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Abstract

Improvementsn hardwarehave recentlymadeinteractve ray trac-

ing practicalfor someapplications However, whenthescenecom-

plexity or renderingalgorithmcostis high, theframerateis too low

in practice. Researcherbave attemptedo solwe this problemby

cachingresultsfrom ray tracing and using theseresultsin multi-

ple framesvia reprojection.However, the reprojectioncanbecome
too slow whenthe numberof samplesthat are reusedis high, so

previous systemshave beenlimited to smallimagesor a sparseset
of computedpixels. To overcomethis problemwe introducetech-
niqguesto performthisreprojectiorin ascalabldashionon multiple

processors.
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Graphics—3DGraphics
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1 Introduction

Interactve Whitted-styleray tracinghasrecentlybecomefeasible
on high-endparallelmachineq5, 6]. However, suchsystemsnly
maintaininteractiity for relatively simple scenesr smallimage
sizes.

By reusingsamplesnsteadof relying on bruteforceapproaches,
theselimitations canbe overcome.Thereareseveralwaysto reuse
samples.All of themrequireinterpolatingbetweenexisting sam-
plesasthe key partof the process.First, rayscanbe storedalong
with the color seenalongthem. The color of new rayscanbein-
terpolatedrom existing rays[1, 4]. Alternatively, the pointsin 3D
whereraysstrike surfacescanbe storedandthenwoventogetheras
displayablesurfaceg[7]. Finally, suchpointscanbe directly pro-
jectedto the screenandholescanbefilled in usingimageprocess-
ing heuristicq8].

Another methodto increasethe interactvity of ray tracing is
framelessendering[2, 3,6,9]. Here,a mastemprocessofarmsout
single pixel tasksto be tracedby the slave processors.The order
in which pixels are selecteds randomor quasi-random.When-
ever a rendererfinishestracing its pixel, it is displayeddirectly.
As pixel updatesare independenbf the display thereis no con-
ceptof frames.During cameranovementsthe displaywill deteri-
oratesomavhat,whichis visually preferableto slow frame-ratesn
frame-basedenderingapproacheslt canthereforehandlescenes
of highercompleity thanbruteforceray tracing,althoughno sam-
plesarereused.

Themainthrustof this paperis theuseof parallelismto increase
datareuseandtherebyincreasallowablescenecompleity andim-
agesizewithoutaffectingpercevedupdaterates.We usetherender
cadhe of Walteret al. [8] andapplyto it the conceptof frameless
rendering.By distributing this algorithmover mary processorsve
areableto overcomethekey bottleneckin theoriginalrendercache
work. We demonstrateur systenon avariety of scenesandimage
sizesthathave beenout of reachfor previoussystems.
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Figurel: Theserialrendercachealgorithm([8].

2 Background: the render cache

Thebasicideaof therendercacheis to save samplesn a 3D point
cloud, and reprojectthem when viewing parametershange[8].
New samplesarerequestedll over the screenwith mostsamples
concentratedieardepthdiscontinuities As new samplesareadded
old samplesareeliminatedfrom the point cloud.

The basicprocesss illustratedin Figurel. The front-endCPU
handlesall tasksotherthantracingrays. Its key datastructureis
the cacheof colored3D points. Thefront endcontinuousiyloops,
first projectingall pointsin the cacheinto screenspace.This will
produceanimagewith mary holes,andthe imageis processedo
fill theseholesin. This filling-in processusessampledepthsand
heuristicsto make the processedmagelook reasonableThe pro-
cessedmageis thendisplayedon the screen.Finally, theimageis
examinedto find “good” raysto requesto improve futureimages.
Thesenew rays are tracedby the mary CPUsin the “rendering
farm”. The currentframeis completedafterthe front endreceves
theresultsandinsertstheminto the point cloud.

From a parallel processingpoint of view, the rendercachehas
thedisadwantageof a singleexpensve displayprocesghatneeddo
feedanumberof renderersvith samplerequestandis alsorespon-
siblefor pointreprojection.Thedisplayprocessieeddo insertnew
resultsinto the point cloud, which meansthat the morerenderers
areused,the heavier the workload of the display process.Hence,
the displayprocesqquickly becomesa bottleneck.In addition,the
numberof pointsin the point cloudis linearin imagesize,which
meanghatthereprojectioncostis linearin imagesize.

The rendercachewas shavn to work well on 256x256images
using an SGI Origin 2000 with 250MHz R10k processors. At
higherresolutionsthan 256x256,the front end hastoo mary pix-
elsto reprojectto maintainfluidity.



3 Distributed render cache

Raytracingis anirregular problem,which meansthatthe time to
computearay taskcanvary substantiallydependingon depthcom-
plexity. For this reasonit is undesirabldo run a parallelray trac-
ing algorithm synchronouslyas this would slow down rendering
of eachframeto be asslow asthe processowhich hasthe most
expensve setof tasks. On the otherhand,synchronousperation
would allow a parallelimplementatiorof the rendercacheto pro-
duceexactly the sameartifactsas the original rendercache. We
have choserresponsienessandspeedf operationover minimiza-
tion of artifactsby allowing eachprocessoito updatethe image
asynchronously

Our approachs to distribute the rendercachefunctionality with
the key goal of not introducing synchronizationwhich is analo-
gousto framelesgendering.In our systemtherewill bea number
of rendereravhich will reprojectpoint cloudsandrendernew pix-
els,therebyremoving thebottleneckfrom the originalrendercache
implementation Scalabilityis thereforeassured.

We parallelizethe rendercacheby subdviding the screeninto
a numberof tiles. A randompermutationof the list of tiles could
bedistributedover the processorswith eachrenderemanagingts
setof tiles independentlfrom all otherrenderers Alternatively, a
globallist of tiles could be maintainedwith eachprocessochoos-
ing thetile with thehighestpriority wheneverit needsanew taskto
work on. While thelatteroptionmay provide better(dynamic)load
balancing we have optedfor thefirst solution. Load balancingis
achievedstaticallyby ensuringhateachprocessohasasuficiently
large list of tiles. The reasonfor choosinga staticload balancing
schemehasto do with memory managemenbn the SGI Origin
3800,whichis explainedin moredetailin Sectior4.

Eachtile hasassociateavith it alocal pointcloudandanimage
planedatastructure. The work associatedvith a tile dependn
whetheror notcameramovementis detectedIf thecameras mov-
ing, the point cloud is projectedonto the tile’'s local imageplane
andtheresultsaresentto thedisplaythreadfor immediatedisplay
No new raysaretraced,asthis would slow down the systemand
the perceved smoothnessvould be affected. This is at the costof
a degradationin imagequality, which is deemedmoreacceptable
thana lossof interaction. It is alsothe only modificationwe have
appliedto therendercacheconcept.

If thereis no cameramovement,a depthtestis performedto
selectthoserays that would improve image quality most. Other
heuristicssuchasanagingschemeppliedto the pointsin thepoint
cloudalsoaidin selectingappropriatenew rays.Newly tracedrays
are both addedto the point cloud and displayedon screen. The
point clouditself doesnot needto bereprojected.

The rendererseachloop over their alottedtiles, executing for
eachtile in turn thefollowing maincomponents:

1. Clear tile Before points are reprojected, the tile image is
cleared.

2. Add points Pointsthat previously belongedto a neighbouring
tile but have beenprojectedontothe currenttile areaddedto
thepointcloud.

3. Prgject point cloud The point cloud is projectedonto the tile
image. Pointsthat project outsidethe currenttile aretem-
porarily bufferedin a datastructurethatis periodicallycom-
municatedo therelevanttiles.

4. Depth test A depthtestis performedon thetile imageto deter
mine depthdiscontinuities.This is thenusedto selectraysto
trace.

5. Tracerays The rays selectedby the depth test function, are
traced.
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Figure2: Theparallel rendercachealgorithm.

6. Display tile The resultingtile is communicatedo the display
thread. This function also performshole-filling to improve
theimages visualappearance.

If cameranovementhasoccurredsinceatile waslastvisited,items
1, 2, 3 and6 in this list are executedfor thattile. If the camera
wasstationaryitems1, 2, 3 and6 areexecuted. The algorithmis

graphicallydepictedn Figure2

While tiles canbe processethrgely independentlytherearecir-
cumstancesvheninteractionbetweertiles is necessary This oc-
cursfor instancewhena pointin onetile’s point cloud projectsto
a differenttile (dueto cameramovement). In that case,the point
is removed from thelocal point cloudandis insertedinto the point
cloud associatedvith thetile to which it projects. The moretiles
thereare, the moreoften this would occur This conflictswith the
goalof having mary tiles for load balancingpurposesin addition,
having fewer tiles thatarelarger causegile boundariego be more
visible.

As eachrendereproducegixelsthatneedto becollatedinto an
imagefor display on screenthereis still a displayprocess.This
displaythreadonly displayspixels andreadsthe keyboardfor user
input. Displayinganimageis achieved by readinganarrayof pix-
els that representshe entireimage, and sendingthis arrayto the
display hardware using OpenGL.Whenrenderersgproducepixels,
they arebufferedin alocal datastructureuntil a sufficientnumber
of pixels hasbeenaccumulatedor a write into the global array of
pixels. This buffering processensureghat memorycontentionis
limited for largerimagesizes.

Finally, the algorithm shavs similarities with the conceptof
framelessrendering,in the sensethat tiles are updatedindepen-
dentlyfrom thedisplayprocesslf thesizeof thetilesis smallwith
respecto theimagesize,the visual effect is lik e that of frameless
rendering.Thelargerthetile sizeis chosenthemoretheimageup-
datingprocessstartsto look like a distributedversionof therender
cache.



4 Implementation

The parallelrendercachealgorithmis implementedon a 32 pro-
cessorSGI Origin 3800. While this machinehasa 16 GB shared
addresspacethe memoryis physically distributed over a total of
eight nodes. Eachnodefeaturesfour 400 MHz R12k processors
andone2 GB block of memory In additioneachprocessohasan
8 MB secondarycache. Memory accesgimesare determinedby
the distancebetweenthe processomand the memorythat needsto
bereador written. Thelocal cachds fastestfollowedby themem-
ory associatedvith a processos node. If a dataitem is located
atadifferentnode,fetchingit mayincur a substantiaperformance
penalty

A secondssueto be addressedks thatthe SGI Origin 3800may
relocatea renderingprocesswith a different processoreachtime
a systemcall is performed. Wheneer this happensthe datathat
usedto bein thelocal cacheis no longerlocally available. Cache
performancesanthusbe severelyreducedoy migratingprocesses.

Theseissuescanbe avoidedon the SGI Origin 3800by actively
placingmemorynearthe processeanddisalloving processnigra-
tion. This can,for example,be accomplishedisingthe dplaceli-
brary Associatedvith eachtile in theparallelrendercacheis alo-
cal point clouddatastructureandanimagedatastructurewhich are
mappedascloseaspossibleto the procesghatusesit. Suchmem-
ory mappingassureghatif a cachemissoccursfor ary of these
datastructuresthe performanceenaltywill belimited to fetching
adataitemthatis in local memory As amguedabore, this is much
cheapethanfetchingdatafrom remotenodes.For this reasonus-
ing agloballist of tiles asmentionedn the previous sectionis less
efficient thandistributing tiles statically over the available proces-
sors.

Carefully choreographinghe mappingof processeso proces-
sorsandtheir datastructuresto local memoryenhanceshe algo-
rithm’s performanceCacheperformancés improvedandthenum-
berof datafetchesfrom remotelocationsis minimized.

5 Results

Ourimplementatiorusesthe original rendercachecodeof Walter
etal [8] . Themainloop of therendererconsistof anumberof dis-
tinct steps,eachof which aremeasuredeparately To assesscal-
ability, thetime to executeeachstepis measuredsummedover all
invocationsand processor&nd subsequentlylivided by the num-
berof invocationsandprocessorsTheresultis expressedn events
per secondper processarwhich for a scalablesystemshouldbe
independenbdf the numberof processore&mplo/ed. In casethis
measurevarieswith processocount,scalabilityis affected.

If the numberof eventsper secondper processordropswhen
adding processorssublinearscalability is measuredwhereasan
increasendicatessupetlinearspeed-ugor the measuredunction.
Also note that the smallerthe number the more costly the oper
ationwill be. Using this measureprovides betterinsightinto the
behaiour of thevariouspartsof thealgorithmthana standardscal-
ability computationwould give, especiallysinceonly a subsetof
the componentf the rendercachealgorithmis executedduring
eachiteration.

Two testscenesvereused:a teapotwith 32 bezierpatches and
one point light source,anda room scenewith 846,563geometric
primitives and arealight sourcesapproximatedoy 80 point light
sourceqFigure3). For theteapotscenetherendereiis limited by
the point reprojectionalgorithm,while for theroom scenejracing
new raysis the slowestpartof the algorithm. The latter sceneis of

1Thesebezierpatchesarerenderedirectly usingthe intersectioralgo-
rithm from Parker et. al [6].

Figure3: TestscenesTheteapot(top) consistof 32 bezierpatdes,
while the room sceneconsistsof 846,563primitives and 80 point
light sources.

typical compleity in architecturabpplicationsandusuallycannot
beinteractvely manipulated.

In the following subsectionthe different componentanaking
up the parallel rendercacheare evaluated(Section5.1), the per
formanceasfunction of tasksizeis assesse(Section5.2) andthe
parallelrendercacheis comparedvith othermethodsto speedup
interactie ray tracing(Section5.3).

5.1 Parallel render cache evaluation

The resultsof renderingthe teapotand room modelson different
numbersof processorstaresolutionof 5122 and10242 pixelsare
depictedn Figures4 and5.

While mostof the componentsnaking up the algorithm shav
horizontallinesin thesegraphs,meaningthatthey scalewell, the
“Clear tiles” and “Add point” componentsshav non-linear be-
haviour. Clearingtiles is a very cheapoperationwhich appeargo
becomecheapelif more processorare used. Becausemore pro-
cessorgesultin eachprocessohaving to procesdewer tiles, this
superlinear behaiour may be explained by bettercacheperfor
mance. This effect is lesspronouncedor the 1024> pixel render
ings, which alsopointsto a cacheperformancdssueashereeach
processohandleamoredata.

The “Add point” function scalessub-linearlywith the number
of processorsBecauséhe total numberof tiles waskept constant
betweenruns, this cannotbe explainedby assuminghat different
numbersof points projectoutsidetheir own tile andthus have to
be addedto neighbouringtiles. However, with more processors
thereis anincreasedgrobabilitythata neighbouringile belongsto
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wheeasa fall-off meanssub-linearscalability.

adifferentprocessoandmaythereforeresidein memorywhich is
locatedelsavherein the machine. Thusprojectinga point outside
thetile thatit usedto belongto, may becomemore expensve for
largernumberf processorsThisissueis addresseth thefollow-
ing section.

Notealsothatdespitethe poorscalabilityof “Add points”,in ab-
solutetermsits costis ratherlow, especiallyfor the room model.
Hence,the algorithmis boundedby componentghat scalewell
(they producemoreor lesshorizontallinesin plots) andtherefore
thewholedistributedrendercachealgorithmscaleswell, atleastup
to 31 processorgseealsoSection5.3). In addition, the display of
theresultsis completelydecoupledrom the rendereravhich pro-
ducenew resultsandthereforethe screens updatecdat aratethatis
significantlyhigherthanrayscanbetracedandis alsomuchhigher
thanpointscanbereprojectedThis three-tiersystemof producing
new raysat a low frequeng, projectingexisting pointsat aninter
mediatefrequenyg and displayingthe resultsat a high frequeny
(on the Origin 3800at a rate of around290 framesper secondor

512% imagesand75 framesper secondfor 1024% images regard-
lessof numberof renderersandscenecompleity) ensuresismooth
displaywhich is perceved asinteractize, evenif new raysarepro-
ducedat a ratethatwould not normally allow interactvity.

By abandoningay tracingaltogetherduringcameramovement,
the systemshaws desirablebehaior evenwhenfewerthan31 pro-
cessorsare used. For both the room sceneandthe teapotmodel,
the cameracan move smoothlyif 4 or more processorare used.
During cameramovement,the scenedeterioratesecauseno new
raysare producedand holesin the point cloud may becomevisi-
ble. During rapid cameramovement,tile boundariesnay become
temporarilyvisible. After the camerahasstoppedmoving, these
artifactsdisappeaat a ratethatis linearin the numberof proces-
sorsemplo/ed. We believe that maintainingfluid motionis more
importantthanthetemporaryintroductionof someartefacts,which
is why thedistributedrendercaches organisedasdescribedbove.

For thosewho would prefera moreaccuratedisplayat the cost
of a slower systemresponseit would be possibleto continuetrac-
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ing raysduringcameranovement.Althoughtherendercachethen
behaesdifferently, the scalability of the separate&componentsas
givenin Figures4 and5, would not change.However, the fluidity

of cameranovements destrgyedby anamountdependenbnscene
compleity.

5.2 Task size

In section3 it wasamuedthatthetasksize,i.e. thesizeof thetiles,
is animportantparameterhich definesboth speedandthe occur
renceof visual artefacts. The larger the task size, the betterarte-
factsbecomevisible. However, atthe sametime, the reprojections
thatcrosstile-boundariesrelesslik ely to occur resultingin higher
performanceln Figure6 thescalabilityof the parallelrendercache
componentsasfunction of tasksizeis depicted. Tasksizesrange
from 322 pixelsto 128 pixels andthe measurementsereall ob-
tainedusing31 processor®n 10242 images. Largertile sizesare
thusimpossible asthetotal numberof taskswould becomesmaller
thanthe numberof processorsTasksizessmallerthan32? pixels
resultedin unreasonablglow performanceandwerethereforeleft
outof theassessment.

As in the previous section,the “Add points” and “Clear tile”
componentsshav interestingbehaior. As expected,for larger
tasks,the“Add points” functionbecomesheaperThisis because
the total length of the tile boundariesdiminishesfor larger task
sizes,and so the probability of reprojectionsoccuringaccrostile
boundariess smaller

The “Clear tile” componentalso becomesless expensve for
largertiles. Here,we suspecthatresettingonelargeblock of mem-
ory is lessexpensve thanresettinga numberof smallerblocks of
memory

AlthoughFigure6 suggestshatchoosingthe largesttasksizeas
possiblewould be appropriate the artefactsvisible for large tiles
aremoreunsettlingthanfor smallertasksizes.Hence for all other
experimentpresentedh this paperatasksizeof 322 pixelsis used,
whichis basednanassessmemtf bothartefictsandperformance.

5.3 Comparison with other speed-up mechanisms

In this section,the parallel rendercacheis comparedwith other
state-of-the-artenderingtechniques All male useof the interac-

tive ray tracerof Parker et. al. [6], eitherasa back-endor asthe
mainalgorithm. Thecomparisorincludestheoriginalrendercache
algorithm[8], the parallelrendercachealgorithmas describedn

this papertheinteractve ray tracer(rtrt) without reprojectiontech-
niguesandtheinteractve ray tracerusingthe framelessendering
concept[6]. In the following we will referto the original render
cacheas “serial rendercache”to distinguishit from our parallel
rendercacheimplementation All renderingsveremadeusingthe
teapotandroommodels(Figure3) at a resolutionof 10242 pixels.

The measurementgresentedn this sectionconsistof the num-
ber of new samplesproducedper secondby eachof the systems
andthenumberof pointsreprojectegersecondfor thetwo render
cachealgorithms).Thesenumbersaresummedbver all processors
andshouldthereforescalewith thenumberof processoremployed.
Theresultsfor theteapotmodelaregivenin Figure7 andtheresults
for theroommodelarepresentedn Figure8.

Thegraphsontheleft of thesefiguresshav the numberof sam-
plesgenerateghersecond All thelinesarestraight,indicatingscal-
ablebehaiour. In theseplots, steepetinesaretheresultof higher
efficiengy andtherefore thereal-timeray tracerwould be mostef-
ficient, followed by the parallelrendercache. The framelessen-
deringconceptloosesefficiency becausgandomisingthe orderin
which pixels aregeneratediestrgs cachecoherenceThe parallel
rendercachedoesnot suffer from this, sincethe screeris tiled and
tasksarebasedntiles. Theserialrendercacheappearso perform
well for complex scenesandpoorly for simplescenes.For scenes
thatlack compleity, the point reprojectionfront-endbecomeghe
bottleneck especiallysincetheimagesizechosencauseghe point
cloudto be quite large. Thus,the rendercachefront-endneedsto
reprojectalargenumberof pointsfor eachframeandsoconstitutes
abottleneck.

Although the parallel rendercachedoesnot produceas mary
new pixelsasthereal-timeray tracerby itself does this lossof ef-
ficiency is compensateby its ability to reprojectiarge numbersof
points,asis shavn in the plotson theright of Figures7 and8. The
point reprojectioncomponentof the parallel rendercacheshavs
goodscalability andthereforethe goal of parallelisingthe render
cachealgorithmis reachedThepointreprojectiorpartof theserial
rendercachedoesnot scalebecausdt is serialin nature.
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6 Discussion

While it is true that processorget ever fasterand multi-processor
machinesarenow capableof real-timeray tracing,scenesareget-
ting moreandmorecomple while atthesametime framesizesstill
needto increase.Hence,Moore’s law is not likely to allow inter-
active full-screenbrute-forceray tracingof highly complex scenes
anytime soon.

Interactve manipulationof complex modelsis still not possible
without the useof sophisticatedlgorithmsthat canefficiently ex-
ploit temporalcoherence The rendercacheis one suchalgorithm
that canachieve this. However, for it not to becomea bottleneck
itself, the rendercachefunctionality needsto be distributed over
the processorshatproducenew samples.Theresultingalgorithm,
presentedh this papershavs superiorreprojectiorcapabilitieghat
enablesmoothcameranovementgevenin thecasewheretheavail-
able processingpower is muchlower thanwould be requiredin a
bruteforce approach.It achiezesthis for scenecompleities and
imageresolutionghatarenot feasibleusingary of the otheralgo-
rithmsmentionedn the previous section.

While smoothnessf movementis animportantvisual cue,our

algorithm necessarilyproducesother artifactsduring cameramo-
tion. Theseartifactsaredeemedessdisturbingthanjerky motion
andslow responsdimes. The rendercacheattemptsto fill small
holesafter point reprojection. For larger holes, this may fail and
unfilled pixels may either be paintedin a fixed color, or can be
left unchangedrom previousreprojectionsEitherapproacttauses
artefactsinherentto thealgorithmandis presenbothin theoriginal
rendercacheandin our parallelimplementatiorof it.

Theparallelrendercacheproducesdditionalartefactsdueto the
tiling schemeemployed. During cameramovementtile boundaries
maytemporarilybecomevisible, becaus¢hereis somelatengy be-
tweenpointsbeingreprojectedrom neighbouringiles andthis re-
projectionbecomingvisible in the currenttile. A further investi-
gationto minimize theseartifactsis in order which we resere for
futurework. Currently the parallelrendercachealgorithmis well
suitedfor navigationthroughhighly complex scenego find appro-
priatecamergpositions.

It hasbeenshavn thatevenwith arelatively modesthumberof
processorsthe distributedrendercachecan producesmoothcam-
eramovementat resolutiongypically sixteentimeshigherthanthe



original rendercache.The systemaspresentedherescaleswvell up
to 31 processorslts linearbehaior suggestshatimproved perfor
manceis likely beyond 31 processorsalthoughif this mary pro-
cessorareavailable,it would probablybecomesensibleto devote
the extra processingoower to producemore samplesratherthan
increasehe speedf reprojection.
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