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Abstract.  We presenta nev hybrid renderingmethodfor interactve walk-

throughsin photometricallycomplex ervironments. The display processstarts
from someapproximatiorof thescenaenderedthighframeratesusinggraphics
hardware. Additionalcomputatiorpoweris usedto correctthisrenderingowards
a high quality ray tracing solutionduring the walkthrough. This is achieved by

applyingcorrective texturesto sceneobjectsor entireobjectgroups. Thesecor

rective texturescontaina sampledrepresentationf the differencesbetweerthe

hardwaregenerate@ndthe high quality solution. By reusingthetextures frame-
to-framecoherences exploited and explicit reprojectionsof point samplesare
avoided. Finally, we describeour implementationwhich candisplayinteractve

walkthroughof fairly complex scenesncluding high quality globalillumination

features.

1 Intr oduction

Photorealisticgenderinghasa majordravback: its performancas far from interactve.
In contrasthardware-assistetenderingallows walkthroughsn complec ervironments
atinteractve framerates,but lacksthe visual compleity andquality of sophisticated
globalillumination solutions.

Approachesxist for pushingphotorealistiaenderingowardsinteractvity, aswell
as for increasingthe realismof interactve hardware-assistedisualizationsystems.
Both directionsof researchhave advanceddrasticallyover the pastfew years. Yet it
can be foreseerthat even with the fastincreaseof computationpower and graphics
hardware capabilities,the gap betweeninteractive renderingand global illumination
will notvanishin the nearfuture.

In this paper we proposea way to bridgethis gap. A sceneis rst renderedby
meansof graphicshardware. This renderingcaninclude global illumination effects,
e.g.shadavs, but mostimportantly it guarantees certainframerate. Although this
approximateenderingcontainsall geometrideaturesof the scengwhich is important
for navigation), it canin generalnot cover the whole rangeof lighting effects, asfor
examplemultiple re ections andrefractions,or complec re ection characteristicsln
thefollowing we will referto this renderingastheinteractivesolution

More desirable,however, is a high quality solution which is typically obtained
by ray tracing-basedlgorithms. Dependingon the employed technique thesehigh
quality solutionsexhibit bothimportantandsubtleglobalillumination effects,usuallyat
high computationatosts.Clearly, we cannottraceevery pixel in aninteractve display
loop, but we canuseadditionalcomputatiorpowver— in betweerthedisplayof frames
or, if available,on parallelprocessors— to correct the interactve solutiontowardsa
photorealisticyiew-dependenimage.



Fig. 1. Corrective texturing example. Left: interactive solutionthat canbe displayedat high
framerates.Center:high quality solutionobtainedby applyingcorrective texturesthatrepresent
the differencesetweerthe interactive solutionandthe high quality samples.Right: corrective
texture of thehouglass.

To this end, high quality samplesare acquiredasynchronously The resultinger
ror values,i.e. the differencesdbetweenthesesamplesandthe interactive solution,are
storedin correctivetextureswhich are mappedonto the correspondingpbjectduring
theinteractve displayprocesgcf. Fig. 1).

Using textureshasthreemajor advantages.First, correctionsare restrictedto the
object(or cluster)thetextureis assignedo. Secondintra-framecoherencés exploited,
sincethetextureresolutioncanbe adaptedo matchthe currentsampledensityfrom the
high quality solution,anda single corrective texel canaffect several pixels, usingthe
graphicshardwarefor texturereprojectionand Itering. Finally, inte-framecoherence
is also exploited, sincethe correctionswill not changedrasticallyfor small camera
movements. This is why we canreusemostof the textures,and only needto adapt
someof the correctiondor eachnew view point.

2 Previous Work

Allowing interactive explorationof high quality globalillumination solutions(so-called
walkthroughs)s animportantgoalin mary applicationareaqe.g.architecturelighting
design simulation). Two major problemshave to be addressedgeometriccompleity,
whichis thenumberof geometrigrimitivesto beprocesseébr aview, andphotometric
compleity, whichis thetime neededor computingthe actualview-dependenappear
anceof asurface.Thelattercanbesplit furtherinto thelocal illumination computation
(calledshading andthe determinatiorof global illumination effects suchasindirect
illumination.

A photometricallysimple kind of a walkthroughsceneconsistsof purely diffuse
polygonalobjects,e.g.the solutionof a hierarchicalradiosity computation3]. Since
theappearancef the objectsdoesnot dependon the viewpoint, this kind of scenecan
berenderedat high frameratesusingoff-the-shelfgraphicshardware.

Unfortunatelythenumberof polygonsthegraphicshardwarecanrenderatacertain
framerateis limited. Geometry-basedr image-baseétevel-of-detail(LOD) techniques
canbeusedto reducethe polygoncount.Impostos[14, 19, 5, 21], for example replace
anumberof distantobjectsby a singletexturedpolygon. Theimpostorassignmenhas
to take into accounthe depthrangeandapparensize of the objects.LOD techniques
generallyonly take into accoundgeometricpropertiesandnot photometricfeatures.



Anotherway of increasinghe frameratefor renderingis givenby techniquedike
post-endering3D warp [16, 15]. Herethe display processgeneratesadditionalin-
betweerframesby reprojectingirom neighbouringmages.However, only arelatively
smallspeedups achiezredanda numberof warpingartifactsareintroduced.

A variety of methodsexists for computinghigh quality non-diffuseglobal illumi-
nationeffects,seefor instancg8] for agoodovervien. Sincemostof themperforma
large numberof view-dependentomputation@ndtracelight pathsthroughthe scene,
thesealgorithmsrequirecomputatiortimeswhich arefar from interactve framerates.
Severaltechniqueshave beenproposedhat decoupleview-independente.g. diffuse)
andview-dependente.g.specularglossy)globalilluminationeffectsandemploy some
kind of multi-pasgglobalilluminationtechniqud?25, 12, 22, 23, 13]. Despitea consid-
erablespeedupmostof thesemethodsarestill notfastenoughfor interactive use.

With increasingbandwidthand additional featuresin todaysgraphicshardware,
moreandmorehigh quality shadingeffectscanbe computedat interactve framerates
usingmulti-pasOpenGLrendering Thisincludesdifferenttypesof shadavs, specular
andglossyre ections on planarand curved objects,sampledapproximationof arbi-
trary re ection functions,and bump mapsand normalmaps[20, 17, 6, 10, 2, 26, 1].
Eachof thesedechniquesolvesa very specialsubsefrom the broadrangeof lighting
effects,andit is notalwaysobvioushow to combinethemall. Usuallyanumberof con-
straintsareimposedonthesceneg.g.numberandshapeof light sourcesandre ectors,
distancebetweerobjectsandthere ectedervironment,andsoon.

Finally, someviewing applicationgperformmassivelyparallel computationssome-
timeslooselycoupledwith a progressivedisplayprocesq18, 29]. UdeshiandHansen
usea combinationof hardware-assistetiechniquedor shadev andindirect lighting,
plusray tracingfor speculambjects[24]. They exploit both parallel CPU power and
parallelgraphicspipelines,andreuseresultsfrom the hardware-assistedenderingfor
speedingup the softwareray tracingstep.

Walter et al. [27] describea fully decoupleddisplay processthe so-calledrender
cache, which maintainsandreprojectghe currentsetof samplesandreplaceoutdated
samplesy newer onesfrom the ray tracing clientsusinga sophisticatedmportance-
weighted,diffusion-like samplingstratgyy. The rendercachecanbe usedfor nearly
ary kind of perpixel globalillumination computation. The down side of this is that
duringcameramnotion,alargefractionof thepixelsappealasblackholes,aslongasno
informationis availablefor themfrom the ray tracingprocessesThe work presented
in this paperwasmotivatedby the resultsof the rendercache.Our goalwasto build a
similar systemthatavoidsthesewarpingholesby renderinghescenen hardwarewith
full geometricdetail,andaddingthelighting obatinedby ray tracing.

3 Corrective Texturing

Corrective texturing providesa meandor re ning anapproximateinteractivesolution
with corrective samplesobtainedfrom a high-qualityglobalillumination computation.
In our approachwe maintaina setof texturesthat representhe differencebetween
thosetwo computations.The correctie texturesare updatedthroughan adaptve and
lazy sampletracing. The actualdisplay processdraws the approximatenteractive so-
lution, augmentedby the corrective textures.

Our methodconsistof severalcollaboratingasksthataresketchedn Figure2:

the sampleclients deliver high quality samplesusing a ray tracing-basedap-
proach;



sampleclient

sampleclient

Fig. 2. The main componentf our renderingsystem. The mastertask keepstrack of the
cameramovementsand requestigh quality sampledrom the sampleclients. Furthermorejt

insertsthe resultingsamplesnto the textureswhich are usedby the displaytaskfor correcting
theapproximatesolution.

themastertaskadaptvely request@ndcollectsthesamplesandassignsgreates,
andupdateghe corrective textures;
thedisplaytaskrenderdhehardware-accelerateféistapproximatiorof thescene
andappliesthe correctve textures.

The mastertaskusesan adaptve schemeo requesthigh quality ray samplesn image
regionswherethe error of the currentscenerenderingis probablylarge. It processes
thedatareturnedfrom thetracingclientsand nds thetextureassignedo the samples
correspondingcenepoint. Next, it computeghe errorof thecurrentlydisplayedvalue
with respecto the high quality sampleandsplatsthe correspondingorrectioninto the
texture. Thetextureresolutionis adaptedo thechosersampledensity andtexturesare
assignedo sceneobjectsor clustershasedn their appearance thecurrentview. The
masteralso“ages” the texels with respecto the amountof cameranovement,sothat
freshsamplegeplaceolderones.

3.1 Why Textures?

The corrective texturesare usedto spreadcorrectionsacrosssereral pixels within the
sameframe (intra-framecoherence)aswell asfor reusingthe samecorrectionsn fur-
therframesuntil freshersamplesareacquired(inter-framecoherence) Our approach
of usingtexturesbringsalongadwantagesver approachetik e the rendercache[27],
which storespoint sampleghathave to bereprojectedandsplattedfor every frame.

First, the performancef our renderingprocesss almostindependentf the screen
resolutiondueto the useof hardwaretexture mapping. A single correctve texel can
affect several pixelsthroughthe useof hardware-assistetexture reprojectionand |-
tering.

Secondwe remove the problemof holesin the displayedimagecausediy under
samplingand missinginformation. The interactve solution visualizesall geometric
featuresof the sceneandthe corrective texturesalwaysmapa densesetof corrections
ontothe objects.By usingseparatdéexturesfor differentobjects thesecorrectionsare
restrictedto the object boundaries. This guaranteeshat the correctionswill not be
mappedntothewrongobject,asit canoccurwith warpingapproaches thevisibility
situationchanges.However, this alsorequiresa well choserhierarchyfor the texture
assignmengseebelow).

Third, we canafford to splatnew samplesadaptvelyinto theircorrectvetextureand
to blendthe new sampleswith their neighboursresultingin visually pleasantsmooth
textures.Theserelatively expensve operationcannotbeemployedif thepointsamples



have to be reprojectedand splattedfor every new frameasin warping-basedlisplay
algorithms.Furthermorethetexture resolutioncanbe adaptedo matchthe densityof
thehigh quality samples.

3.2 TextureProjection

We usetwo differentmodesfor applying texturesto their associatedceneobijects,
both basedon texture projection. Projectie texture mapping[20] projectsthe texture
ontothespeci ed sceneobjectsfrom somevirtual point or direction(for perspectie or
parallelprojectionsyespectiely). The projectioncaneitherbe attachedo the object’s
coordinatesystem(object-local)or to the currentcamerasystem(camera-local).

For at objects,i.e. objectswith only slightly varyingnormal,we useobject-local
parallelprojectionalongthe surfacenormal. By this, we have a simpleautomatiovay
to parameterizentire objectgroups(e.g. mary trianglesin a mesh). Becauseof the
object-localprojection, the texture is “glued” onto the object. This meansthat view
independentorrectionge.g.causticon diffusesurfacesyarereprojectedorrectlyinto
novel views.

If thetexturedobjectis not at or notevencorvex, anobject-localprojectionleads
to seriousproblems,sinceary texel may mapto multiple scenepoints, and surfaces
parallelto the projectiondirectionareundersampled.

Insteadfor suchnon- at objectsaswell asfor objectclustersve employ acamera-
local texture projection. By placingthe centerof projectioninto the currenteye point,
ambiguity problemsare avoided completely Only visible partsof the sceneare as-
signedcorrective samplegwhich makesthe mappingbijective), andonesingletexture
is sufcient perobject. We de ne our texture mappingby projectinga boundingvol-
umeof the objectinto cameraspaceandthenusingits boundingrectangleontheimage
planeasthe valid texture coordinatedomain. This is a shearedperspectie transfor
mationwhich canbe appliedby the graphicshardware. Furthermorefor camera-local
textureswe caneasilyadjustthe texture samplingrateto matchthatof theimage.

Our texturing approachsharessomeideaswith imageimpostormethodg14, 19|,
but insteadof replacingan object clusterby a single textured polygon, we augment
the original geometryandappearancéy a photometriccorrectiontexture. Note that
the two approachest togetherwell, allowing photometriccorrectionson simpli ed
geometry

The drawback of camera-locaprojectionis that it changeswith the view point,
which meansthat the texture oats in front of the objectratherthansticking ontoit.
If the objectis concave, the correspondencketweentexel andsurfacepoint caneven
be discontinuous.This is wealenedby the fact that typical cameramovementsin a
walkthroughapplicationonly leadto a very smalltexture o w. Furthermorethis kind
of artifactmainly affectsclusterscloseto theviewer. Suchclustershowever, tendto be
split andtexturedon alower level (seenext Section3.3).

3.3 Texture Assignment

Texturesare not only assignedo single geometricprimitives, but alsoto composite
sceneobjectsandobjectclusters e.g.provided by spatialsubdvision schemesndthe
scenes modelinghierarchy

The assignmenbf texturesto scenenodesis adaptedon the y for eachnovel
view point by traversingthe scenehierarchytop-dowvn andverifying the validity of the
currentallocation. The obsened motion of a point dependsn that point's distanceto



the camera,so differentpartsof the objectmove in a differentway (parallaxeffect).
Usingasingleimage-planaexturewould causehetextureto oat onthegeometry

To avoid this artifact, we estimatethe parallaxeffect by computingthe depthrange

of thetexturedobjectin relationto its distance totheviewer. An objectis assigned
asingletextureif , with  beinga parallaxthreshold.In our tests,valuesof

led to parallaxdistortionsthat were hardly visible. The thresholdis
usedto control the numberof allocatedtextures,which is reducedfurther by simple
visibility frustumculling. Figure5 depictsthetexturesassignedo variousobjectsona
table,with a constanthresholdof .

Also the projectedsize of the objectcanbe includedinto this test. In this way,
alsofor alargeobjectwith no parallaxartifactsseveraltextureswill beassignedIf the
sampledensityis stronglyvarying over the object, the texture resolutionscanthusbe
selectedseparatelyor differentpartsof the object(seebelow).

Building a properhierarchyfor this processs adif cult problemonits own, which
hasa largeimpacton the quality of the results.We usethe modelinghierarchyfor this
purposeor amodi ed hierarchicaboundingvolumemethodthatdoesnotonly consider
spatialcriteria, but alsomaterialproperties.

3.4 Samplelnsertion

Every texture containscolor correctionvalues which approximatethe difference
betweenthe high quality solution  and the basicinteractve solution

. Whena new sampleis to beinserted,it shouldaffect a certaintexture area
ratherthana singletexel, becausave assumesomeamountof spatialcoherencef the
approximationerror. Ideally, the samplingdensitydeterminesow far the correction
is spread. Thereforewe restrictthe splatregion of a sampleto its cell in a VVoronoi
diagramof the samplepointson the texture.

This canbe achieved rathereasilyby anapproachsimilar to the discreteDirichlet
domaincreationdescribedn [11]. Everytexel is assignedavalidity value , which
is basicallythe negative distanceof the texel to the samplethatis responsibldor the
texel'svalue.If wewantto insertanew samplethecorrespondingexel is insertedwith
maximumvalidity 0. Thenneighboredexels with distance areexamined. If the
validity of is smallerthan , thetexel getsreplacedwith the new, moreappropriate
sampleandnew validity . This is continuedfor growing distances until for one
neighborhooding no texel could be updated. We call the radiusof the last updated
ring splatradius . Blendingbetweemew andold valuesaccordingto their respectre
validity smoothe®ut harshboundariebetweerthe splats.Figure3 shavs anexample
obtainedby splatting20 and100 samplesnto a texture.

3.5 TexelAging

In additionto this purelydistance-basesblattingcriterion,theageof theexisting texels
hasto betakeninto account.To avoid updatingeverytexel for eachnew view point, ev-
ery texture hasonecurrentglobal maximumvalidity value . Thevalidity/distance
valuesfor insertingnew texelsstartwith ratherthan atthesamplescentertexel,
sothatnewertexelsgainpriority overtherestof thetexture.

If the camerachanges, is modi ed accordingly The offsetre ects boththe
texture o w appearingor projectedtexturesand an estimatedoossiblechangeof the
correctiondueto the new viewing directions. The rst is zerofor object-localprojec-
tions. For oating projectionsit is estimatedy theratio of the visual depthover the
distanceto the viewer. Thelatteris estimatedoy the maximumchangeof the object's



Fig. 3. Sampleinsertion: Splatting20 (left) and 100 (center)samplesinto a texture usingour
validity measureRight: referencesolutioncontainingexactly onesamplepertexel.

BRDFs. We useheuristicsfor combiningthesetwo. This way glossysurfacesage
quickly, whereagextureson diffuse objectswith x edtexturesdo not ageat all, and
thesamplegemainvalid for all possiblenew view points.

3.6 Texture Resolution

The averagesplatradiusof the last samplesnsertedinto a texture is a valuablehint
abouttherelationbetweersampledensityandtextureresolution.If theradiusis large,
the texture resolutionis probablytoo high comparedo the numberof samples.As a
result,insertinga singlesampleis expensve. On the otherhand,a very smallaverage
splatradiusindicatesthat the texture resolutionis too low, so informationgetslost if

two sampleshareonetexel.

After eachsampleinsertion,we testthe averageof previous splatradii againsta
lower and an upperthresholdvalue. If onethresholdis exceededthe resolutionof
thetextureis increasedr decreasethy a factorof two. This way, theinitially coarse
texturesbecomener thehigherthe densityof therecevedsampless. If thesplatsize
increasesagain,for exampleafter aging (cf. Sec.3.4), this indicatesthat thereis no
high frequeng detail in the texture, andso the resolutionis decrease@gainto speed
up the splattingprocess.For thosetexturesmappednto the imageplanedirectly (cf.
Sec.3.2),themaximaltextureresolutioncanbederivedfrom twice the samplingrateof
thethe screen.By usingbilinearinterpolationfor texture re nementandbox lItering
for texture coarsening smoothtransitionbetweerntheresolutionlevelsis obtained.

3.7 Adaptive SampleAcquisition

For acquiringthenecessarhigh quality samplestareasonableate, it isimperativeto
usean adaptve schemehatfocuseson imageregionswith large error. It is important
to accountfor the presentapproximatecorrectionvalue . Thereforewe measure
theerror , which is the differenceof the high quality sample

andthevalueof the currentlydisplayedandcorrectedpixel . Notethatin
this stepwe have to checkwhetherthe objectvisible throughthat pixel is the samein
theinteractve andin the high-qualitysolution.In orderto corvergeagainsthe desired
solution, the samplingschememustmake sureto cover all pixels of the imageif the
userstandsstill long enough.

The heartof the mastemrocesss a priority queuethatcontainssamplingrequests,
sortedaccordingo their anticipatedmportancdor animprovedsolution.Eachrequest

in this queuecontainsa samplingdirection,a domainradius , which denoteghe
sizeof theimagedomainthis requestepresentsandits priority value.



The queueis initially lled with several requestsf high priority which are uni-
formly distributedovertheimage.Thedomainradiusof theserequestss givenby their
averagedistance. Thenthe masteriteratively removesthe samplingrequestwith the
highestpriority from thequeueandsendst to thesampletracer(s).Thenew correction
value getssplattednto theappropriateexture.

After request hasbeenprocessed
completely we generatea numberof @
child requestdhat cover the affecteddo-
mainmoredensely Thedomainradius
of sucha next-generatiorrequest is set
to ~, sincethe domainareais in- _’| add giop global request§r<—
verselyproportionalto the numberof re-
quests. The productof the parents cor | processi updaterequestqueuel
rection error and the new radius
yields the new priority for request . If

this priority is too small, the requestis
discardedptherwiseit is insertednto the @W
priority queue. n

For eachframe,anumber gjq of themost y

signi cant samplesare memorizedsep-

arately where the samples signi cance | clearrequest:]ueue|
is determinedby its correctionerror I

alone. Eachtime the camerachanges,
thesesigni cant samplesare reprojected
into the novel view and addedto the pri- |

ority queueas requestdcf. Fig. 4) with Fia 4. Th ] ddsalobal rand
: P i i i Fig.4.. Thesamplingprocessddsglobalrequestsin
hlgh priority. Thus the sampllngls di processeshe requestjueueaslong asthe userstands

.rectedinto.regionsexhibiting large errors gy If the cameramoves, somesigni cant samples
in the prallousframe. from the previousframearereusedo yield afasterup-

If the queuehas been processedcom- datein visuallyimportantregions.
pletely, new randomlypositionedglobal requestswvith high priorities areinsertedwith
thegoalto detectnew featureghatrequirecorrection.

If the camerastandsstill long enough every pixel of theimage nally corresponds
to the value of the high-quality solution. We usea maskof sampledpixel positions
to immediatelydiscardnew requestdelongingto alreadysampledpixels. So aftera
regionis sampledatimageresolution the samplingalsospreaddo lesserroneougparts
of theimage. If mostpixels of theimageare covered,the samplingprocessreatesa
specialqueuecontainingtheremainingpixels,therebyavoidingto spendoo muchtime
on nding freepixel positionsfor thelastfew requests.

| add g signi cant samples*

4 Implementation

4.1 Interactiveand High Quality Solutions

In ourimplementatiorwe displaytheresultof a hierarchicaradiositypreprocesasthe
interactve solution,whichcanberenderedthighframeratesby thegraphicshardware.
It containssoft shadavs, but completelylackseffectslik e glossyhighlights,mirroring,
andrefraction.

For the high quality sampleswe usestandardlistributedray tracing[4], i.e. atnon-
diffusesurfacesan eye ray spavns severalre ection rayswhich aretracedrecursvely



upto auserde neddepth.llluminationdueto areadight sourcess computeddy casting
stochasticshadaev rays.

For eachhigh quality sample the differenceto the interactve solutionis required.
Unfortunatelyreadingbacktheframebuffer contents still afairly expensve operation
onalmostall currentgraphicsplatforms.To avoid this step,we computethedifference
value for eachhigh quality sampleby performingthe Gouraudinterpolationof the
radiosityvaluein software.

Usingthe above settingrevealsaninterestingeffect. Becauseve useMonte-Carlo
samplingfor the arealight sourcesn the high quality solution,the penumbraregions
arenoisyandmostlylessaccuratehanin theradiositysolution. Especiallythe noisein
the“reference”solutionimposesevereproblemspecausd is considereds ne detail
in theillumination. As aresult,mary high quality samplesare wastedto capturethis
supposedietail. Furthermorethe splattingof the noisy correctiongproducesvisually
unsatisctoryresults,unlessthe entirepenumbras sampleddensely

The rst solutionis to increasethe numberof shadaev rays, which works well,
but hasto be boughtby more expensve high quality samples.For performancecrit-
ical scenesye solve the problemdifferently: The high quality ray tracing stepitself
reuseshediffusecomponentsomputedn theradiosityprecomputatiomndonly com-
putesspeculare ection additionally Thisimpliesthatthe radiositysolutionis precise
enough. Furthermorewith this combinationit canbe guaranteedhatall corrections
arepositive, which speedsip hardwarerenderingsigni cantly on someplatforms(see
Sec4.3).

4.2 Parallelization

We have testedour implementatiorof the componentsketchedn Figure2 on several
differentmachinesrunningundereither IRIX or Solaris. In our computingerviron-
ment,we useasingle-processor  Octane(MIPS R12000)with hardware-supported
texturemapping(EMXI graphicsboard)asthedisplayproces$ost. Themasteprocess
andtheray tracingprocessesun on eithera clusterof workstationsconnectedo a
commonl00MBit-Ethernet,or ona SunEnterprisel0000sener with 8 availablepro-
cessorandshared-memorgommunication.The communicatiorbetweenthe master
processandtheray tracersis implementedisingthe Message-&ssingnterface[9] for
both the clusterandthe shared-memorgpproach.Dueto the lack of interoperability
betweendifferentvendorimplementation®f MPI, we usea standardJNIX protocol
andsocletsfor the communicatiorbetweernthe masterandthe display process.This
communicatioris mostly unidirectional:only uponcameranovementa messageon-
tainingthenew camergarameterbasto besentfrom thedisplayprocesso themaster
Themastemprocesspntheotherhand,sendsall theray tracedsampleslongwith their
texture coordinatego thedisplayprocess.

4.3 Texturing

The correctie texturing hasbeenimplementedhroughthe basicblendingfunctions
provided by OpenGL.More speci cally, we usean additionalblendingequationpro-
vided by the _ OpenGLextension. This approachrequiresthe scene
to be drawn threetimes: rst with the original color and texture, a secondtime for
addingpositivecorrectionvalues,andathird time for subtractingcorrectionsvherethe
approximatiorappearsoo bright. While this methodrunsonall contemporary ~ ma-
chines,it hasof coursethe dravbackof requiringthreerenderingpasse®f the scene.
If the interactve solutionandthe high quality solutionareselectecappropriately(see



above), all correctionswill be positive, sothe third passcanbe omitted. Somenewly
availablegraphicsboardssuchasthe GeForcesystemsupportmulti-texturing
with generalcombinerfunctions. In thatcasethe entirerendering,including additve
andsubtractve correctiononly requiresa singlerenderingpassandshouldallow con-
siderablyhigherframerates.

5 Results

To testourimplementationye have createdseveralscene®f differentgeometriaccom-
plexity. The numberof geometricprimitives(i.e. the objectsour ray tracercanhandle
asentities)in our testscenevariesbetweer3,500andalmost60,000.Thecorrespond-
ing numberof trianglesgeneratedby our hierarchicalradiosityalgorithmlies between
15,000and415,000.All ourtestscenesontainseveralphotometricalljcomplex mate-
rialswith propertiesuchasanisotropiae ection [28], perfectmirroring,andrefractve
transmission.

We displayedthe sceneson a single processor  OctaneR12000with EMXI
graphicshoardataresolutionof 1024 1024pixels. Themastemprocesandthesample
clientsranon aremoteSunEnterprisel0000with 8 processorsvailable(cf. Sec.4.2).
Ourray tracerusesBSPtreeg[7] for spatialsubdvision anddistributedray tracing[4]
for light raysandre ection rays.

Usingall of the 8 processorsn the Sunwe wereableto move throughour scenes
at a framerate of 1.5-5fps. The lower framerateis achievzed for our mostcomplex
scenewith 4,000sampleseingtracedandsplattedwithin eachframe,while the higher
frameratecorresponds$o 1,000samplegerframeandour simplestscene As soonas
the camerastoppedmoving, the displayedmagesstartedcorverging at a framerate of
2—6.5fps.

The percentagef time for rendering,samplingand texture update(splattingthe
samplesre ning andcoarseningyvithin eachframedepend$eaily onthecomplexity
of thesceneandthenumberof ray tracedsamplesAs long asthegeometriccomplexity
of thescends nottoo high, thebalanceof rendering sampling textureupdates about
30:60:10for 1,000samplesand 10:70:20for 4,000 samples. For our mostcomplex
scenewe obtaineda balanceof 60:30:10for 1,000 samplesand 35:50:15for 4,000
samples.

The corvergenceof our methodis visualizedin Figure6. Startingfrom aradiosity
solution,moreandmoresamplesaretracedandaddednto the corrective textures. The
lastimagein this seriesis visually almostidenticalto a fully corvergedimage. Note
that our ray tracercan handleshadavs of transparenbbjectsandthereforebrightens
thedarkshadev of the glassfrom theradiositysolution.

In Figure7, thesamescends rst renderedrom a a particularpoint of view. Then
the view changeswithout updatingthe corrective textures. The next imagehasbeen
generatedftertracing10,000new samples.The distribution of thesenew sampless
visualizedin the lastimage. One canclearly seethatmostof the samplesoncentrate
ontheimageregionswheretheerroris large.

During aninteractie sessionthe displayedsolutioncansufer from textureupdate
artifacts. Especiallycorrective texturesthat changerapidly with a new view point (for
instanceonmirroring or refractive objects)needto beupdatedvith quiteafew samples.
If not enoughtime is availablefor acquiringthesesamples,ick eringin the textures
becomewisible. Similar effectsappeaif smalllighting detailsaremissedby theinitial
samplesSucheffectsthensuddenlypopup lateron, whenthey arehit by accident.



6 Conclusionsand Future Work

We presentedh techniquefor augmentinghardware-acceleratetenderingby results
obtainedfrom expensve pixel-baseday tracingmethods.The correctionsareapplied
to the objectsthroughtexturesthatarecontinuouslyadaptediuring a walkthrough.By

this, we alwayshave full geometriadetail, whereagherichnessof lighting dependon

theavailableadditionalcomputatiorpower. We thusblendbetweerthe interactive and
the high quality solution. In the worst case the userseesthe interactive solution, but

the morecomputationpower is available,the closerwe getto the desiredhigh quality
solution.

With our resulting systemwe achieve good frame rates,but if not enoughcom-
putationpower is available andthe samplingis too coarse the lighting still changes
visibly. After rapidview changesit takesaboutoneseconduntil thelighting corverged
visually, sothatlatercorrectionsarestill noticable but subtle.

Our methodis in the spirit of the rendercacheor the Holodeck. However, we
additionally exploit graphicshardware,andonly spendadditionalcomputationpower
wherethe hardware-basedolutionis erroneousWorking with this approactrevealed
severalbene ts,but alsosomelimitations.

Onemajorfeatureis thatwe canincorporaterbitraryinteractvelighting algorithms
and exploit the high pixel Il ratesfrom graphicshardware. In contrastto previous
approachesye removed the needof reprojectingsamplesand lling holesmanually
Fromthis point of view, our methodis well suitedfor high screerresolutionaslong as
thegraphicshardwaresuppliesufciently highframerates.Onthedown side,for some
interactve renderingmethodsour approactforcesa frame buffer read-backwhich is
expensve for technicalreasons.

In ourimplementationye avoid readingtheframetuffer by recomputingheframe-
buffer valuesfor desiredsamplen the y . For moresophisticatednteractve render
ing methodsthis is probablynot feasible. For complex testsceneswith abouthalf a
million polygonstheinteractize renderingtime becomeghelimiting factorin ourim-
plementation. However, this limit could be pusheda lot using more recentgraphics
hardware (fewer renderingpasses)and an improved renderingmethod(e.g. visibil-
ity/occlusionculling). We alsodid not yetintegratemoreelaboratednteractive render
ing techniquese.g.geometridevel-of-detailmethodspr multi-pasOpenGLrendering
for speciallighting effects.
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Fig. 5. Adaptive texture assignmengaccordingto the relative depthrangeof sceneobjectsac-
cordingto thedepthrangeof the objects.

Fig. 6. A radiositysolution(left) is correctedowardsaray tracingsolutionusing5,000(0.48%),
and20,000(1.9%) ray tracingsampleqcenterandright).

Fig. 7. Exploitationof frame-to-framecoherenceThetop left view is obtainedwith corrective
textures. By moving the camerawithout updatingthe textures,the top right imageis obtained.
Thebottomleft imageshavs the sameview aftershootingl0,000sampleg0.95% of all pixels),
thedistribution of whichis visualizedin the bottomrightimage.



