GraphicsHardware(2002), pp.1-11
ThomasErtl, WolfgangHeidrich,andMichael Doggett(Editors)

SaarCOR— A Hardware Ar chitecture for Ray Tracing

Joig Schmittler Ingo Wald, Philipp Slusallek

ComputerGraphicsGroup,SaarlandJniversity, Germary

Abstract

Theraytracingalgorithmis well-knownfor its ability to geneate high-qualityimagesandits e xibility to support
advancedenderingand lighting effects.Interactiveray tracing hasbeenshownto work well on clustess of PCs
andsupecomputes but directhardware supportfor ray tracinghasbeendif cult to implement.

In this paper we presenta new, scalable modular and highly efcient hardware architecture for real-timeray
tracing It achieveshigh performancewith extremelylow memorybandwidthrequirmentsby efciently tracing
bundlesof rays.Thearchitectue is easilycon gurableto supporta variety of workloads For OpenGL-lile scenes
our architecture offers performancecompanbleto state-of-the-artasterizationchips.In addition,it supportsall
theusualraytracingfeatuesincludingexactshadowste ections,andrefractionandis capableof ef ciently han-
dling complex sceneawith millions of triangles. Thearchitectue andits performancen differentcon gurations
is analyzedasedon cycle-accuate simulations.

Catagories and SubjectDescriptors(accordingto ACM CCS) 1.3.1 [ComputerGraphics]: Hardware Architec-
ture 1.3.7 [ComputerGraphics]: Three-DimensionaGraphicsand RealismB.5.1 [Hardware Design]: Register

TransferLevel Implementation

1. Intr oduction

Currently interactve computergraphicsis almost exclu-
sively availablethroughgraphicshardwarebasedntheras-
terizationalgorithm.Over the lastfew yearshardwareinte-
grationallowedthis approacho offer high performanceD
graphicsevenonlow costPCs.

However, rasterizationhardware is severely limited by
memorybandwidthdueto frequentoverwritesof pixelsin
the frameluffer andits heary useof Z and stencil buffers.
Currentgraphicschipsrequirethelatestmemorytechnology
andhighmemoryclock ratesto reachtheir performance.

Additionallimitationsresultfrom thestrict pipelinestruc-
ture of the rasterizationhardware. The implementationof
adwancedrenderingeffectsrequirescomple, non-intuitive,
and non-trivial use of textures, multiple renderingpasses,
andcomple pipelineprogrammingEventhen,mosteffects
canonly be approximatedecauseheir complex sampling
patterncannotbesupportecef ciently, evenfor simplecases
suchasre ections.

Furthermorerasterizatiorperformancelecreasenearly
with the numberof trianglesin a sceneThis requirescom-
plex algorithms,suchas geometrysimpli cation or occlu-
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sion culling, to be implementecby applicationsin orderto
reducethenumbertrianglesto besubmittedto thehardware.

Raytracingdoesnot suffer from theseproblemsit scales
logarithmically in the number of triangles using a sim-
ple hierarchicalacceleratiorstructureandocclusionculling
comesfor free 30. The requirementdor shadingandframe
buffer accessarelow asevery ray getsshaded=xactly once
andno Z huffer testsarerequiredto resole visibility. Ray
tracingcanalsobe parallelizedeasilyaseachray is essen-
tially independenof all otherrays.

Becauseaytracingis notlimited to astrict pipelinestruc-
ture, shadingcanbe separatedrom visibility computations
and can be executedasynchronouslyThis allows the di-
rectuseof sophisticateghaderglike RenderMar?) thatre-
sultin physically correctimages— providing correctshad-
ows, multiple re ections on arbitrary surfaces,comple re-

ectancefunctions,andcorrectvisual effects,suchastrans-
missionandrefraction.

Attemptsto directly implementray tracingin hardware
hascausedmary problemsdueto its useof recursion,the
high requirementgor oating point computationandits ir-
regular and high bandwidthmemory accesatterns.This
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hasmaderay tracingratherunattractie for a hardwareim-
plementation.

The ray tracing architecturepresentedn this paperis
basedbn the obserationthatsigni cant coherencéetween
rays doesexist and can be exploited 2 by rearrangingthe
coreray tracing algorithm. While this hasworked well al-
readyfor a softwareimplementatiorit is even moreattrac-
tive for hardware.

We shaw that for OpenGL-like scenesay tracing hard-
wareoffers performancecomparabldo state-of-the-artas-
terizationhardware with signi cantly lower bandwidthre-
quirementsln addition,ray tracinghardwareprovidesmuch
higherimagequality andhandlessigni cantly largerscenes
thancurrentrasterizatiorhardware.

In this paper we concentraten the ray traversalandin-
tersectionpartof aray tracingarchitectureandonly brie y
considershadingwith a x ed Phong-lile re ection model
anda singlebilinearly Itered texture.In arelatedpublica-
tion 28 we shawv thatdynamicchange®f the scenecaneffe-
ciently be supportedevenfor aray tracer With OpenR 29
we have alsoproposedan API for ray tracing. This API is
basedon OpenGLbut hasbeenextendedto bettersupport
therequirement®f ray tracingbasedenderers.

Usinga con gurationof our architectureghatis compara-
ble to the complexity” of currentrasterizatiornardvare,we
achieve more than 200 framesper second(fps) for typical
OpenGL-like scenestenderedit 1024x768ixels. Thestan-
dard con guration of our architecturewhich hasroughly
half the costof currentrasterizatiorhardware, still renders
highly complex scenewith millions of triangles,andhigh-
quality shadingincluding multiple re ections and shadevs
from severallight sourcesat morethan25fps.

2. Previous Work

Interactive 3D graphicstodayis entirely dominatedby ras-
terization hardwaré. Today's consumergraphic cardsre-
quire signi cant computepower and memorybandwidthto
achiese their level of performanceFor example Nvidia's
GeForce310 offers76 GFlopsataclockrateof 200MHz and
hasa 256 bit wide memoryinterfacerunningat 230 MHz.
Theseresultsrequireatleast380parallel oating pointunits
andoffer amemorybandwidthof 7.2 GB/s.

A majorissuewith mostrasterizatiorapproachess scal-
ability. One exceptionis the Pomegranatearchitecture?.
However this architecturerequireshigh bandwidthconnec-
tionsaswell ascomple routingscheme$etweerthe func-
tional units.

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

Y measureéh oating pointpawerandbandwidthto mainmemory

have alreadybeenrealizedon MIMD and SIMD architec-
tures 4513, Exploiting this scalability by massie paral-
lelization hasrecentlyallowed interactve ray tracingto be
achiezedin software.lIt was rst realizedon supercomputers
16121917.18 23 gand more recently interactve performance
has beenbroughtto commodity clustersof standardPCs
30:31, Qur hardwareimplementatioris basedn anextended
versionof thesoftwareapproactoutlinedin 3°. For adetailed

overview of the state-of-the-arin interactive ray tracingsee
27

Besideusing existing architecturesseveral specialpur-
posehardwarearchitecturesor ray tracinghave beendevel-
oped.Initially hardware supportprovided wasonly for the
intersection-operatiorkor a suney sees. Later DSPswere
usedto build PC-cardbaseday tracingaccellerators. Sev-
eral volumeray casterson PC-cardshave beendeveloped
152221 gndthereis a commerciallyavailable hardware ar
chitecturefor high quality off-line ray tracing26 7.

While these projects achieved remarkableresults and
work well asaccelleratorgor ray tracing,noneof themare
capableof delieveringfull-screerreal-timeframeratescom-
parableto thoseof currentrasterizatiorhardware.

Insteadof designingspecial purposehardware for ray
tracing, anotherinterestingapproachis to mapit to more
generalarchitecturesvailablein the nearfuture: Usinga a
multi-processosystemon a single chip 14, Purcellhasde-
velopeda highly optimizeddistributedray tracerthatwould
becapableof deliveringinteractve performancé4. Morere-
cently it hasbeenshavn thatraytracingcanalsobe mapped
to next generatiors standardrasterizationhardware using
shadeprograms®. Thesetwo projectsshow thatraytracing
canin principle berealizedon suchhardwarearchitectures.
In this paperwe explore the ef ciency and compleity re-
quiredfor designingspecialpurposehardwarefor ray trac-

ing.

3. The Ray Tracing Algorithm

Theray tracingalgorithmconsistof threeparts:generating
raysfrom the viewer's eye throughthe pixels of the screen,
tracing theseraysthroughthe scenedelivering triangle hit
points,and nally shadingtheray givena hit point. For ad-
vancedighting effectsnew raysmaybespavnedrecursvely
from the hit point.

In this paperwe concentrateon the secondpart: tracing
raysthroughthesceneThishasbeenthemajorbottleneckn
previous attemptgo designhardwarefor ray tracing.Issues
aredealingwith the recursionand reducingthe bandwidth
requirementdo the cache,which for a naive implementa-
tion wouldreach 300 GB/sat 100fps for our benchmark
scenes.
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3.1. Tracing Packetsof Rays

Wald et al 3% have proposeda simpleiterative traversalal-
gorithmusingaxis-alignedBSPtreesandafastray triangle
intersectiorroutine.In their systemraysaretracedin pack-
etsof four rays,whichreducedandwidthandallowstheuse
of SIMD instructionsavailablein modernprocessors.

We usethesameapproactbut with largerpacletsof rays.
All raysof apacletaretraversedsimultaneouslyhroughthe
BSPtree,enteringa child nodeif ary of therayspiercesit.
In the casewhenboth childrenneedto be traversedthe it-
eratie traversalalgorithmstoresone of the childrenontoa
stackandentersthe otherone.Olviously, groupingraysin
a paclet only works out if the rays are coherentand visit
roughlythe sametemsin the BSPtree. ThentraversedBSP
nodesneedto be fetchedonly onceto be usedfor every ray
in apaclet. This dramaticallyreduceghe bandwidthin pro-
portionto the sizeof the paclet.

However, large pacletsalsoincreaseheoverheadasthey
causemoreraysto traverseBSP nodesthey would not tra-
verseif tracedindividually or in smallerpaclets. To over-
come this problem, we associatea bit vector with each
paclet. For eachray this bit vectorindicateswhethertheray
is activein thecurrentbranchof theBSPtree.Thisallows us
to ef ciently operateononly asubsebf raysin apacletand
dramaticallyreducesheoverheadln hardwaretheoverhead
of updatingandevaluatingthebit vectoris almostnegligible.

Measurementshowv that groupsof 64 rays are a good
compromisebetweenbandwidth requirements additional
overheadandon-chipmemoryrequiredfor storingtherays.
Figure 1 shaws the in uence of the numberof rays per
paclet on the amountof memorytransferedduring render
ing of oneframe (i.e. the bandwidthto the cache).lt also
shavs the averageamountof memorytouchedby tracing
onepaclet. This amountgivesa roughestimateof the mini-
mumsizea cacheshouldhave.

4. The Hardware Ar chitecture

Our hardware architecturgseeFigure 2) consistsof a cus-
tom ray tracingchip connectedo several SDRAM chips,a
framehluffer, and a PCI/AGP bridge all placedon a single
PChboard.The PCI/AGP bridgeis usedto uploadscenedata
andcamerasettingsfrom the host. The SDRAM chipsstore
the entire sceneincluding geometry BSP tree, and materi-
als/shadersThe imageis renderednto the frameluffer or
transferedackto thehost.

The customchip containsour ray tracinghardwarearchi-
tectureSaarCOR(Saabriicken's CoherencéptimizedRay
Tracer).
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Figure 1: In uence of the numberof raysper packet on the
amountof memonytransfeedduringrenderingof oneframe
and the aveiage amountof memoryrequestedy a padet.
Thelatter gur e givesa roughestimateof the minimumsize
a cacheshouldhave

4.1. The SaarCOR Chip

TheSaarCORchipis splitinto threemainunits:theray gen-
erationandshadingunit (RGS, theray tracingcore (RTO),
andaunit to managememoryaccesgRTC-M).

Thearchitectures designedo bemodularandscalabldy
exploiting the inherentparallelismof ray tracingandshad-
ing. Adding morefunctionalunits to eitherthe RGSor the
RTC allowsto independentlpcaletheshadingor raytracing
performancetespectiely.

4.1.1. Ray Generation and Shading

Theray generatiorandshadingunit is again split into three
typesof sub-units:a single masterdeterminingwhich eye
ray will berenderechext, oneslavefor eachconnectedRTC
receving the coordinatesof a pixel from the masterand
managingthis ray until it is fully renderedandthe uni ed
memoryinterface(MemIn) handlingall memoryaccesses.
In orderto scalewith the shadingcompleity eachslave can
containseveralshadingunits.

4.1.2. Ray Tracing Core

Theray tracingcore (RTC) tracesraysthroughthe BSPac-
celerationstructureandintersectgayswith trianglesfound
in theleafnodesAccordingto thebasicstructureof raytrac-
ing, the RTC is again split into threesub-units.The traver
sal unit recevesraysfrom the RGSandtracesthemuntil it
locatesaBSPnodecontainingalist of triangles Thelist ad-
dresss thenforwardedto therathersimplelist unit fetching
theaddressesf thetrianglesandsendingtheir addresset
theintersectionunit.

Theintersectionunit nally fetchesthetriangledataand
performsthe intersectioncomputation.The resultsof these
intersectiongrethensentbackto thetraversalunit. Depend-
ing ontheintersectiorresultsit continuedracingtheraysor
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Figure 2: TheSaarCORhardware modelsplitsinto threeparts: Theray tracing core (RTC),the ray-generation and shading
unit (RGS),and RTC's memorymanager (RTC-MI). To allow for easyscaling several RTCsare supported Pleasenotethe
simpleroutingschemeused:it containsonly point-to-pointconnectiongndsmallbusseswhosewidthis alsoshownsepaated

into data-,address-andcontmol-bits.

sendgshe nal resultsbackto the slave andits shadingunit
for further processingEachsetof RTC and RGS-slae in
sucha con guration is completelyindependentxcept for
thememoryinterfaceandtheconnectiorto theRGS-master

4.1.3. RTC Memory Interface

The memory interface for the ray tracing core (RTC-M])
handlesnemoryrequestgor all cores.It consistf several
simple routing units (SR implementinga simple but ef -
cientrouting schemethreecacheseachholding a different
type of data,andthe externalmemorycontroller(MemCtr)
connectingo the SDRAM chips.

4.2. Implementation Issues

In the following we analyzethe requirement®f anef cient
and high-performanceay tracingimplementatiorand dis-

cusspossiblecon gurationsthatful Il theserequirements.

We alsodiscusspotentialproblemsandoptimizations.

For eachbusFigure2 lists its width separateih thenum-
ber of data,addressand control bits. It becomesobvious
that the interconnectiorbetweenthe units and sub-unitsis
very simpleandnarrav, anddoesnot requirecomple rout-
ing. We exclusively usepoint-to-pointlinks simplifying the
overall designandits implementatiorin hardware.

The architectureis designedto be fully pipelined and
carefulattentionhasbeenpaidto avoid stallsin ary partsof
thesystemBy avoiding stallswe canbuild deeplypipelined
units without runninginto performancédssues(seeSection
5).

4.2.1. Ray Tracing Core

Theraytracingcoreconsistof threesub-unitsthetraversal,
thelist, andtheintersectiorunit. Theimplementatiorof the
list unit is straightforwardandnot discusseary further.

We startwith anestimationof the costof traversalopera-
tions(trav-op andintersectioroperationgint-op). For ade-
tailed overview of the basicalgorithmssee3°. Eachtrav-op
requires64 bits of data,three oating point (FP) additions,
andoneFPmultiplication.In contrasenint-opaccesse288
bits of data,andexecutesl2 FP addsand13 FP multiplica-
tions (we assumehe samecostfor additionandsubtraction
andcountadivision asthreemultiplications).

This cost differencesuggestghat we shouldbe able to
trade intersectionoperationsfor traversal operations.This
canberealizedby usinga ner spacepartitioningthrougha
deepeBSP-treegenerallyresultingin lesstrianglesperleaf
cell. While this canreducethe numberof intersectionsby
building tighter enclosuresit increaseshe averagenumber
of traversaloperationgequiredto locatetriangles.Figure 3
shaws this relationfor a simple and a complex scene(see
alsoSectionb).

We canexploit this relationin two ways.While planning
thechipwe canoptimizefor theaverageraversaltointersec-
tion costof ourtargetscenesSecondlyfor agivenhardware
we canload balancebetweerthe traversalandintersection
units by varyingthe depthof the BSPtree.For rasterization
hardware,load balancingbetweenvertex andfragmentpro-
cessingcanonly be achieved with LOD techniquesHow-
ever, generating.ODs is a non-trivial task which mustbe
supportedy theapplication OntheotherhandtheBSPgen-
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Figure 3: Tradingtrav-opsvs.int-ops: givenany cost-atio
betweentrav- and int-ops, there is an optimal numberof
scene-space-subdivisiom$owever, if thisnumberis notop-
timally choosenperformancedegradesonly slowly.

erationis fully automaticandcanbehandledn hardwarefor
arbitraryscenes.

Our measurementshow thata ratio of four traversalop-
erationsto oneintersectioroperationis well suitedfor most
scenes.

By supportingdifferentnumbersof traversalandintersec-
tion units we needto managethe communicatiorbetween
them.An importantgoalin our designwasto keepthis sort
of communicationas simple as possible.Having indepen-
denttraversalunits eachtraversingseparatepaclets would
requirecomple routingandschedulingschemednsteadve
staticallysplit eachpaclet of raysinto asmary groupsaswe
have traversalsub-units.

Eachtraversalsub-unitonly traversests groupof raysin
a paclet. The resultsof all sub-unitsarethencombinedto
form the resultthatwould have beencomputedby a single
traversalunit. Thusthey appeansasingletraversalunit sim-
plifying connectiongo the list andintersectionunits. This
allows us to usedirect point-to-pointconnectionsbetween
units.

The overheadintroducedby splitting the paclet of rays
staticallygrows with the numberof groupsor traversalsub-
units.A groupof raysscheduledo atraversalsub-unitmay
not containary active raysmakingit run idle. However, in
the caseof four traversalsub-unitsrunning synchronously
their averageusagsds still well above 90%.

Instead of having all traversal sub-unitsrunning syn-
chronouslywe canallow themto run asynchronouslyhus
reducingthe overheadntroducedby a groupof idle raysto
a singlecycle, independenof the numberof traversalsub-
units.

Another positive effect of using multiple traversal sub-
units in parallel is the proportional reduction of lateng
causedy thetraversalcomputationThe averagelateng of
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processing-ays mustbe minimizedin orderto reduceon-
chip storagerequirementg&ndto increasgesponsieness.

Anothersourceof lateny is dueto memoryaccessAny
rayin apacletthatrequiresaccesgo slow externalmemory
would stall the entirepacket andreduceef ciency. To over-
comethis problemwe operateon several pacletsof rayssi-
multaneouslyWhile onepaclet is beingtraversedthe data
for the next one can be fetched,and anotherpaclet could
be intersectedThis conceptis similar to multi- or hyper
threading usedon someof the latestprocessorsrom Intel
andIBM andin parallelcomputer®® to overcomememory
lateny andschedulingssues.

While a Pentium-4is limited to two threadshatincrease
the performancey up to 309, we cando muchbetter Us-
ing 8 threadsincreaseperformanceiy 750% andwith 16
threadsstill achieve 1220%for typical scenesThisindicates
thatwe canhide almostall lateng by usingmulti-threading
allowing usto usedeeplypipelinedunitsandrelativly slow
memory

Multi-threadingwith pacletsof raysmayintroduceband-
width, lateng, andbuswidth problemdor transferringpack-
ets betweenunits in a RTC. Insteadof forwarding entire
pacletsof raysduring the computationwe initially broad-
castthe read-onlypart of raysto the traversalandintersec-
tion units, which keeplocal copies.During processingt is
thensufcient to passsmallidsfor pacletstogethemith dy-
namicdata,suchasthe currentactive bit-vector

4.2.2. RTC Memory Interface

TheRTC-MI connectsll ray tracingcoreswith mainmem-
ory. Since several units needto accessa commonbus, a
routing schemehasto be used.However, comple« schemes
like butter y networksarevery costlyto implementfor large
bussesOur goalwasto simplify the architectureandavoid
comple routing as far as possible.This leadsto the most
simple schemeusinga round-robinmultiplexer for submit-
ting memoryrequestandalabeledbroadcasto returndata.
Eachunit allows for severaloutstandingnemoryrequests.

Eventhoughthis schemds extremelysimpleit fully sat-
is es the requirement®f our hardware architectureasthe
useof paclets of rays hasalreadyreducedthe bandwidth
to the cachedrastically Obviously this schemewill breakif
too mary RTCsincreasethe bandwidthrequirementso the
cachesheyond the bus capacity Our simulationsshav that
thiswould happerwith 8 to 16 RTCs,basedon pacletswith
64 rays and dependingon the scene.The scalability could
be increasedurther by using larger paclets of raysor by
addingcachesSinceall memoryaccesseareread-only no
cacheconsisteng problemsarise.

The bandwidthbetweenthe cacheand main memoryis
ratherlow sinceevenfor smallcachesf 64 KB to 144 KB,
dependingon its datatype, we achieve a cachehit rate of
about95%.For thecachesve simulateddirect-mappedwo,
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and four way set-associate cachedesigns.However, per
formancewas hardly effectedby the cachedesign(< 3%).
Thesdow bandwidthrequirementsillow usto usestandard,
low-cost,andsimple PC133SDRAM technology

In orderto provide scalability in the memory interface
whenmultiple RTCs areused,we supportseveral SDRAM
chipsconnectedo the memoryinterfaceandusesimplead-
dresshashingto avoid hot spots.For our simulations(see
Section5) we assumehat our SaarCORchip runs at 533
MHz, giving a4-to-1clockratio betweerthechipandmem-
ory. Dependingon the benchmarkscene betweenone and
four 16 bit wide SDRAM chipsarerequired offering a total
memorybandwidthof 250MB/s to 1 GB/s.

Currentlyourdesignrequiresall scenedatato bestoredn
local RAM on the graphicscard.In arelatedpublications!
we shav haw thememoryaccessibldy theray tracercould
be usedas a cacheby dynamicallyloading missingscene
data.We believe that a similar systemwould alsowork in
hardware.

4.2.3. Ray Generation and Shading

In this paperwe canonly cover the ray traversalandinter
sectionpart of the renderingarchitectureFor completeness
we provide aroughoverview of shadingTo thisendwelimit
theshadeto simplePhong-lile shadingwith bilineartexture
Itering. Its costperrayis conseratively approximateavith
50 FPadditionsand70 FP multiplicationsincludingaddress
calculationfor texturereads.

Oursimulationsshav thatdependingpnthescenea RTC
nishes aray every 20to 80 cycleson a standardSaarCOR
chip. By using pipelining or parallelizationthis requires3
FPaddersaand4 FPmultipliersfor eachslave performingthe
shadingoperation This makesit 4 to 8 timeslessexpensve
thanthe RTC unit in termsof hardwareressources.

Sinceshadingis alsoperformedin pacletsandno over-
drav dueto the Z buffer mustbe accommodatednemory
bandwidthrequirementdor shadingare comparableo that
of theRTC evenwith bilineartextureaccessPleasenotethat
for shadingcomputationsaytracingwill generallyneedsig-
ni cantly lower texture bandwidththanrasterizationwhere
complex shadingmustoften be precomputedand storedin
textures. With asynchronoushadingsomeof thesecom-
putationscaneasily be performedon the y saving texture
memoryandbandwidth.

A similar algumentholdsfor coherencén textureaccess.
As trianglesget smallerobjectsspacecoherencexploited
in rasterizations lostbetweermary separatelyenderedri-
angles Becausave shadepacletsof rayswe arelargely in-
dependenbf individual trianglesand exploit coherenceof
texturesasthey areprojectednto imagespace.

With ray tracing shadingparametersnustnot be carried
along through the pipeline for every triangle but can be
fetchedoncewe know thatwe needto shade. Someof the

shadingparametersnight evenbe sharecbetweermary tri-
anglesandmustonly beloadedonce.This becomesncreas-
ingly importantasmorecomple shaderarebeingused Fi-
nally, shadings decoupledrom visibility computationsnd
allows the architectureto be tunedfor speci c target mar
kets.

During rendering,several secondaryrays (e.g. for shad-
ows andre ections)maybegeneratedf moreraysaregen-
eratedthan can be handledor storedby the hardware, we
simply throw away partially completedraysto avoid dead-
locking. Eventhis rathersimpleandnaie solutionreduces
the performancéy only 5% to 10% andleavesmuchroom
for furtherimprovements.

5. Resultsand Discussion

The modulardesignof our architectureoffers mary possi-
ble con gurationsfor a hardware ray tracer which makes

it dif cult to presentan exhaustve analysis.We solwe this

problemby presentinga standad con guration, which was

derivedfrom our setof benchmarlscenesFor thesescenes
it is agoodcompromiséetweerperformancendhardware

cost.We believe thatthis standarccon gurationis econom-
ically feasibleeven for a production-typechip with more

complex shading sincethis standardcon guration requires
lesshardware ressourceshan currentgraphicschipsbased
on rasterization(seebelow). We also presentperformance
gures achievablefor muchlarger hardware con gurations
in orderto shaw the potentialof our architecture.

Takingthisstandardon gurationasthebasdine wethen
evaluatetheimpactof selectvely changingoneor afew pa-
rametersTheresulting gures shouldprovide sufcient in-
sightinto the propertiesof the overall architecture.

ThestandardSaarCORsystenconsistof four RTCseach
usingl6threadsandfour traversalsub-unitsWe assumehat
thechiprunsataclockrateof 533MHz andis connectedo
four SDRAM chipsrunningat 133 MHz via threecacheof
272KB total. This cacheis split into 64 KB for thetraversal
cache b4 KB for thelist cacheand144KB for theintersec-
tion cache.Eachcachestoresitems of differentdatatypes
and sizes.For example,the intersectioncachestores4096
trianglesof 288bits each(seeFigure2).

With thestandardton guration,a SaarCORchiprequires
atotal of 192 oating-point units,822KB for registers- les,
and272KB for cache addingup to 1094KB total on-chip
memory All on-chipmemoryis splitinto smalllocal pieces
of memory allowing for simple connectionsand 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-artasteriza-
tion hardware. We assumehat for a production-typechip,
theotherhalf would be spenton morecomplex shadingThe
oating-point units are streamlinedversionsnot supporting
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the full IEEE standard For comparisonthe GeForce3has
380 oating-point-unitsand7.2 GB/sof memorybandwidth.

5.1. A Simulator for SaarCOR

In orderto analyzeand evaluateour architecturewe per
formedcycle-accuratesimulationsof our design.The simu-
lator canbe adaptedo a chip technologyby specifyingthe
numberof gatesthatcanbe executedwithin oneclockcycle.
Thusthe lateny of a fully pipelinedfunctional unit mea-
suredin cyclesis its delaymeasuredh gatesdividedby this
technologyconstantin this paper we assumehis constant
to befour for all functionalunits.

In orderto verify the correctnes®f the hardware simu-
lation, we comparedhetraceswith a separaténstrumented
softwareray tracer

With our simulatorwe achieve arun-timeof roughlytwo
hoursper framefor a typical sceneon a standardSaarCOR
chip. This allows us to examine a wide rangeof system-
parametersvithout beinglimited by simulatorruntimes.

5.2. TestEnvironment

To cover a wide rangeof applicationsTable 1 providesex-
ampleswith correspondingmagesshown in Figure 4. All

sceneswere testedat full-screenresolution of 1024x768
without oversampling.Pleasenote that all lights in the
scenesastshadavs.

Figure 4: Someof the scenesisedfor bentcimarking

We groupthescenesnto threesectionstheOpenGL-lile,
whereonly eye raysareshot,sceneswith light sourcesand
shadavs, andscenewith light sourcesshadavs andmulti-
plere ections.

TheQuale3sceneconsistof thelevel g3dm7of thegame
Quale3-Arend!. The Sodahallscenegivesa perfectexam-
ple of a large seven-storiesbuilding completly modeledin
high detail— chairs,books,plants,andevenpencilson the
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re ection-

scene #riangles  #lights depth raysshot
Quale3 34772 0 0 786432
Sodahall 1510322 0 0 786432
CruiserGL 3637101 0 0 786432
Conf 282000 2 0 2359296
Cruiser 3637101 2 0 2359296
Of ce 33952 3 3 3863846
BQD-1 2133537 1 3 1583402
BQD-2 2133537 1 3 1548632

Table 1: Thescenesisedfor bencimarking

desksaremodeled.This modelis highly occludedwhereat
eachlocationonly a small partof the scenes actuallyvisi-
ble. This is wherethe built-in occlusion-cullingof ray trac-
ing performsoptimally. The CruiserGLscenemodelsalarge
partof anavy battlecruiserin very ne detail.

The Conf sceneis a model of a conferenceroom with
mary chairsandtwo light sourcesTheCruisemrmodelis sim-
ilar to CruiserGL,but enhanceavith two light-sources.

The Of ce scenecontainsthreelight-sourcesandseveral
re ective objects,like the window and the re ective ball.
The BQD sceneis anothergame-like model. It consistof
alargeterrainwith the Quale3sceneplacedin avalley. Fur-
thermoreit wasenhancedy a parallellight sourcemodel-
ing the sun. Inside the Quale3 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-2is aview from above. Pleasenotethatno level-
of-detailmechanisnhasbeenusedto approximatdar-avay
geometry

5.3. Performance Measurements

Table 2 presentghe performanceachiezablewith the stan-
dardSaarCORchip.

scene 1RTC 2RTCs 4RTCs

Quale3 27.20 54.45 111.12 fps
Sodahall 28.88 56.71 113.22 fps
CruiserGL 2858 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 1434 2856 fps
BQD-1 11.74  23.12 4590 fps
BQD-2 7.55 12.98 17.43 fps

Table 2: Absoluteperformanceneasuementdor the Saar
CORCchipwith 1,2 and4 RTCs,272KB cace and1 GB/s
memonbandwidth4 RTCshaveonly half the oating-point
performanceof a Geforce3andthereis analmostlinear re-
lation betweemperformanceandthe numberof RTCs.

The performancemeasurementsf Table 2 showv several
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interestingpoints: The performancescalesalmostlinearly
with the numberof RTCsusedandwith the numberof rays
usedto calculatetheimage(seeTable1). In comparisorto
rasterizationwhereperformancelegradedinearly with the
numberof trianglesin the scene®, this numberhasonly a
smallimpacton the performancdor our architectureHow-
ever, some gures are not as expected.In particularboth
Cruiserscenesand BQD-2 shav that theremustbe a bot-
tlenecklimiting the performancef the system.

A closeranalysisshaws, thatthe Cruiserscenewith 3.5
million trianglesis limited by thememorybandwidthfor tri-
anglefetching.Table 3 givesperformanceneasurementsf
the CruiserGLscenefor differentsizedintersection-caches
in combinationwith 1 and 2 GB/s bandwidthto main-
memory This shavs thatwith abandwidthof 2 GB/sandan
int-cacheof 288KB theperformancegainscaledinearlyin
thenumberof RTCs.Achieving linearspeed-upvith 4 RTCs
in BQD-2-scenés harderwe needto enlageall cachedour
timesto roughly 1 MB togethemwith a2 GB/sbandwidthto
main-memory

sizeof int-cache  144KB 288KB 576KB
1GB/s@sporamvs) 65.86fps  77.54fps  86.36fps
2 GB/s@sprams) 87.24fps  103.62fps 113.89fps

Table 3: In uence of memorybandwidthand sizeof theint-
cade (which cachesthe triangles)on the sceneCruiserGL
with 4 RTCs.This showsagain a linear speed-upwith the
numberof RTCs.

In contrastto thesecomplex models,the Quale3 scene
shaws perfectlinear scaling.Using the standardcacheand
a bandwidthof only 250 MB/s linear scalingis achiered
evenup to 16 RTCs. The oating-point performanceof the
GeForce3 equalsthe oating-point performanceof a full
SaarCORchip with 8 RTCsandfull shadingRenderinghe
Quale3scenewith 8 RTCsachieres235fps.

Further analysisleadsto the obsenation that for most
scenedinear speed-upwith n RTCs canbe achieved by us-
ing n SDRAMSs, resultingin abandwidthof n ~ 250MB/s.

The performancef a chip canbe measuredn two ways:
the absoluteandthe relative performanceTable 2 lists the
absoluteperformancewhile Table4 shows therelative per
formance.The relative performances de ned as the per
centageof absoluteperformanceversusideally achiezable
performanceTheideally achiezableperformanceés de ned
as

_ chip-speedin cycles per second
fPSgeal =

#trav-ops . #int-ops
max #RTCs #Hirav-sub-units #RTCs 9

Simply speakingif thereis no overheadatall, we needat
leastonecycle for every operationwe have to perform.If we
divide the numberof operationsby the numberof unitswe
obtainthe theoreticalachievable minimal numberof cycles
needed.

Table 4 shavs that even the simple architectureof the
standardSaarCORchip alreadyachieves 70%—-80%of the
ideal performanceUsing 32 threadsinsteadof 16 threads
perRTC, we increaseheseresultsby 10% achieving 80%—
90% of the ideal performanceOn the otherhand,using 32
threadsnsteadf 16increasesheon-chipmemoryfrom 822
KB to 1050KB (notcountingthecaches)If we increasehe
sizeof the cache the memory-bandwidttor the numberof
threadsper RTC, these gures can be improved even fur-
ther Sodependingn the price oneis willing to pay, nearly
arbitrary gures canbe achievzed. This shaws the e xibility
of ray tracingand our hardware architecturewhich canbe
scaledover awide performanceange.

scene 1RTC 2RTCs 4RTCs
Quale3 76% 76% 78%
Sodahall 80% 79% 79%
CruiserGL 71% 65% 41%
Conf 67% 63% 59%
Cruiser 72% 63% 37%
Ofce 71% 68% 68%
BQD-1 73% 72% 71%
BQD-2 54% 46% 31%

Table 4: Relativeperformance:percentaye of the theoseti-
cally ideal performanceachievedwith a standad SaarCOR
chip

The relative performanceas listed in Table 4, equals
roughlythe usageof thetraversalandintersectiorunits.Let
¢ bethe numberof clock-g/clesfor renderinganimageand
w the numberof cyclesa unit or a bus wasbusy We then
de ne theusageasw=c. Figure5 shows severalcharacteris-
tic measurement®r a standardSaarCORchip runningthe
BQD-1scenea) Theusageof eachof thetraversalsubunits,
b) theusageof eachof thetraversalandintersectiorunits,c)
the percentaga unit contributedto all accesset thecom-
monbus,d) theusageof thebusto thecachesg) thehit rate
of the cachesf) the percentagea cachecontritutedto all
accesseto memory g) the usageof the busto the memory
controller h) the percentag®f all accesseto the memory
eachSDRAM handles.

The high amountof trafc to main-memorycontrituted
by theint-cacheis dueto thefactthatall accesseto main-
memoryare only 64 bits wide and thereforeeachtriangle
requiress consecutie accesses.

5.4. In uence of the Accelleration Structure

As mentionedn Section4.2.1, thenumberof scenesubdii-
sionsof our accelleratiorstructurecanbe usedto adjustthe
hardware architectureto ary sceneandvice versa.Chang-
ing the numberof subdvisionsin uences the architecture
in threeways: As shavn in Figure 3, the numberof traver
salandintersectioroperationgequiredto calculatea frame
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Figure 5: Usage and hit-ratesof a standad SaarCORchip
running the BQD-1 bendimark: this showsin detail, that
trivial staticload-balancingworksout perfectlywell

changestesultingin differentframerates As thenumberof
scene-space-subiiions increasesthe memoryneededio
storeall itemsof the BSPgrows exponentially Sincetheit-

erative traversalof a BSP-treerequiresa stackof the sizeof

the maximumdepthof the scenesubdvisions,the required
on-chipmemoryincreasedinearly with the numberof sub-
divisions.

Thefollowing formulacalculatesheon-chipmemoryof a
standardsaarCORchip dependingpnthenumberd of scene
subdvisions:

on-chip-memoy = cache+ 287.6 KB+d 17:25KB

The algorithmwe usedto build the BSPis a very simple
one.Firstresultson severalmoreadwancedalgorithmsshav
that thereis muchroom for improvementswith regardsto
renderingperformancendBSPmemory

5.5. Lights, Re ections, and Anti-Aliasing

Oneof themainadwantage®f raytracingis its ability toren-
der physically correctshadavs, re ections, andrefractions.
In this sectionwe analyseheimpactof thesedifferenttypes
of rayson the overall performanceby renderingthe Of ce
scendn differentconditions,aslistedin Table5 andshavn
in Figure7 (in the color section):(a) eye rays(er) only, (b)
erandre ectionsupto 3 levels(r3), (c) erand3 lights (3l),
(d) er, re ectionsand3 lights, (e) erwith asimplefour times
oversampling4 o0s),i.e.for eachpixel, 4 raysareshotand
their contrikution is averagedto calculatethe color of the
pixel. Pleasenotethatin (b) 20%of all raysarere ected.

Table5 showvsthattheperformancelegradedinearly with
the numberof raysshot,independentlyf the type of rays.
This is alsotrue for refractedrays usedto simulateglass-
effects(not shavn here).Case(e) shows that oversampling
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#rays FEeD FPS %
(a)er 786432 100% 127.75 100%
(b) err3 966275 81%  99.23 78%
(c)er3l 3145728 25%  36.67 29%
(d)err3,3l 3863846 20%  28.56 22%
(e)erd os. 3145728 25%  35.06 27%

Table 5: Of ce with differenttypesof rays. This showsthat
theperformancas verycloseto linear in thenumberof rays
shotandalmostindependentf thetypeof theray.

is slightly cheapethanlinear: 4 timesmorerayscostonly
3.6timesmore,dueto abettercachehit-rate.SeeTable6 for
adetailedlook onthecache.

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-timesoversamplingthecadce-
hit-rate increasesgiving a 10% performancamprovement
over theexpecteccostof anti-aliasing

6. Conclusionsand Futur e Work

In this paperwe have presenteda e xible, modulay and
scalablehardware architecturefor real-timeray tracing. At
costscomparabléo currentrasterizatiorchipsit offerssim-
ilar performancevith thesametypeof OpenGL-like scenes.
In additionit offersall the bene ts of ray tracingincluding
accurateshadavs, correctre ection, refraction,andbuilt-in
occlusionculling.

Using extensive cycle-accuratesimulationswe evaluated
thepropertiesandperformancef thearchitecturdor awide
set of test scenes.The resultsshav that the architecture
scaleswell in thenumberof functionalunitsused.

In this paperwe concentratean the visibility computa-
tions and simple shading,but the simulationsindicatethat
supportfor advancedshadingwould changdittle in the ba-
sic architectureandperformanceesults.

With the e xible andmodulardesignourarchitectureean
be con gured to supporta wide rangeof applicationsand
cost-performanceatios. Even for a x ed architecturdoad
balancingcanbeimprovedthroughproperlybuilt BSPtrees.

We have shawvn that a simple approachusingonly static
loadbalancingtrivial routing,low memorybandwidth sim-
ple memorytechnology and small cachesis sufcient for
achiezing theseresults.This is promisingasit leavesmary
opportunitiedfor lateroptimizationsandextensions.

Thearchitectureaspresentedhereis ableto supporta vi-
sualquality at the level of standardOpenGLplus standard
ray tracingfeatures Furtherwork is requiredto includead-
vancedand programmableshading,aswell asdynamically
changingscenesMore work is alsorequiredfor evaluating
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the architecturewith respectto speci ¢ VLSI technolgies
suchas FPGAsor ASICs. A key factorfor the succesof

ray tracingwill be the API issue,whereinitial resultsare
available?.

In summaryit seemghatthe old dreamof real-timeray
tracingis nally realizableat hardware costssimilar to ex-
isting graphicssystems.This would enablethe display of
highly realistic, physically correct,and accuratelylit inter
active 3D ernvironments Becauseay tracingis atthe coreof
ary algorithm computinglight transport fastray tracingis
likely to alsoenablereal-timeglobalillumination computa-
tionsandotheradwancedoptical effects.
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Figure 6: Someofthescenesisedfor bendymarkingthe SaarCORarchitectue. It showghatfor anappropriatly choosercache
sizeandbandwidthto memonythe performanceof the architecture scalesverywell in the numberof processingunitsusedand
nearlyindependenaf the numberof primitivesin a sceneSeeTables2,3 and 4 for details.

Figure7: TheOf ce scenewith (fromlefttoright): eyeraysonly (er); erandre ections;er andthreepointlights; er, re ections,
andthreepointlights. It showsthatthe performancescaledinear in thenumberof raysshotandindependenof thetypeof the
ray, i.e. eye re ection andshadowrayshaveroughlythe samecost.SeeTables5 and 6 for details.



