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Abstract. We presenta new hybrid renderingmethodfor interactive walk-
throughsin photometricallycomplex environments. The displayprocessstarts
from someapproximationof thescenerenderedathighframeratesusinggraphics
hardware.Additionalcomputationpoweris usedtocorrectthisrenderingtowards
a high quality ray tracingsolutionduring thewalkthrough.This is achieved by
applyingcorrective texturesto sceneobjectsor entireobjectgroups.Thesecor-
rective texturescontaina sampledrepresentationof thedifferencesbetweenthe
hardwaregeneratedandthehighqualitysolution.By reusingthetextures,frame-
to-framecoherenceis exploited andexplicit reprojectionsof point samplesare
avoided.Finally, we describeour implementation,which candisplayinteractive
walkthroughsof fairly complex scenesincludinghighqualityglobalillumination
features.

1 Intr oduction

Photorealisticrenderinghasa majordrawback: its performanceis far from interactive.
In contrast,hardware-assistedrenderingallowswalkthroughsin complex environments
at interactive framerates,but lacksthevisualcomplexity andquality of sophisticated
globalilluminationsolutions.

Approachesexist for pushingphotorealisticrenderingtowardsinteractivity, aswell
as for increasingthe realismof interactive hardware-assistedvisualizationsystems.
Both directionsof researchhave advanceddrasticallyover the pastfew years. Yet it
can be foreseenthat even with the fast increaseof computationpower andgraphics
hardwarecapabilities,the gapbetweeninteractive renderingandglobal illumination
will not vanishin thenearfuture.

In this paper, we proposea way to bridgethis gap. A sceneis �rst renderedby
meansof graphicshardware. This renderingcan includeglobal illumination effects,
e.g.shadows, but most importantly, it guaranteesa certainframerate. Although this
approximaterenderingcontainsall geometricfeaturesof thescene(which is important
for navigation), it canin generalnot cover the whole rangeof lighting effects,asfor
examplemultiple re�ections andrefractions,or complex re�ection characteristics.In
thefollowing wewill referto this renderingastheinteractivesolution.

More desirable,however, is a high quality solution, which is typically obtained
by ray tracing-basedalgorithms. Dependingon the employed technique,thesehigh
qualitysolutionsexhibit bothimportantandsubtleglobalilluminationeffects,usuallyat
highcomputationalcosts.Clearly, wecannottraceeverypixel in aninteractivedisplay
loop,but wecanuseadditionalcomputationpower— in betweenthedisplayof frames
or, if available,on parallelprocessors— to correct the interactive solutiontowardsa
photorealistic,view-dependentimage.



Fig. 1. Corrective texturing example. Left: interactivesolution that canbe displayedat high
framerates.Center:high qualitysolutionobtainedby applyingcorrective texturesthatrepresent
thedifferencesbetweenthe interactive solutionandthehigh quality samples.Right: corrective
texture of thehourglass.

To this end,high quality samplesareacquiredasynchronously. The resultinger-
ror values,i.e. the differencesbetweenthesesamplesandthe interactive solution,are
storedin correctivetextureswhich aremappedonto the correspondingobjectduring
theinteractivedisplayprocess(cf. Fig. 1).

Using textureshasthreemajor advantages.First, correctionsarerestrictedto the
object(or cluster)thetextureis assignedto. Second,intra-framecoherenceis exploited,
sincethetextureresolutioncanbeadaptedto matchthecurrentsampledensityfrom the
high quality solution,anda singlecorrective texel canaffect severalpixels,usingthe
graphicshardwarefor texturereprojectionand�ltering. Finally, inter-framecoherence
is also exploited, sincethe correctionswill not changedrastically for small camera
movements.This is why we canreusemostof the textures,andonly needto adapt
someof thecorrectionsfor eachnew view point.

2 Previous Work

Allowing interactiveexplorationof highqualityglobalilluminationsolutions(so-called
walkthroughs)is animportantgoalin many applicationareas(e.g.architecture,lighting
design,simulation).Two majorproblemshave to beaddressed:geometriccomplexity,
whichis thenumberof geometricprimitivesto beprocessedfor aview, andphotometric
complexity, which is thetimeneededfor computingtheactualview-dependentappear-
anceof asurface.Thelattercanbesplit furtherinto thelocal illuminationcomputation
(calledshading) andthe determinationof global illumination effectssuchasindirect
illumination.

A photometricallysimplekind of a walkthroughsceneconsistsof purely diffuse
polygonalobjects,e.g.thesolutionof a hierarchicalradiositycomputation[3]. Since
theappearanceof theobjectsdoesnot dependon theviewpoint, this kind of scenecan
berenderedat high frameratesusingoff-the-shelfgraphicshardware.

Unfortunately, thenumberof polygonsthegraphicshardwarecanrenderatacertain
framerateis limited. Geometry-basedor image-basedlevel-of-detail(LOD) techniques
canbeusedto reducethepolygoncount.Impostors[14, 19, 5, 21], for example,replace
anumberof distantobjectsby asingletexturedpolygon.Theimpostorassignmenthas
to take into accountthedepthrangeandapparentsizeof theobjects.LOD techniques
generallyonly take into accoundgeometricpropertiesandnotphotometricfeatures.



Anotherway of increasingtheframeratefor renderingis givenby techniqueslike
post-rendering3D warp [16, 15]. Here the display processgeneratesadditionalin-
betweenframesby reprojectingfrom neighbouringimages.However, only a relatively
smallspeedupis achievedandanumberof warpingartifactsareintroduced.

A variety of methodsexists for computinghigh quality non-diffuseglobal illumi-
nationeffects,seefor instance[8] for a goodoverview. Sincemostof themperforma
largenumberof view-dependentcomputationsandtracelight pathsthroughthescene,
thesealgorithmsrequirecomputationtimeswhich arefar from interactive framerates.
Several techniqueshave beenproposedthat decoupleview-independent(e.g.diffuse)
andview-dependent(e.g.specular, glossy)globalilluminationeffectsandemploy some
kind of multi-passglobal illumination technique[25, 12, 22, 23, 13]. Despiteaconsid-
erablespeedup,mostof thesemethodsarestill not fastenoughfor interactiveuse.

With increasingbandwidthand additional featuresin todaysgraphicshardware,
moreandmorehigh quality shadingeffectscanbecomputedat interactive framerates
usingmulti-passOpenGLrendering. This includesdifferenttypesof shadows,specular
andglossyre�ections on planarandcurvedobjects,sampledapproximationsof arbi-
trary re�ection functions,andbump mapsandnormalmaps[20, 17, 6, 10, 2, 26, 1].
Eachof thesestechniquessolvesa veryspecialsubsetfrom thebroadrangeof lighting
effects,andit is notalwaysobvioushow to combinethemall. Usuallyanumberof con-
straintsareimposedonthescene,e.g.numberandshapeof light sourcesandre�ectors,
distancebetweenobjectsandthere�ectedenvironment,andsoon.

Finally, someviewing applicationsperformmassivelyparallel computations, some-
timeslooselycoupledwith a progressivedisplayprocess[18, 29]. UdeshiandHansen
usea combinationof hardware-assistedtechniquesfor shadow and indirect lighting,
plus ray tracingfor specularobjects[24]. They exploit both parallelCPU power and
parallelgraphicspipelines,andreuseresultsfrom thehardware-assistedrenderingfor
speedingup thesoftwareray tracingstep.

Walter et al. [27] describea fully decoupleddisplayprocess,theso-calledrender
cache, whichmaintainsandreprojectsthecurrentsetof samplesandreplacesoutdated
samplesby newer onesfrom the ray tracingclientsusinga sophisticatedimportance-
weighted,diffusion-like samplingstrategy. The rendercachecanbe usedfor nearly
any kind of per-pixel global illumination computation.The down sideof this is that
duringcameramotion,a largefractionof thepixelsappearasblackholes,aslongasno
informationis availablefor themfrom the ray tracingprocesses.Thework presented
in this paperwasmotivatedby theresultsof therendercache.Our goalwasto build a
similarsystem,thatavoidsthesewarpingholesby renderingthescenein hardwarewith
full geometricdetail,andaddingthelighting obatinedby ray tracing.

3 Corr ective Texturing

Corrective texturingprovidesa meansfor re�ning anapproximate,interactivesolution
with correctivesamplesobtainedfrom a high-qualityglobal illumination computation.
In our approach,we maintaina setof texturesthat representthe differencebetween
thosetwo computations.Thecorrective texturesareupdatedthroughan adaptive and
lazy sampletracing. Theactualdisplayprocessdraws theapproximateinteractive so-
lution, augmentedby thecorrectivetextures.
Ourmethodconsistof severalcollaboratingtasksthataresketchedin Figure2:

� the sampleclients deliver high quality samplesusing a ray tracing-basedap-
proach;
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Fig. 2. The main componentsof our renderingsystem. The mastertask keepstrack of the
cameramovementsandrequestshigh quality samplesfrom the sampleclients. Furthermore,it
insertsthe resultingsamplesinto the textureswhich areusedby thedisplaytaskfor correcting
theapproximatesolution.

� themastertaskadaptively requestsandcollectsthesamples,andassigns,creates,
andupdatesthecorrectivetextures;

� thedisplaytaskrendersthehardware-acceleratedfastapproximationof thescene
andappliesthecorrective textures.

Themastertaskusesanadaptive schemeto requesthigh quality ray samplesin image
regionswherethe error of the currentscenerenderingis probablylarge. It processes
thedatareturnedfrom thetracingclientsand�nds thetextureassignedto thesample's
correspondingscenepoint. Next, it computestheerrorof thecurrentlydisplayedvalue
with respectto thehighqualitysampleandsplatsthecorrespondingcorrectioninto the
texture.Thetextureresolutionis adaptedto thechosensampledensity, andtexturesare
assignedto sceneobjectsor clustersbasedon their appearancein thecurrentview. The
masteralso“ages” thetexelswith respectto theamountof cameramovement,so that
freshsamplesreplaceolderones.

3.1 Why Textures?

The corrective texturesareusedto spreadcorrectionsacrossseveralpixelswithin the
sameframe(intra-framecoherence),aswell asfor reusingthesamecorrectionsin fur-
ther framesuntil freshersamplesareacquired(inter-framecoherence).Our approach
of usingtexturesbringsalongadvantagesover approacheslike the rendercache[27],
whichstorespointsamplesthathaveto bereprojectedandsplattedfor every frame.

First, theperformanceof our renderingprocessis almostindependentof thescreen
resolutiondueto the useof hardwaretexture mapping. A singlecorrective texel can
affect severalpixels throughtheuseof hardware-assistedtexture reprojectionand�l-
tering.

Second,we remove theproblemof holesin thedisplayedimagecausedby under-
samplingand missinginformation. The interactive solution visualizesall geometric
featuresof thescene,andthecorrective texturesalwaysmapa densesetof corrections
ontotheobjects.By usingseparatetexturesfor differentobjects,thesecorrectionsare
restrictedto the object boundaries.This guaranteesthat the correctionswill not be
mappedontothewrongobject,asit canoccurwith warpingapproachesif thevisibility
situationchanges.However, this alsorequiresa well chosenhierarchyfor the texture
assignment(seebelow).

Third,wecanafford to splatnew samplesadaptively into theircorrectivetextureand
to blendthenew sampleswith their neighbours,resultingin visually pleasant,smooth
textures.Theserelatively expensiveoperationscannotbeemployedif thepointsamples



have to be reprojectedandsplattedfor every new frameasin warping-baseddisplay
algorithms.Furthermore,thetextureresolutioncanbeadaptedto matchthedensityof
thehighquality samples.

3.2 TextureProjection

We usetwo different modesfor applying texturesto their associatedsceneobjects,
bothbasedon textureprojection. Projective texturemapping[20] projectsthe texture
ontothespeci�edsceneobjectsfrom somevirtual pointor direction(for perspectiveor
parallelprojections,respectively). Theprojectioncaneitherbeattachedto theobject's
coordinatesystem(object-local)or to thecurrentcamerasystem(camera-local).

For �at objects,i.e. objectswith only slightly varyingnormal,we useobject-local
parallelprojectionalongthesurfacenormal.By this,we have a simpleautomaticway
to parameterizeentireobjectgroups(e.g.many trianglesin a mesh). Becauseof the
object-localprojection,the texture is “glued” onto the object. This meansthat view
independentcorrections(e.g.causticsondiffusesurfaces)arereprojectedcorrectlyinto
novel views.

If thetexturedobjectis not �at or notevenconvex, anobject-localprojectionleads
to seriousproblems,sinceany texel may mapto multiple scenepoints,andsurfaces
parallelto theprojectiondirectionareundersampled.

Instead,for suchnon-�at objectsaswell asfor objectclustersweemploy acamera-
local textureprojection.By placingthecenterof projectioninto thecurrenteye point,
ambiguityproblemsare avoided completely. Only visible partsof the sceneare as-
signedcorrectivesamples(which makesthemappingbijective),andonesingletexture
is suf�cient per object. We de�ne our texturemappingby projectinga boundingvol-
umeof theobjectinto cameraspaceandthenusingits boundingrectangleontheimage
planeas the valid texture coordinatedomain. This is a shearedperspective transfor-
mationwhich canbeappliedby thegraphicshardware.Furthermore,for camera-local
textureswe caneasilyadjustthetexturesamplingrateto matchthatof theimage.

Our texturing approachsharessomeideaswith imageimpostormethods[14, 19],
but insteadof replacingan object clusterby a single texturedpolygon, we augment
the original geometryandappearanceby a photometriccorrectiontexture. Note that
the two approaches�t togetherwell, allowing photometriccorrectionson simpli�ed
geometry.

The drawbackof camera-localprojectionis that it changeswith the view point,
which meansthat the texture �oats in front of the object ratherthansticking onto it.
If theobjectis concave, thecorrespondencebetweentexel andsurfacepoint caneven
be discontinuous.This is weakenedby the fact that typical cameramovementsin a
walkthroughapplicationonly leadto a very small texture�o w. Furthermore,this kind
of artifactmainlyaffectsclusterscloseto theviewer. Suchclusters,however, tendto be
split andtexturedona lower level (seenext Section3.3).

3.3 TextureAssignment

Texturesare not only assignedto singlegeometricprimitives,but also to composite
sceneobjectsandobjectclusters,e.g.providedby spatialsubdivisionschemesandthe
scene'smodelinghierarchy.

The assignmentof textures to scenenodesis adaptedon the �y for eachnovel
view point by traversingthescenehierarchytop-down andverifying thevalidity of the
currentallocation.Theobservedmotionof a point dependson thatpoint's distanceto



the camera,so differentpartsof the objectmove in a differentway (parallaxeffect).
Usinga singleimage-planetexturewouldcausethetextureto �oat on thegeometry.

To avoid this artifact,we estimatetheparallaxeffectby computingthedepthrange
�

� of thetexturedobjectin relationto its distance� to theviewer. An objectis assigned
a singletexture if

�

��������� , with � beinga parallaxthreshold.In our tests,valuesof
�
	���
 ��
�
�
���
 � led to parallaxdistortionsthat werehardly visible. The thresholdis
usedto control the numberof allocatedtextures,which is reducedfurther by simple
visibility frustumculling. Figure5 depictsthetexturesassignedto variousobjectsona
table,with a constantthresholdof ��	���
 � .

Also the projectedsizeof the object can be includedinto this test. In this way,
alsofor a largeobjectwith noparallaxartifactsseveraltextureswill beassigned.If the
sampledensityis stronglyvaryingover theobject,the texture resolutionscanthusbe
selectedseparatelyfor differentpartsof theobject(seebelow).

Building aproperhierarchyfor thisprocessis adif�cult problemon its own, which
hasa largeimpacton thequality of theresults.We usethemodelinghierarchyfor this
purposeor amodi�ed hierarchicalboundingvolumemethodthatdoesnotonlyconsider
spatialcriteria,but alsomaterialproperties.

3.4 SampleInsertion

Every texturecontainscolor correctionvalues
�����

which approximatethedifference
betweenthe high quality solution

���

and the basic interactive solution
���

�

:
�������

����� �
�

�

. Whena new sampleis to be inserted,it shouldaffect a certaintexturearea
ratherthana singletexel, becausewe assumesomeamountof spatialcoherenceof the
approximationerror. Ideally, the samplingdensitydetermineshow far the correction
is spread. Thereforewe restrict the splat region of a sampleto its cell in a Voronoi
diagramof thesamplepointson thetexture.

This canbeachievedrathereasilyby anapproachsimilar to thediscreteDirichlet
domaincreationdescribedin [11]. Every texel ! is assigneda validity value "

�

, which
is basicallythenegativedistanceof the texel to thesamplethat is responsiblefor the
texel'svalue.If wewantto insertanew sample,thecorrespondingtexel is insertedwith
maximumvalidity 0. Thenneighboredtexels # with distance� areexamined. If the
validity of # is smallerthan

�

� , thetexel getsreplacedwith thenew, moreappropriate
sampleandnew validity

�

� . This is continuedfor growing distances� until for one
neighborhoodring no texel could be updated.We call the radiusof the last updated
ring splatradius � . Blendingbetweennew andold valuesaccordingto their respective
validity smoothesoutharshboundariesbetweenthesplats.Figure3 showsanexample
obtainedby splatting20and100samplesinto a texture.

3.5 TexelAging

In additionto thispurelydistance-basedsplattingcriterion,theageof theexistingtexels
hasto betakeninto account.To avoid updatingeverytexel for eachnew view point,ev-
ery texturehasonecurrentglobalmaximumvalidity value "�$&%�' . Thevalidity/distance
valuesfor insertingnew texelsstartwith "($&%�' ratherthan � at thesample'scentertexel,
sothatnewer texelsgainpriority over therestof thetexture.

If the camerachanges,"($&%�' is modi�ed accordingly. The offset re�ects both the
texture �o w appearingfor projectedtexturesandan estimatedpossiblechangeof the
correctiondueto thenew viewing directions.The �rst is zerofor object-localprojec-
tions. For �oating projections,it is estimatedby theratio of thevisualdepthover the
distanceto theviewer. The latter is estimatedby themaximumchangeof theobject's



Fig. 3. Sampleinsertion: Splatting20 (left) and100 (center)samplesinto a texture usingour
validity measure.Right: referencesolutioncontainingexactlyonesamplepertexel.

BRDFs. We useheuristicsfor combiningthesetwo. This way glossysurfacesage
quickly, whereastextureson diffuseobjectswith �x ed texturesdo not ageat all, and
thesamplesremainvalid for all possiblenew view points.

3.6 TextureResolution

The averagesplat radiusof the last samplesinsertedinto a texture is a valuablehint
abouttherelationbetweensampledensityandtextureresolution.If theradiusis large,
the texture resolutionis probablytoo high comparedto thenumberof samples.As a
result,insertinga singlesampleis expensive. On theotherhand,a very smallaverage
splatradiusindicatesthat the texture resolutionis too low, so informationgetslost if
two samplesshareonetexel.

After eachsampleinsertion,we test the averageof previous splat radii againsta
lower andan upperthresholdvalue. If one thresholdis exceeded,the resolutionof
the texture is increasedor decreasedby a factorof two. This way, the initially coarse
texturesbecome�ner thehigherthedensityof thereceivedsamplesis. If thesplatsize
increasesagain,for exampleafter aging (cf. Sec.3.4), this indicatesthat thereis no
high frequency detail in the texture,andso the resolutionis decreasedagainto speed
up the splattingprocess.For thosetexturesmappedinto the imageplanedirectly (cf.
Sec.3.2),themaximaltextureresolutioncanbederivedfrom twicethesamplingrateof
the thescreen.By usingbilinear interpolationfor texture re�nementandbox �ltering
for texturecoarseningasmoothtransitionbetweentheresolutionlevelsis obtained.

3.7 AdaptiveSampleAcquisition

For acquiringthenecessaryhighqualitysamplesatareasonablerate,it is imperativeto
useanadaptive schemethat focuseson imageregionswith largeerror. It is important
to accountfor the presentapproximatecorrectionvalue

�����

. Thereforewe measure
theerror

�

���
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, which is thedifferenceof thehigh quality sample
���

andthevalueof thecurrentlydisplayedandcorrectedpixel
���

�	�

�����

. Notethatin
this stepwe have to checkwhethertheobjectvisible throughthatpixel is thesamein
theinteractiveandin thehigh-qualitysolution.In orderto convergeagainstthedesired
solution,the samplingschememustmake sureto cover all pixels of the imageif the
userstandsstill longenough.

Theheartof themasterprocessis a priority queuethatcontainssamplingrequests,
sortedaccordingto theiranticipatedimportancefor animprovedsolution.Eachrequest

���

in this queuecontainsa samplingdirection,a domainradius 


�

, which denotesthe
sizeof theimagedomainthis requestrepresents,andits priority value.



The queueis initially �lled with several requestsof high priority which areuni-
formly distributedovertheimage.Thedomainradiusof theserequestsis givenby their
averagedistance.Thenthe masteriteratively removesthe samplingrequestwith the
highestpriority from thequeueandsendsit to thesampletracer(s).Thenew correction
value

�����

getssplattedinto theappropriatetexture.
After request

���

hasbeenprocessed
completely, we generatea numberof

�

child requeststhat cover theaffecteddo-
mainmoredensely. Thedomainradius
��

of sucha next-generationrequest� is set
to 


�

�

�

�

, sincethe domainareais in-
verselyproportionalto thenumberof re-
quests. The productof the parent's cor-
rection error

�

�

and the new radius 
��

yields the new priority for request� . If
this priority is too small, the requestis
discarded,otherwiseit is insertedinto the
priority queue.
For eachframe,anumber� sig of themost
signi�cant samplesare memorizedsep-
arately, where the sample's signi�cance
is determinedby its correctionerror

�

�

alone. Each time the camerachanges,
thesesigni�cant samplesare reprojected
into thenovel view andaddedto thepri-
ority queueas requests(cf. Fig. 4) with
high priority. Thus the samplingis di-
rectedinto regionsexhibiting largeerrors
in thepreviousframe.
If the queuehas been processedcom-

start

add � glob globalrequests

process& updaterequestqueue

camerachanged?

y

clearrequestqueue

add � sig signi�cant samples

n

Fig. 4.: Thesamplingprocessaddsglobalrequestsand
processesthe requestqueueaslong asthe userstands
still. If the cameramoves, somesigni�cant samples
from thepreviousframearereusedto yield a fasterup-
datein visually importantregions.

pletely, new randomlypositionedglobal requestswith high prioritiesareinsertedwith
thegoalto detectnew featuresthatrequirecorrection.

If thecamerastandsstill long enough,everypixel of theimage�nally corresponds
to the valueof the high-qualitysolution. We usea maskof sampledpixel positions
to immediatelydiscardnew requestsbelongingto alreadysampledpixels. So after a
regionis sampledat imageresolution,thesamplingalsospreadsto lesserroneousparts
of the image. If mostpixelsof the imagearecovered,thesamplingprocesscreatesa
specialqueuecontainingtheremainingpixels,therebyavoidingto spendtoomuchtime
on �nding freepixel positionsfor thelastfew requests.

4 Implementation

4.1 Interacti veand High Quality Solutions

In our implementationwedisplaytheresultof ahierarchicalradiositypreprocessasthe
interactivesolution,whichcanberenderedathighframeratesby thegraphicshardware.
It containssoft shadows,but completelylackseffectslike glossyhighlights,mirroring,
andrefraction.

For thehighqualitysamples,weusestandarddistributedraytracing[4], i.e.atnon-
diffusesurfacesaneye ray spawnsseveral re�ection rayswhich aretracedrecursively



upto auserde�neddepth.Illuminationdueto arealight sourcesis computedby casting
stochasticshadow rays.

For eachhigh quality sample,thedifferenceto the interactive solutionis required.
Unfortunately, readingbacktheframebuffer contentis still a fairly expensiveoperation
onalmostall currentgraphicsplatforms.To avoid this step,we computethedifference
value for eachhigh quality sampleby performingthe Gouraudinterpolationof the
radiosityvaluein software.

Usingtheabovesettingrevealsaninterestingeffect. Becausewe useMonte-Carlo
samplingfor thearealight sourcesin thehigh quality solution,thepenumbraregions
arenoisyandmostlylessaccuratethanin theradiositysolution.Especiallythenoisein
the“reference”solutionimposessevereproblems,becauseit is consideredas�ne detail
in the illumination. As a result,many high quality samplesarewastedto capturethis
supposeddetail. Furthermore,thesplattingof thenoisycorrectionsproducesvisually
unsatisfactoryresults,unlesstheentirepenumbrais sampleddensely.

The �rst solution is to increasethe numberof shadow rays, which works well,
but hasto be boughtby moreexpensive high quality samples.For performancecrit-
ical scenes,we solve the problemdifferently: The high quality ray tracingstepitself
reusesthediffusecomponentscomputedin theradiosityprecomputationandonly com-
putesspecularre�ection additionally. This impliesthattheradiositysolutionis precise
enough.Furthermore,with this combinationit canbe guaranteedthat all corrections
arepositive,which speedsup hardwarerenderingsigni�cantly on someplatforms(see
Sec.4.3).

4.2 Parallelization

We have testedour implementationof thecomponentssketchedin Figure2 on several
differentmachinesrunningundereither IRIX or Solaris. In our computingenviron-
ment,we usea single-processor����� Octane(MIPS R12000)with hardware-supported
texturemapping(EMXI graphicsboard)asthedisplayprocesshost.Themasterprocess
andtheray tracingprocessesrunoneithera clusterof ����� workstationsconnectedto a
common100MBit-Ethernet,or ona SunEnterprise10000serverwith 8 availablepro-
cessorsandshared-memorycommunication.Thecommunicationbetweenthemaster
processandtheray tracersis implementedusingtheMessage-PassingInterface[9] for
both theclusterandtheshared-memoryapproach.Due to the lack of interoperability
betweendifferentvendorimplementationsof MPI, we usea standardUNIX protocol
andsocketsfor thecommunicationbetweenthemasterandthe displayprocess.This
communicationis mostlyunidirectional:only uponcameramovement,amessagecon-
tainingthenew cameraparametershasto besentfrom thedisplayprocessto themaster.
Themasterprocess,on theotherhand,sendsall theray tracedsamplesalongwith their
texturecoordinatesto thedisplayprocess.

4.3 Texturing

The corrective texturing hasbeenimplementedthroughthe basicblendingfunctions
providedby 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 timefor subtractingcorrectionswherethe
approximationappearstoobright. While thismethodrunsonall contemporary����� ma-
chines,it hasof coursethedrawbackof requiringthreerenderingpassesof thescene.
If the interactive solutionandthehigh quality solutionareselectedappropriately(see



above), all correctionswill bepositive, so the third passcanbeomitted. Somenewly
availablegraphicsboardssuchasthe

�����������

GeForcesystemsupportmulti-texturing
with generalcombinerfunctions. In that casethe entirerendering,including additive
andsubtractivecorrection,only requiresasinglerenderingpass,andshouldallow con-
siderablyhigherframerates.

5 Results

To testour implementation,wehavecreatedseveralscenesof differentgeometriccom-
plexity. Thenumberof geometricprimitives(i.e. theobjectsour ray tracercanhandle
asentities)in our testscenesvariesbetween3,500andalmost60,000.Thecorrespond-
ing numberof trianglesgeneratedby our hierarchicalradiosityalgorithmlies between
15,000and415,000.All our testscenescontainseveralphotometricallycomplex mate-
rialswith propertiessuchasanisotropicre�ection [28], perfectmirroring,andrefractive
transmission.

We displayedthe sceneson a single processor����� OctaneR12000with EMXI
graphicsboardataresolutionof 1024� 1024pixels.Themasterprocessandthesample
clientsranonaremoteSunEnterprise10000with 8 processorsavailable(cf. Sec.4.2).
Our ray tracerusesBSPtrees[7] for spatialsubdivisionanddistributedray tracing[4]
for light raysandre�ection rays.

Usingall of the8 processorson theSunwe wereableto move throughour scenes
at a framerateof 1.5–5fps. The lower framerate is achieved for our mostcomplex
scenewith 4,000samplesbeingtracedandsplattedwithin eachframe,while thehigher
frameratecorrespondsto 1,000samplesperframeandour simplestscene.As soonas
thecamerastoppedmoving, thedisplayedimagesstartedconvergingat a framerateof
2–6.5fps.

The percentageof time for rendering,samplingand texture update(splattingthe
samples,re�ning andcoarsening)within eachframedependsheavily onthecomplexity
of thesceneandthenumberof raytracedsamples.As longasthegeometriccomplexity
of thesceneis not toohigh,thebalanceof rendering: sampling: textureupdateis about
30:60:10for 1,000samplesand10:70:20for 4,000samples.For our mostcomplex
scenewe obtaineda balanceof 60:30:10for 1,000samplesand 35:50:15for 4,000
samples.

Theconvergenceof our methodis visualizedin Figure6. Startingfrom a radiosity
solution,moreandmoresamplesaretracedandaddedinto thecorrective textures.The
last imagein this seriesis visually almostidenticalto a fully convergedimage. Note
that our ray tracercanhandleshadows of transparentobjectsandthereforebrightens
thedarkshadow of theglassfrom theradiositysolution.

In Figure7, thesamesceneis �rst renderedfrom a a particularpointof view. Then
the view changeswithout updatingthe corrective textures. The next imagehasbeen
generatedafter tracing10,000new samples.Thedistribution of thesenew samplesis
visualizedin the last image.Onecanclearlyseethatmostof thesamplesconcentrate
on theimageregionswheretheerroris large.

Duringaninteractivesession,thedisplayedsolutioncansuffer from textureupdate
artifacts.Especiallycorrective texturesthatchangerapidly with a new view point (for
instanceonmirroringor refractiveobjects)needto beupdatedwith quiteafew samples.
If not enoughtime is availablefor acquiringthesesamples,�ick ering in the textures
becomesvisible. Similareffectsappearif smalllighting detailsaremissedby theinitial
samples.Sucheffectsthensuddenlypopup lateron,whenthey arehit by accident.



6 Conclusionsand Future Work

We presenteda techniquefor augmentinghardware-acceleratedrenderingby results
obtainedfrom expensive pixel-basedray tracingmethods.Thecorrectionsareapplied
to theobjectsthroughtexturesthatarecontinuouslyadaptedduringa walkthrough.By
this,we alwayshave full geometricdetail,whereastherichnessof lighting dependson
theavailableadditionalcomputationpower. We thusblendbetweentheinteractiveand
thehigh quality solution. In theworst case,theuserseesthe interactive solution,but
themorecomputationpower is available,thecloserwe get to thedesiredhigh quality
solution.

With our resultingsystemwe achieve good frame rates,but if not enoughcom-
putationpower is availableand the samplingis too coarse,the lighting still changes
visibly. After rapidview changes,it takesaboutoneseconduntil thelighting converged
visually, sothatlatercorrectionsarestill noticable,but subtle.

Our methodis in the spirit of the rendercacheor the Holodeck. However, we
additionallyexploit graphicshardware,andonly spendadditionalcomputationpower
wherethehardware-basedsolutionis erroneous.Working with this approachrevealed
severalbene�ts,but alsosomelimitations.

Onemajorfeatureis thatwecanincorporatearbitraryinteractivelighting algorithms
andexploit the high pixel �ll ratesfrom graphicshardware. In contrastto previous
approaches,we removed theneedof reprojectingsamplesand�lling holesmanually.
Fromthis pointof view, our methodis well suitedfor high screenresolutionaslong as
thegraphicshardwaresuppliessuf�ciently highframerates.Onthedownside,for some
interactive renderingmethodsour approachforcesa framebuffer read-back,which is
expensivefor technicalreasons.

In ourimplementation,weavoid readingtheframebufferby recomputingtheframe-
buffer valuesfor desiredsampleson the�y . For moresophisticatedinteractive render-
ing methodsthis is probablynot feasible. For complex testsceneswith abouthalf a
million polygons,theinteractive renderingtime becomesthelimiting factorin our im-
plementation.However, this limit could be pusheda lot usingmore recentgraphics
hardware (fewer renderingpasses),and an improved renderingmethod(e.g. visibil-
ity/occlusionculling). Wealsodid not yet integratemoreelaboratedinteractiverender-
ing techniques,e.g.geometriclevel-of-detailmethods,or multi-passOpenGLrendering
for speciallighting effects.
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Fig. 5. Adaptive texture assignmentaccordingto the relative depthrangeof sceneobjectsac-
cordingto thedepthrangeof theobjects.

Fig. 6. A radiositysolution(left) is correctedtowardsaraytracingsolutionusing5,000(0.48%),
and20,000(1.9%) ray tracingsamples(centerandright).

Fig. 7. Exploitationof frame-to-framecoherence:Thetop left view is obtainedwith corrective
textures. By moving thecamerawithout updatingthe textures,the top right imageis obtained.
Thebottomleft imageshows thesameview aftershooting10,000samples(0.95% of all pixels),
thedistributionof which is visualizedin thebottomright image.


