmodulardesign,ourarchitecturecan
be con�gured to supporta wide rangeof applicationsand
cost-performanceratios.Even for a �x ed architectureload
balancingcanbeimprovedthroughproperlybuilt BSPtrees.

We have shown that a simpleapproachusingonly static
loadbalancing,trivial routing,low memorybandwidth,sim-
ple memorytechnology, and small cachesis suf�cient for
achieving theseresults.This is promisingasit leavesmany
opportunitiesfor lateroptimizationsandextensions.

Thearchitectureaspresentedhereis ableto supporta vi-
sualquality at the level of standardOpenGLplus standard
ray tracingfeatures.Furtherwork is requiredto includead-
vancedandprogrammableshading,aswell asdynamically
changingscenes.More work is alsorequiredfor evaluating
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the architecturewith respectto speci�c VLSI technolgies
suchasFPGAsor ASICs. A key factor for the successof
ray tracing will be the API issue,whereinitial resultsare
available29.

In summary, it seemsthat theold dreamof real-timeray
tracingis �nally realizableat hardwarecostssimilar to ex-
isting graphicssystems.This would enablethe display of
highly realistic,physically correct,andaccuratelylit inter-
active3D environments.Becauseraytracingis at thecoreof
any algorithmcomputinglight transport,fastray tracingis
likely to alsoenablereal-timeglobal illumination computa-
tionsandotheradvancedopticaleffects.

References

1. Kurt Akeley. RealityEnginegraphics.In ComputerGraphics
(ACM SiggraphProceedings), 1993. 2

2. Matthew Eldridge, Homan Igehy, and Pat Hanrahan.
Pomegranate:A fully scalablegraphicsarchitecture. Com-
puterGraphics, pages443–454,July2000. 2

3. StuartA. Green. Parallel processingfor computergraphics.
MIT Press, pages62–73,1991. 2

4. StuartA. GreenandDerekJ. Paddon. Exploiting coherence
for multiprocessorray tracing. IEEE ComputerGraphicsand
Applications, 9(6):12–26,1989. 2

5. StuartA. GreenandDerekJ. Paddon.A highly �e xible mul-
tiprocessorsolution for ray tracing. The Visual Computer,
6(2):62–73,1990. 2

6. C. ScottAnanianGreg Humphreys. Tigershark:A hardware
acceleratedray-tracingengine. Technicalreport, Princeton
University, 1996. 2

7. D. Hall. The AR350: Today's ray tracerenderingprocessor.
In Proceedingsof theEurographics/SIGGRAPHworkshopon
Graphicshardware - Hot 3D Session1, 2001. 2

8. Pat HanrahanandJim Lawson. A languagefor shadingand
lighting calculation.In Proceedingsof SIGGRAPH, 1990. 1

9. http://developer.intel.com/technology/hyperthread. Introduc-
tion to hyper-threadingtechnology, 2002. 5

10. http://www.nvidia.com.Geforce3- theworld'smostadvanced
processor, 2001. 2

11. http://www.quake3arena.com/. Id-software: Quake3-arena,
2001. 7

12. M. J.KeatesandRogerJ.Hubbold.Interactiveraytracingona
virtual shared-memoryparallelcomputer. ComputerGraphics
Forum, 14(4):189–202,1995. 2

13. Tony T.Y. Lin andMel Slater. StochasticRayTracingUsing
SIMD ProcessorArrays. TheVisual Computer, pages187–
199,1991. 2

14. K. Mai, T. Paaske, N. Jayasena,R. Ho, W. Dally, and
M. Horowitz. SmartMemories:A ModularRecongurableAr-
chitecture. IEEE InternationalSymposiumon ComputerAr-
chitecture, 2000. 2

15. M. Meissner, U. Kanus, and W. Strasser. VIZARD II, A
PCI-Cardfor Real-Time VolumeRendering. In Eurograph-
ics/SiggraphWorkshoponGraphicsHardware, 1998. 2

16. Michael J. Muuss. Towardsreal-timeray-tracingof combi-
natorialsolid geometricmodels.In Proceedingsof BRL-CAD
Symposium'95, June1995. 2

17. StevenParker, MichaelParker, YarenLivnat,PeterPikeSloan,
Chuck Hansen,and Peter Shirley. Interactive ray tracing
for volume visualization. IEEE Transactionson Computer
GraphicsandVisualization, 5(3),1999. 2

18. Steven Parker, PeterShirley, YardenLivnat,CharlesHansen,
and PeterPike Sloan. Interactive ray tracing for isosurface
rendering.In IEEEVisualization'98, 1998. 2

19. Steven Parker, PeterShirley, YardenLivnat,CharlesHansen,
andPeterPike Sloan. Interactive ray tracing. In Interactive
3D Graphics(I3D), pages119–126,April 1999. 2

20. WolfgangJ. Paul, PeterBach,Michael Bosch,Jörg Fischer,
Cédric Lichtenau, and Jochen Röhrig. Real PRAM-
Programming.In Proceedingsof EuroPar 2002, 2002. 5

21. Hans-PeterP�ster. SIGGRAPH courseon Interactive Ray
Tracing,2001. 2

22. HanspeterP�ster, JanHardenbergh,Jim Knittel, HughLauer,
andLarry Seiler. TheVolumeProreal-timeray-castingsystem.
ComputerGraphics, 33,1999. 2

23. Matt Pharr, Craig Kolb, Reid Gershbein,and Pat Hanrahan.
Renderingcomplex sceneswith memory-coherentraytracing.
ComputerGraphics, 31(AnnualConferenceSeries):101–108,
August1997. 2

24. Timothy Purcell.TheSHARPRayTracingArchitecture.SIG-
GRAPHcourseon InteractiveRayTracing,2001. 2

25. Timothy J.Purcell,Ian Buck,William R. Mark, andPat Han-
rahan.RayTracingon ProgrammableGraphicsHardware. In
Proceedingsof SIGGRAPH2002, 2002. 2

26. AdvancedRenderingTechnologies. http://www.art.co.uk/,
2002. 2

27. I. Wald andP. Slusallek. State-of-the-Artin Interactive Ray-
Tracing. In Stateof theArt Reports,EUROGRAPHICS2001,
pages21–42,2001. 2

28. Ingo Wald,CarstenBenthin,andPhilipp Slusallek.A Simple
andPracticalMethodfor Interactive RayTracingof Dynamic
Scenes.Technicalreport,ComputerGraphicsGroup,Saarland
University, http://www.openrt.de,2002. 2

29. Ingo Wald, CarstenBenthin,andPhilipp Slusallek. OpenRT
– A Flexible and ScalableRenderingEnginefor Interactive
3D Graphics. Technicalreport,ComputerGraphicsGroup,
SaarlandUniversity, http://www.openrt.de,2002. 2, 10

30. Ingo Wald, CarstenBenthin, Markus Wagner, and Philipp
Slusallek. Interactive Renderingwith CoherentRayTracing.
ComputerGraphicsForum(ProceedingsofEUROGRAPHICS
2001, 20(3),2001. 1, 2, 3, 4, 8

31. Ingo Wald, Philipp Slusallek,andCarstenBenthin. Interac-
tive DistributedRay Tracingof Highly Complex Models. In
Proceedingsof the12thEUROGRPAHICSWorkshopon Ren-
dering, June2001.London. 2, 6

c
 TheEurographicsAssociation2002.



Figure6: Someof thescenesusedfor benchmarkingtheSaarCORarchitecture. It showsthatfor anappropriatly choosencache
sizeandbandwidthto memorytheperformanceof thearchitecture scalesverywell in thenumberof processingunitsusedand
nearlyindependendof thenumberof primitivesin a scene. SeeTables2,3 and4 for details.

Figure7: TheOf�ce scenewith (fromleft to right): eyeraysonly(er); er andre�ections;er andthreepoint lights; er, re�ections,
andthreepoint lights. It showsthat theperformancescaleslinear in thenumberof raysshotandindependentof thetypeof the
ray, i.e. eye, re�ection andshadowrayshaveroughlythesamecost.SeeTables5 and6 for details.


