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Abstract

Whenrenderingonly directly visible objects,ray tracing a few levels of specularre ection from large, low-
curvatue surfaces,and ray tracing shadowsfrom point-like light sources,the accessedjeometryis coheent
anda geometrycache performswell. Butin manyothercasestheaccessedeometnyis incoheentanda standad
geometrycache performspoorly: ray tracing of specularre ection fromhighly curvedsurfacestracingraysthat
are manyre ection levelsdeep,anddistribution ray tracing for wide glossyre ection, global illumination, wide
softshadowsand ambientocclusion.Fortunately lessgeometricaccuracy is necessaryn the incoheentcases.
This observationcan be formalizedby looking at the ray differentialsfor differenttypesof scattering:coheent
rayshavesmall differentials,while incoheentrayshavelarge differentials.We utilize this observatiorto obtain
efcient multiresolutioncaching of geometryandtextures(includingdisplacementaps)for classicanddistribu-
tion ray tracingin complex scenesWe usean existing multiresolutioncaching scheme(originally developedfor
scanlinerendering)for texturesanddisplacementaps andintroducea multiresolutiongeometrycaching scheme
for tessellategurfacesThemultiresolutiongeometrycaching schemeamalesit possibleto ef ciently renderscenes

that, if fully tessellatedywould use100timesmore memorythanthe geometrycache size

1. Intr oduction

Our goalis to renderray tracingandglobalillumination ef-
fectsin very complex scenes— sceneghataresocomple
thata nely tessellatedepresentatiomf all objectswould
take up ordersof magnitudemore memorythanis avail-

able. Professionalusersof renderingprogramsfor movie
productionand specialeffectsroutinely rendersceneswith

tensof thousand®f objectswhosefull tessellatiorresultin

hundredsf millions of polygonsthesescenesontainhun-
dredsof light sourcessurfaceawith mary texturemapseach,
and shaderspeci ed surfacedisplacementsn arbitrary di-

rections.We wantto extendthe “tool box” of theseusersto
includeray tracingandglobalillumination without limiting

scenecompleity or shadegenerality

This work is driven by current productiondemandfor
ray tracedshadavs andre ections, ambientocclusion,and
color bleeding Eventhoughshadev maps,re ection maps,
and“bouncelights” areappropriatén mary casesthereare
plenty of other caseswhereray tracing and global illumi-
nationarethe mostcost-efective waysof obtaininga given
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effect. For example,dueto the x ed resolutionof shadav
maps,they arenot suitablefor computingtiny, sharpshad-
ows in large scenesRe ection mapscannotdealwith real-
istic self-interre ections,andbouncelights requirea lot of
painstakingrial anderrorto emulatecolor bleeding.

Our goals are very similar to those of the Toro?! and
Kilaued* renderersin Toro, raysarereorderedo increase
the coherenyg of geometrycacheaccessesThis reordering
malkesit possibleto rendersceneghat aretoo large to t
in memory but unfortunatelyintroducesshadedimitations.
We areableto renderevenmorecomplex sceneshanToro,
despiteusing a smallergeometrycache,andwe do not re-
orderrays.Kilaueais amassvely parallelrenderethatuses
a clusterof PCsto storethe ne tessellation®f all objects
in the scene We areableto renderequallycomplex scenes
onasinglePC.

Herewe focuson ef cient distributionraytracingin com-
plex scenesDistribution ray tracingis usedfor Radiance-
styleglobalillumination®®, nal gatheringof photonmapsg?,
one-bouncglobalillumination, andambientocclusiori® 38,
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2. Relatedwork

Our methodbuilds on prior work, particularlyin geometric
cohereng andsimpli cation, raytracingof complex scenes,
ray differentials,andtexture caching.

2.1. Geometriccoherency

Scanline rendering methods (such as the REYES algo-
rithm? 5) canhandlevery complex sceneshut canonly com-
putelocal illumination effects. Thesemethodshandlegeo-
metric compleity by renderingoneimagetile a time, and
only tessellatingthe objectsvisible in that tile. This max-
imizes geometrycohereng and minimizesthe numberof
tessellatedurfaceshatneedto be keptin memory

It is fairly straightforvard to extend scanlinerendering
with ray tracing as long as the rays intersectgeometry
in a coherentfashion. We call such rays coheent rays
Speculare ection andrefractionraysfrom at or slightly
curved surfacesare usually coherent;shadev rays from
point lights, spot lights, directionallights, and small area
lights are also coherentWith this constraint,it is possible
to ray tracecomplex scenesonly thedirectly visible objects
andthere ected,refractedandshadav-castingobjectsneed
to be keptin tessellatedorm at ary given time. This co-
hereng hasbeenexploitedby GreenandPaddort for geom-
etry cachingon a multiprocessqrPharrandHanrahaf’ for
cachingof displacemenimappedsurfacesandWald et al .33
by tracingfour coherentaysatatime.

But if the scenecontainssurfaceswith high cunatureor
high-frequeng bumpsor displacementsie ection andre-
fractionrayswill goin every-whichdirection:theseraysare
incoherentanda geometrycacheof limited sizewill thrash.

Pharretal 2! notedthatfor generabathtracings, thereis
muchlessgeometriccohereng thanfor classicray tracing.
They suggesteavercomingthis obstacleby reorderingthe
rays,asimplementedn their Toro rendererUnshotraysare
insertedinto a pool of rays.Theimagecontritution of each
ray is computedbeforethe ray is insertedin the pool, and
this weight (andthe ultimatepixel positionof theray color)
is storedwith the pendingray. Whensufciently mary rays
are waiting to be intersectiontestedagainst an object, the
geometryis readin, tessellatedf not alreadyin tessellated
form, andinsertedinto the cache This way, they canrender
sceneghat areten timeslarger thantheir geometrycache.
Thedrawbackof ray reorderings thatit reliesonbeingable
to precomputehe contritution of a ray beforeit is traced.
Thisis ne for shootinga x ednumberof raysfrom ashader
with alinearBRDF. But it makesadaptve samplingimpos-
sible, andit doesnot work with the “creative” shaderghat
are often desirablein production.Considerfor examplea
surfacethatshouldberedif morethanhalf of there ection
rayshit a certainobject.In suchcasesthereis no way we
canknow apriori the contrikution of eachray.

2.2. Geometric simpli cation for rendering

A commonmethodto speedup renderingis to simplify ge-
ometrythatonly coversa smallpartof theimage.Level-of-
detailfor renderings describedby ApodacaandGritz2.

Rushmeieet al.23 useda coarsegeometryrepresentation
for computingan approximateradiosity solution. Clusters
of complex geometrywere substitutedoy boxeswith simi-
lar re ective andtransmissie propertiesThen,duringren-
dering,raysfor computingdiffuseinterre ectionwereinter
sectedwith the original geometrynearthe ray origins and
with theboxesfurtheraway. A userde ned distancethresh-
old wasusedto switchbetweerthetwo representation®©ur
approachis basedon the samepremise:raysfor computa-
tion of sometypesof re ection needessaccurag thanother
rays. However, we usedistribution ray tracing while they
usedpathtracing,andwe use photonmaps? for globalil-
luminationinsteadof radiosity We alsouseour methodfor
otherpurposeghancomputatiorof diffuseglobalillumina-
tion, andour useof ray differentialsmeansthat we have a
betterway of choosinghe appropriateepresentation.

Smitset al.28 and Christenseret al.# clusteredgeometry
for ef cient light transporbetweerdistantgroupsof objects.
Insteadof computinglight transportetweerall pairsof ob-
jects,thefar- eld radianceof oneclusterof objectsis com-
puted,the light is transportedo the othercluster andthen
“pusheddown” to its individual surfaces.

2.3. Ray tracing without tessellation

“Conventionalwisdom” saysthatit is moreefcient to ray
tracetessellatedurfaceghantheirhigh-level representation.
But therehasbeensigni cant recentwork on speedingup
direct ray tracing without tessellatiof® 17:24 29 A distinct
adwantageof theseapproachess that only the high-level
descriptionof the objects(for example the control points
of NURBS patchespr top-level subdvision meshespanda
spatialacceleratiordatastructureneedto t in memory So
thesemethodsseemidealfor ray tracingof comple scenes,
atleastfrom a memoryusagestandpointUnfortunately ac-
cordingto our experiments thesemethodsare still signi -
cantlyslowerthanray tracingtessellatedurfaces— aslong
asthetessellationts in memory

Anotherreasorthat makestessellatiordesirables thatit
malkesray tracing of surfaceswith arbitrary displacements
simple. The methodof Smitset al.2® computegray inter-
sectionswith very complex displacedsurfaces(without ex-
plicit tessellation)put is restrictedto displacementslong
the surfacenormalandrequiresrepeatecevaluationsof the
displacemenshader The more comple the displacement
shadeiis, themoreadwantageousessellatioris.

Giventheseconstraintsye remaincorvincedthatfor ef-
cient ray tracing,it is still necessaryo tessellatesurfaces.
Our focus hereis on a demand-dsien cachingtechnique
which minimizesthe storagecostof thetessellation.
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2.4. Parallel ray tracing

The IRT ray tracer by Parker et al.l® usesmary proces-
sorson a sharedmemory computerto obtain interactive

frame rates.For best performancescenesmust t in the

4 MB on-chipcacheon eachprocessarThe RTRT system
by Wald et al 32 usesa clusterof PCsfor interactve ray trac-
ing of complex scenegup to 50 million triangles).Ray co-

hereng ensureghateachPC only needspartsof the scene.
Wald et al. alsousedRTRT to renderindirectillumination

in simplerscene¥. They shot20-25shadav rayspr. pixel

to virtual pointlights generatedby randomwalks (similar to

“instant radiosity”), and averagedindirect illumination be-
tweenneighbomixelsto reducenoise Althoughimpressie,

theseinteractize systemsonly have simple shadersaandthe
imagesaretoo aliasedfor movie production.

TheKilauearendere¥* handlescomplex scenesy divid-
ing the objectsbetweena clusterof PCs.Eachsurfaceis
tessellatedndassignedo a processaorPacketsof raysto be
testedfor intersectionare communicatedetweenthe pro-
cessorsAfter all rayshave beenshotby ashadertheshader
is insertednto a pool of suspendeghadersWhenall those
rayshave beentracedandshadedthe shadeiis taken out of
thepool andits computatiorcontinues.

We are not currently focusedon a parallelimplementa-
tion; we aremore interestedn ef cient renderingof com-
plex scenen asingleprocessarThatis, we wantto make
it feasibleto render on a single machine,comple scenes
thatwould otherwiserequiremultiple machinesBut our ob-
senation aboutray differentialsand cohereng could also
improve the ef ciency of parallelrenderers.

2.5. Ray differentials

Beam tracing®, cone tracingt, and pencil tracing> trace
bundlesof light pathsinsteadof in nitely thin rays.General
intersectionye ection, andrefractioncalculationsaredif -

cult sinceeachbouncecansplit thelight beam/cone/pencil.

Igehy's ray differential method! tracessingle rays, but
keepdrackof thedifferencebetweereachray andtwo (real
orimaginary)‘neighbor”rays.Thesedifferencegive anin-
dicationof the cone/beansizethateachray representsThe
cunatureatsurfaceintersectiorpointsdeterminesiow those
ray differentialsarepropagtedat speculare ection andre-
fraction. For example,if aray hits a highly curved, corvex
surface, the specularlyre ected ray will have a large dif-
ferential(representindnighly diverging neighborrays).Ray
differentialshelp in texture antialiasingsincethey indicate
thebesttexture lter size,butthey donothelpin aliasingof
ray hits (visibility): theray eitherhits anobjector not.

Suykens and Willems30 generalizedray differentialsto
glossyanddiffusere ections. For distribution ray tracingof
diffusere ection, theray differentialcorrespondso a frac-
tion of the hemisphereThe moreraysaretracedfrom the
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samepoint, the smallerthe fraction becomesFor pathtrac-
ing of diffusere ection, the “path differential” is a global
value ™ N, whered is theray depthandN is thetotal num-
berof raysthatreachthatdepth Distributionraytracingusu-
ally givessmaller moreaccurateay differentialsthanpath
tracing.

2.6. Multir esolutiontexture caching

Peachg!® introduced a multiresolution texture caching
schemethat caches32 32 pixel texture tiles from MIP
map$’. He found that texture accesseare highly coherent
for REYESrenderingandthatacachesizeof 1% of thetotal
texturesizeis sufcient. Thanksto ourobsenationaboutray
differentialsandcoherenceywe areableto usethe sametex-
ture cachingmethodfor distribution ray tracing:incoherent
texturelookupshave largeray differentials sohigh levelsin
thetexture MIP mapssufce for these.

Peachg's texture cachealsoinspiredour multiresolution
geometrycache.Pharret al2! obsered that their geome-
try cachehas similarities with Peachg's texture cachein
that datais only loadedon demand,anda limited amount
is storedin memory With our method,the similarity is
even stronger:one canthink of our multiresolutiongeom-
etry cacheasatessellatiorMIP mapcache.

2.7. Ray tracing and global illumination with the
RenderMan interface

Our implementationis done within the framework of the
RenderManspeci catior?2. There have beenseveral ear
lier implementation®f ray tracingandglobal illumination
within this framework, for examplethe Vision systemi” and
BMRT®. However, we believe that no other rendererhas
takenadwantageof therelationshipbetweerray differentials
andcoherenyg, andthatneitherVision nor BMRT would be
ableto renderscenesiscomplex astheoneswe testhere.

3. Overview

We are facedwith the following conundrum:we needto

keep a tessellatedversion of the entire scenein memory
(sincemary raysareincoherent)we alsoneeda ne tessel-
lation (sincesomeraysrequirehighaccurag), andwedonot

wantto reordertherays.How is this possibleZFortunately
akey insightabouttherelationbetweerray differentialsand
ray cohereng malesit possibleto overcomethis obstacle
anddealwith classicanddistribution ray tracingin comple

scenesTheinsightis thattherearetwo typesof rays:

1. Speculare ection andrefractionraysfrom surfaceswith
low curvatureandshadav raysto point-likelight sources.
Theserayshave small differentials,andrequirehigh ac-
curay and ne tessellationTheserays are usually co-
herent,so using a geometrycachewith relatively small
capacity(few entries)workswell.
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2. Specularre ection and refraction rays from highly
cunedsurfacesandraysfrom wide distribution ray trac-
ing. Theserays have large differentials,do not require
high accurag, and canusea coarsetessellationThese
rays are incoherent,so they requirea cachewith large
capacity(mary entries)and/orentriesthatarefastto re-
compute.

Utilizing this obsenation, we presenta multiresolution
geometrycachingschemewith separateachedor coarsely
medium,and nely tessellatedsurfaces.This exploits the
differentcoherenciesf varioustypesof rays,andtheir dif-
ferentaccurag requirementslt is interestingto note that
this schemeesultsin anautomatidevel-of-detailrepresen-
tationof thetessellation— atessellatioMIP map’. In fact,
asmentionedearlier our multiresolutiongeometrycacheis
remarkablysimilarto Peachg's texture MIP mapcaché?.

In ourimplementationyve assumehatthe high-level de-
scriptionsof all objectsts in memory Thesameassumption
is typically madeby pure REYES renderers. Fortunately
NURBS control points, top level subdiision meshesgtc.
aretypically ordersof magnitudemore compactthantheir
fully tessellatedepresentationThe only extra memorywe
usein additionto thatusedby a pureREYESscanlineren-
dereris for thegeometrycache( x edsize,typically 30 MB)
and a spatialacceleratiordatastructure(lessthan 50 MB
evenfor very comple scenes).

We tessellateall geometryon demand.We choosethe
appropriatetessellationrate basedon ray size: the quads
should be approximatelythe samesize as the ray beam
cross-section(Using smallerquadsis a wasteof time and
memory;larger quadsdo not give adequaterecision.)Tes-
sellationmalkes ray tracing faster simpli es displacement
mapping,and allows for displacementsn arbitrary direc-
tions. The ability to cachedisplacedtessellationsensures
that we rarely needto run the displacemenshaderrepeat-
edly for thesamesurface.

4. Coherentrays are narr ow, incoherent rays are wide

In this sectionwe analyzein detailthe cohereng anddiffer-
entialsizesfor differenttypesof rays.

4.1. Terminology and ray propagation

A ray consistsof an origin, P, anda direction,D. Theray

differential atP is (’%—E; ’%—'\j; %? '.””—'3). Theray's ﬂ% and'”."—'?/0 at

apoint po spana parallelogramA ray beamis spannecy

the parallelogramslongthe ray. Theray footprint at a ray

intersectionpoint is the projectionof the ray parallelogram
onto the surfacetangentplaneat that point. Pleaserefer to

gure 1 for anillustration. We call a ray narrow if its ray

beamhasa small cross-sectionand wide if it hasa large

cross-section.

‘ ray beam
D

Figure 1: Raydifferentialsandbeamfor a ray fromP to PO,

4.2. Specularre ection and refraction rays

Figure2 shavs parallelraysspecularlyre ectedby at, con-
vex, and concae surfaces.Re ection from a at surface
givescoherentparraw re ection rays.Corverselyre ection

from a highly curved,bumpedor displacedsurfacegivesin-

coherentidere ection rays:two adjacentaysarere ected

in differentdirections but alsohave large differentials.Note
that even thoughthe re ection raysfrom concae surfaces
areinitially narraw, afteracertaindistancetheray differen-
tials crossover andtheraysgetwider again.

Figure 2: Specularre ection (shownin 2D for clarity):
a) at surface;b) corvex surface;c) concavesurface

Specularrefractionis very similar: refractionthrougha
at surfacegivesparallel,narrav refractionrays,while re-
fraction through a highly curved surface gives diverging
wide refractionrays.

It is temptingto concludefrom theseexamplesthat all
coherenspecularayshave narrov beamsandall incoherent
specularayshave wide beamsBut thereis an unfortunate
exception:suriaceswith mary tiny at facetsasfor example
a discoball. The small at facetsre ect rayswith narrov
beamshut in incoherentdirections.

4.3. Shadow rays from point-lik e sources

Shadaev raysto a point, spot,or directionallight sourceare
very narrav andvery coherentln this respectthey behae
as specularre ection raysfrom a at surface.If thereare
several light sourcespnly the raysto eachlight are coher

entwith eachother;raysto differentlight sourcesare not
coherent.Fortunately even if thereare thousandf light
sourcesn a sceneusuallyonly a smallfraction of themil-

luminatea givenpointby asigni cant amount— therestof
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the lights canbe probabilisticallysampled computedwith-
out shadavs, or skippedentirely?%34, Sofor eachpartof a
surfaceonly afew light sourcesequirenarrov shadev rays.

4.4. Glossyre ection and refraction rays

Distribution ray tracingis usedto renderglossyre ection
andrefraction.Assumethatglossinesss speci edasa solid
angle over which the re ection rays can be re ected. The
directionaldifferential(I}—B; 1171—'\3,) of eachray correspondso
the glossyconeangledivided by the numberof rays— see
gure 3.

Figure 3: Glossyre ection from at surfaces.

For glossyre ection from curved surfaces,we usethe
maximumof theray differentialfor speculare ection from
a cunved surface and the differential for glossyre ection
from a at surface.This is a heuristicthat seemsto work
well in practice.

Raysfrom narrav glossyre ection and refractionhave
small differentialsand are coherent Corversely raysfrom
wide glossyre ection andrefractionhave largerdifferentials
andareincoherent.

4.5. Shadaow rays from arealight sources

Distribution ray tracingis alsousedto computesoft shad-
ows from arealight sourcesThe directionaldifferential of
a shadov ray to anarealight sourceis computecby taking
therelative sizeof thelight sourcedivided by the numberof
shadev rays. Shadev raysto a small arealight sourceare
narrav andcoherentyhile shadev raysto alargearealight
sourcearewide andincoherent.

4.6. Hemisphere sampling

Distribution ray tracingover a hemispherés usedto com-
putediffusere ection andtransmissior{transluceng), am-
bient occlusion,one-bounceolor bleeding,and nal gath-
eringof globalillumination.

For suchhemispheresampling the directionalray differ-
ential correspondso the fraction of the hemispherehatis
coveredby thatray. If thehemispherés sampledn acosine-
weightedfashion theraysaremoredensenearthe polethan
nearthe equatorandtheraysnearthe pole have smallerdi-
rectionaldifferentialsthanraysneartheequatorSee gure 4
for anillustration.

Thehemisphersamplingraysarequitewide, exceptnear
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Figure 4: Diffusere ectionfrom at surface

their origin. But theraysarehit-testedwith coherengeom-
etry neartheir origin eventhoughtheir directionsdiverge.

This approactbreaksdown if thereareonly a few hemi-
spheresamplingrays since the ray differentials get very
large. The worst caseis if thereis only oneray (asin path
tracing); in that casethe directionalray differential would
correspondo theentirehemisphereOnewould thenhaveto
resortto a globalvaluebasedon the total numberof raysat
thatdeptl#°. But to gethemisphersamplingresultswithout
excessve noise we needto shootmary hemisphersamples
aryway — typically atleast256.

4.7. Summary

From this analysis,we concludethatin mostcasesgcoher
entrayshavenarrow beamsandincoheentrayshavewide
beams

5. Implementation

We usedthis obsenation aspart of our recentextensionof
Pixar's RenderManendere(PRMan)to supportray tracing
andglobalillumination. PRManis a widely usedcommer
cial rendererthat adheredo the RenderMarspeci catior??
andis basednthe REYESarchitecturé>s.

5.1. REYES and rays

In aREYESrendererall visible geometryis tessellatednto
micropolygongridsandthe verticesof the gridsareshaded.
With the addition of ray tracing, shadingat thesevertices
cancauseraysto be shotto computere ections, shadavs,
etc. This hybrid renderingtechniguemeanshat, in contrast
to “pure” ray tracing,thereareno camerarays.

In our currentimplementation the tessellatedsurfaces
usedfor ray tracingare notidenticalto the REYES micro-
polygongrids,soeachsurfacepatchhastwo representations.
It may be possibleto meige the two, althoughit would re-
quire the tessellatiorcacheto be ableto dealwith general
tessellatiorrates(suchas5 13) insteadof only the x ed
ratescurrentlyhandledasdescribedn thefollowing).

Renderingwith REYES andray tracinginevitably takes
longerthanpureREYESrenderingnot only becausef the
time spentcalculatingray intersectionsbut alsodueto the
additionalshadingrequiredat theray hit points.
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To shadea ray hit point, we createa small shadinggrid
of threepoints(similarto BMRT?). Thetwo extrapointsare
necessaryor shaderghatusederivativesandalsoto gener
ate new ray differentials.The two pointsare createdbased
on theray footprint, andtheir normalsarecreatechasedon
the local cunatureof the object. New raysareonly traced
from therealhit point; theraysfrom thetwo otherpointsare
only usedto setup ray differentials.

To avoid hemisphersamplingfrom all shadingpoints,we
useinterpolationof irradianceusingirradiancegradientg®
and,similarly, interpolationof ambientocclusionusingoc-
clusiongradientslt is simplerto interpolatebetweervalues
on a grid of REYES shadingpoints (that are known to be
on the samesurface)than betweendisconnectegointsin
3D space.

We selectthe appropriategeometricrepresentatioron-
the-y basedon the ray beamsizes.If the initial subpatch
is too largefor asufcient tessellationfor examplebecause
the objectis seenthrougha magnifying glassor re ected
by a concare mirror, we subdvide it into even smallersub-
patchesBy contrastrenderingalgorithmsthatpre-tessellate
basedon screersizewill sometimedewrong;in the pres-
enceof magnifyingglassesgconcae mirrors, etc., it is im-
possibleto know the necessaryessellatiorrate beforeren-
deringstarts.

5.2. Multir esolutiongeometrycache

We usea cachingschemewith separatecachedor coarse,
medium,and ne tessellationgo exploit the different co-
hereng andaccurag needed:

1. A ne tessellatiorcachewith largeelementg17 17ver
tices= 16 16 quads)only needsto hold relatively few
entriessincenarrav raysarecoherent.

2. A mediumtessellatiorcachg5 5vertices=4 4 quads)
in betweerfor raysthatareneithervery coherentorvery
narraw.

3. A coarsetessellationcachewith small elements(2 2
vertices= 1 quad)canhold mary entries.t is alsocheap
to recomputethe entriesif they have beenswappedout
sincethey consistof only four vertices.

Thesethree co-existing approximationsof a surface sub-
patchareshovnin gure 5. The ne tessellatiorcachealso
stores4 4 boundingboxes(eachfor 4 4 quads)for ef -
cientintersectiortests.

SRTR
estiati
st

Figure 5: A surfacesubpatt and its tessellationgleft to
right): original subpatt, 16 16quads4 4 quadslquad.

We use a least-recently-use@_RU) cachereplacement
scheme.The size of the geometrycachecan be speci ed
by the user By default, the sizeis 10 MB for eachof the
threecachessowith a vertex takingup 12 bytes,thecoarse
cachehasa capacityof 220,000entries,the mediumcache
has35,000entries,andthe ne cachehas3,000entries.For
comparisona single ne-resolution cacheof 30 MB can
hold only 9,100entries.It would be interestingto investi-
gate other choicesfor the numberof cachesandtheir rel-
ative sizes,or to usea single multiresolutioncachefor all
tessellations.

We choosethe appropriatecachesuchthatthe quadsare
approximatelythesamesizeastheraybeamlf theraybeam
sizeis in-betweercachdevels,welookupin thenearestner
cacheand meige eachsetof 2 2 quadsinto one quadfor
fasterintersectiontesting.This, in effect, givesus ve dif-
ferenttessellatiorresolutionawvhile only storingthree.

6. Results

The following testswere performedon a standard?C with
a 900 MHz Pentiumlll processoand512 MB of memory
Therenderedmagesare 1024 pixels wide andhave micro-
polygonsthatareat mostonepixel large.

We used a geometry cachesize of 30 MB (both for
single-resolutiorand multiresolutiongeometrycaches)ex-
ceptwherenoted,andatexture cachesizeof 10 MB.

6.1. Terminology

When a ray hits the boundingbox of a subpatchthat has
never beentessellatedat the appropriateresolutionbefore,
thesubpatchs tessellateat thatresolutionandthetessella-
tion insertedinto the cache We call this a cold tessellation

If the subpatcthasbeentessellatedtthe desiredresolution
before thetessellations lookedupin thecache A cachehit

meanghatthetessellatiorwasin thecachetheopposites a

cade miss The cadhe hit rateis cachehits=cachdookups.
Whenacachemissoccurswe have to retessellat¢éhe patch.
We measurecadhe costas the numberof verticesthat are
recomputediueto retessellations.

6.2. Parking lot

The rst test sceneconsistsof fteen carson a plane,
asshavn in gure 6. Eachcar consistsof 2155 NURBS
patches,mary of which have trimming curves. The cars
are explicitly copied,not instancedDuring rendering,the
NURBS patchesaresplit into 940,000subpatchesThe spa-
tial accelerationdata structure (a Kay-Kajiya tre€’) uses
around35MB. A full tessellatiorwould resultin 940,000
172 270 million vertices(240 million quadsor 480 mil-
lion triangles),consumingaround3.3GB. Thisis 110times
thesizeof thegeometrycache.
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6.2.1. Shiny cars on diffuse ground

Forthistest,thegroundplaneis purelydiffuse.Thecarpaint

andchromeshadershootspeculare ection rays.Thescene
is illuminated by a directionallight with sharpray traced
shadaevs. Sincetheraysin this versionof thescenearespec-
ularre ection raysfrom mostly smoothobjectsandshadev

raysto adirectionallight source mostraysarecoherenand
narrav. So this is a casewherewe expecta lot of bene t

from cachingbut little from multiresolution.

Figure 6: Shinycars on diffuseground.

Renderingheimagein gure 6 causeghetracingof 4.1
million specularrays and 4.0 million shadev rays. These
raysresultin 200million ray-subpatclintersectiortests.

Ourtessellatiorschememplo/stwo distinctmechanisms
to achieve efciency: a multiresolutionrepresentatiorand
a cacheof reusabletessellationsTo distinguishthe con-
tributions of each mechanism/et's rst considersingle-
resolutiontessellationyith andwithout caching.

With a single-resolutioncache,there are 380,000cold
tessellationgproducing110 million vertices),100 million
cacheookups,and1.3million cachemissescorresponding
to a hit rateof 98.7%and 360 million recomputed/ertices.
Theruntimeis 79 minutes Withoutcachingthe100million
intersectiontestswould require computing 100 million
172 29 billion vertices;this 80 times morethanthe ver-
ticesrecomputediueto cachemisses.

With a multiresolutioncache thereare400,000,100,000,
and 30,000cold tessellationg13 million vertices)and 35,
23, and 41 million cachelookupsin the coarse,medium,
and ne cachesThereare7,100,3,300,and 14,000cache
misses,correspondingto hit rates of 99.97-99.99%and
6.2million recomputedrertices. Theruntimeis 62 minutes.
Withoutcachingtherewouldhavebeen3s 22+ 23 52+
41 17% million 12 billion computedvertices— around
2000timesmorethanthe 6.2 million verticeswith caching.

¢ TheEurographic#ssociationrandBlackwell Publisher2003.

6.2.2. Shiny cars on ambient occlusionground

For thistest,thegroundplaneis shadedwith purelyambient
occlusion,asshavn in gure 7. This meansthatthereis a
mix of coherentandincoherentays: 163 million occlusion
rays,4.1million specularays,and3.6 million shadaev rays.
Theserayscausel.2 billion ray-subpatclintersectiortests.

Figure 7: Shinycars on ambientocclusionground.

With asingle-resolutiortachethereare650,000cold tes-
sellations(190 million vertices),1.2 billion cachelookups,
and 30 million cachemisses— correspondindo a hit rate
of 97.5%and8.7billion recomputedrertices.Theruntimeis
32 hours.Without caching,the 1.2 billion intersectiorntests
would causethe computatiorof 350billion vertices.

Whenmultiresolutioncachingis used thereare 730,000,
110,000,and 30,000cold tessellationgproducing14 mil-
lion vertices)and950 million, 190 million, and120million
cachelookups, respectiely. Thereare 1.6 million, 4,500,
and13,000cachemissescorrespondingo hit ratesof 99.8—
99.99%anda costof 10 million recomputedrertices.This
is only 0.11%of the 8.7 billion recomputedrerticesfor the
single-resolutiorcache. Theruntimeis 11.5hours.Without
caching,the intersectiontestswould causethe computation
of 43 billion vertices.

6.3. Psychedeliadragons

This scenecontains 94 dragonsmodeled as subdvision
surfaces. The dragonsare modeledindividually, not in-
stanced.Behind them there are several procedurallydis-
placedNURBS spheresThe sceneconsistsof 4,815geo-
metricprimitives;thesearesubdvidedduringrenderingnto
183,000subpatchedf fully tessellatedthe scenewould re-
quire 53 million vertices(630 MB of memory)correspond-
ing to 47 million quadsor 94 million triangles.Thetextures
in the sceneare a mix of imagesand proceduraltextures.
The sceneis illuminated by a directionallight source,and
shadevs arecomputedoy ray tracing.
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6.3.1. Chromeand dir ectillumination of matte

For this test, half of the dragonsarere ective chrome half
of themmatte,asshavn in gure 8. All rays(speculare-
ection andshadav rays)arecoherent.

Figure 8: Dragonscenewith raytracedre ectionandshad-
ows.

With asingle-resolutiorachethecachehit rateis 98.5%,
and140,000 17 40million verticesarerecomputediue
to cachemissesTheruntimeis 21 minutes.

With a multiresolution cache,the cache hit rates are
99.96-100%,and 0 22+ 1;200 5%+ 250 172
100 000 verticesarerecomputediueto cachemisses.The
runtime is 19 minutes.Even thoughall lookupsare coher
ent,themultiresolutioncachereduceshe numberof recom-
putedverticesby afactorof 400.

6.3.2. Chromeand color bleeding

For this test, half of the dragonsare chromeagain, while

the otherhalf have a materialthat computescolor bleeding
(directillumination plussinglebouncesoftindirectillumina-

tion). Seegure 9. Noticethecolorbleedingrom theground
andsky ontothe mattedragonsTheruntime with a30 MB

multiresolutioncachels 2 hours1 minute.

Figure 9: Dragonscenawith raytracedre ection, shadows,
andsoftindirectillumination.

With a single-resolutioncache,there are 120,000cold

tessellationgproducing35 million vertices)and 18 million

cachelookups.The cachecapacity cachemissescachehit
rate,andcachecostfor varying cachesizesarelistedin the
tablebelow.

size capacity misses hitrate cost
100MB 30k 100k  99.4% 29Mvitx
30MB 9k 350k 98.0% 100Mvtx
10MB 3k 700k  96.1% 200Mvtx
3MB 900 12M  93.3% 350Mvtx
1MB 300 1.7M 90.5% 490Mvtx

With the multiresolution representation,there are
120,000,40,000, and 7,500 cold tessellationgproducing
3.6 million vertices) and 6.0 million, 5.4 million, and
6.3 million lookupsin the coarsemedium,and ne caches.
Theresultsfor varyingcachesizesaretakulatedbelow.

size  cap. misses hit rate cost
100MB 840k 0+0+0 100% 0
30MB 260k 0+84+180 99.9-100%  54kvtx
10MB 84k 21k+770+2.3k  99.6-99.9%  770kvtx
3MB 26k  180k+16k+7.3k 97.2-99.9% 3.2Mvtx
1MB 8.4k  470k+39k+20k 92.7-99.7% 8.6Mvtx

Comparingthesetwo tablesleadsto several interesting
obsenations.For example,with a multiresolutiongeometry
cacheof only 1 MB, 8.6 million verticesare recomputed.
This is signi cantly lessthan the numberof verticesthat
arerecomputedisinga single-resolutiortache gvenif that
cacheuses100 MB. With a multiresolutioncachesize of
3 MB, the costof the cachemisses(3.2 million vertices)
is aboutthe sameasthe cold tessellationg3.6 million ver
tices).Thismeanghatthe3 MB cacheperformswell despite
its smallsize.3 MB is lessthan1/200thof the 630 MB this
scenewould consumen fully tessellatedorm.

6.3.3. Texture caching

We have nottestedexture cacheperformancesthoroughly
as the resultsabove for geometrycaching.However, in a
separatetest of the dragonscenefrom the previous sec-
tion, we obsered that when all texture lookupsare at the
most detailed MIP map level, the default 10 MB texture
cachethrashedheaily, and half of the run time was spent
(re)readingexturesfrom disk. In contrastwhenray differ-

entialsareusedto determingheappropriateMIP maplevel,

texturereadsdo not contribute measurablyo runtime.

6.4. City street

The last test sceneis a city streetmodeledwith NURBS
patchesand subdvision surfaces. It consistsof around
46,000top-level primitives. During rendering theseprimi-
tivesaredividedinto 970,000subpatched=ully tessellating
the entirescenewould give 280 million vertices(3.4 GB of
memory)correspondingo nearly250million quadsor 500

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.
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million triangles.We shadeall objectswith short-rangeam-
bientocclusion(meaninghattheocclusionrayshave ashort
cut-off distance)multiplied by surfacecolor. The resulting
imageis shavn in gure 10. Computingthe imagecauses
tracingof 210million occlusionrays.

Figure 10: City streetwith short-range ambientocclusion.

With asingle-resolutiortachethereare710,000cold tes-
sellations,1.1 billion cachelookups,and2.1 million cache
missesThis correspond$o a hit rateof 99.8%and610mil-
lion recomputedrertices.

With the multiresolution cache, there are 710,000,
300,000,and 93,000 cold tessellationsand 300, 230, and
600million lookupsin thecoarsemedium,and ne caches.
There are 2,700, 6,500, and 29,000 cachemisses,corre-
spondingto hit ratesabose 99.99%.The cachemissesause
recomputatiorof 8.6 million vertices— 71timesfewerthan
with the single-resolutiortache Theruntimeis 7.1 hours.

This shavs thatevenwhenocclusionraysareonly traced
over short distancesand the accessedjeometryis coher
ent, multiresolutiontessellationand cachingstill pays off.
For long-rangeambientocclusion,wherethe raysintersect
the geometryin alesscoherenimannerthe multiresolution
cachewould beevenmorebene cial.

7. Discussionand futur e work

In this section,we discusssomeof the limitations of our
currentimplementatiorandlist suggestionsor futurework.

7.1. Geometricinconsistency

Geometricinconsistenciesanoccurwherethe tessellation
rate changes— typically cracksin the geometrydueto T-
vertices.Thereare several waysto reduceor eliminatethis
problem,asdiscussedby for examplePharrandHanrahaf’.
We have, perhapssurprisingly not seenary artifactsfrom
this. This may be becausesoft diffuseillumination andam-
bientocclusionaresuchlow-frequeng functionsthata sin-
gle ray slipping througha crack doesnot contritute much
error.

To avoid potential‘popping” in animationsdueto sudden

¢ TheEurographic#ssociatiorandBlackwell Publisher2003.

changeof tessellatiorrate, we could stochasticallychoose
the tessellationrate (rounding up or down) for eachray-
subpatchintersectiortest.

7.2. The discoball problem

As mentionedalready disco balls with small mirror facets
areaproblem.There ected rayshave narrov beamgsince
eachlittle facetis at), but theraysareincoherensinceall

thefacetsre ect in differentdirections.This destrgs cache
cohereng. Possiblework-aroundsnay be to arti cially in-

creasethe beamsize of the re ection rays,usea simpli ed

scendor re ectionsin thediscoball, or useare ection map.
If the facetsarelarge, mary coherentraysare tracedfrom

eachfacet,andthe problemgoesaway.

7.3. Importance

It is not clearhow a ray's imagecontritution (aka.impor-
tancé) should affect the tessellationrate. Shootingmore
raysto samplethehemispherabore a point makeseachray
narrover, but alsoreducesdts contribution. The tessellation
rateshoulddependon beamsize,importanceandray type,
but exactly how? It would probablybe safeto usecoarser
tessellationshanthe beamsizewhentheimportances low.

8. Conclusion

In this paper we have introducedand exploited the obser
vation that coherentrays are narrav, while incoherentrays
arewide. By careful analysisof the requirementf a ge-
ometrycache we getthe bene ts of tessellation(speedand
e xible displacementjvithout the excessve memoryover-
head.This makesit possibleto rendervery complex scenes
with ray tracing— both classicray tracingfor speculare-
ection, refraction,and sharpshadaevs, and wide distribu-
tion ray tracingfor globalillumination, ambientocclusion,
etc. With the multiresolutiongeometrycacheit is possible
to renderscene®f nearlythe samecomplexity aswith pure
REYESscanlinerendering.
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