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Abstract

In recentyeais there hasbeena lot of work on interactively displayingglobal illumination solutionsfor non-
diffuseenvironmentsThis is an extremelyactive field of reseach, in which a lot of different approaceshave
beenproposedrecently In this survey, we will discussand compae these Thiswill hopefullylay the groundfor

systematicallyaddressingthe openquestionsn thefuture.

1. Intr oduction

Indirectillumination is animportantvisual effect that con-
tributes significantly to the realismof computergenerated
imagery Thus, it is not surprisingthat several methodsfor
including theseeffectsin interactve applicationshave been
developedoverthe pastfew years.

For example,acommontechnique for displayingtheindi-
rectilluminationin a diffuseervironmert is to useGouraud
shadingandtexture mappingfor displayingthe resultsof a
Radiositysimulatior: 2 2 4, Dueto theview-indepenlentna-
ture of illumination in a diffuseenvironmen, the expensve
precomptation stepcan easily be separatedrom the inex-
pensve displaystepwhichallows for high frameratesusing
graphicshardware.

Thecaseof non-difusereflectionis morechallengingand
interestingpecausé requireseitherprecompting andstor
ing alargeamountof data,or the executionof relatively ex-
pensve operation®nthefly. Thepurposeof thissuney isto
shaw the currentstatusquo of methodgelatedto interactve
displayof globalillumination solutions,andto comparethe
differentapproabesto eachother

In practice,we find that the differentapproabesconsti-
tutea smoothtransitionfrom precomptedilluminationwith
large storagerequirementgo on-the-fly computationscon-
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suminglittle or no memory For the purpcsesof this suney,
we have groupedthedifferentmethodsn the following cat-
egories:

e Image-basd methodsusing precompuited ervironment
maps(Section2). Thesemethodsignore parallaxeffects
due to objectsthat are large compaed to their environ-
ment.Environmen mapsallow for anefficientreconstruc-
tion basedon texture mapping.

e Image-basd methods using precomputedlight fields
(Section3). As in the caseof ernvironmentmaps,this al-
lows for efficient reconstructiorthat is mostly a simple
tablelookup or alookup combinedwith someinterpola-
tion.

e Reconstructiorfrom sparseor scatteredight field infor-
mation (Section4). Like the methodsin Section3, these
technigesalsowork on precomputedight fields,but they
usuallyusefairly sparsaepresentationthatrequireasig-
nificantamountof work to be performedon thefly during
areconstructiorphase.

e On-the-flymethodgSection5). Here theglobalillumina-
tion is completelycompued during renderingtime. This
meansthat dynamicscenescantrivially be handled but
on the otherhandthe compleity of the sceneor theillu-
minationeffectsthatcanbe dealtwith areoftenseriously
limited for performanceeasons.
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2. Environment Maps

In this part of the tutorial we are going to discussenviron-

mentmaps$ andtheir applicationsto interactive rendering

Ernvironmentmapsare specialtexturesthat describefor all

directionsthe incoming or outgoing light at one point in

spaceThe mainuseof thesemapsis to simulatemirror re-

flectionsin curved objects but they canbeusedfor avariety
of purposesijncluding the renderingof globd illumination

solutionswith morecomple reflectionmodelsasdescribed
belon. Hardware-aceleratedrenderersjn particular often

useervironment mapsto storeprecompited directionalin-

formationthatis too expensve to computeon thefly.

Thebasicideaof environmert mapsis that,if areflecting
objectis small comparedto its distancefrom the erviron-
ment,the incomingillumination on the surfacereally only
depend on the directionof thereflectedray. Its origin, that
istheactualpositiononthesurface canbeneglected There-
fore,theincomingillumination atthe objectcanbe precom-
putedandstoredin a 2-dimensioml texture map.

If the parameterizatiorfor this texture map is cleverly
chosen the illumination for reflectionsoff the surfacecan
be looked up very efficiently. Of course the assumptiorof
a small objectcomparedo the environmentoften doesnot
hold, but environmentmapsareagoodcompromiséetween
renderingguality andtheneedto storethefull 4-dimensiona
radiancefield on the surface.

Both offline and interactve, hardware-baedrenderers
have usedthis approactto simulatemirror reflections pften
with amazingresults.

In this sectionwe first discussthe issueof parameteriza-
tions (or representationsfpr ervironmert mapping After-
wards,we comparetechniquedor usingervironmentmaps
for mattereflectionsanddifferentreflectionmodels.

2.1. Parameterizations for Environment Maps

Since ervironmert mapsrepresendirectionalinformation
asa?2D texture,it is necessaryo decidefor amappingfrom

directionsto texture coordindesin orderto defineaconcrete
representationChis mapping calledthe parameterizatiorof

theenvironmentmap,shouldfulfill acoupleof propertiesn

orderto beusefulfor interactive rendering:

o for walkthrougts of staticenvironments, it shoud not be
necessaryo createa nev ervironmert mapevery frame.
Thismeanghat

— the computationof the texture coordnatesis possible
for all viewing directions.

— all light directionsneedto berepresenteéquallywell
in the environment map. Although somelight direc-
tionsaremoreimportantthanothersfor acertainview-
ing direction,all directionsareequallyimportantfor a
walkthrough, wheretheviewing directionis not previ-

Figurel: Left: A sphericalervironmenimapfromthecenter
of a colored cube Note the bad samplingof the cubeface
directly in front of the observer(bladck). Right: a spherical
mapof a realscene

ouslyknown. This propertyis calledthe uniformity of
the parameterization.

e for interactionwith dynamic ervironments,it shoud be
easyand inexpensve to createa new ervironment map
from perspectieimagesf thescengbecausehisis what
currenthardwarecangenerate).

e the methodfor comptting the texture coordiratesshould
be simple and efficient, and it shouldbe easyto imple-
mentin hardware This meansthat complicatedand ex-
pensve mathematicafunctionsline trigonometricfunc-
tionsshouldnotbe necessary

In the following, we briefly discussthe threeparameteri-
zationsfor ervironmert mapsthathave gainedsomeimpor-
tancein interactve andhardware-acceleratedendering.

Spherical Maps. Theparameterizatiotraditionallyusedin
compuer graphicshardwareis the sphericalervironment
map. It is basedon the analogyof a small,perfectlymir-
roring metal ball centeredaroundthe object. Theimage
thatan orthograplic cameraseeswhenlooking at sucha
ball from a certainviewing directionis the ervironment
map.An exampleervironmentmap from the centerof a
coloredcubeis shavn on theleft of Figurel, amapof a
realscends shavn ontheright.

Thesamplingrateof sphericaimapsreachests maximum
for directionsoppasingtheviewing direction(thatis, ob-
jects behind the viewer), and goestowards zero for di-
rectionscloseto theviewing direction,becaus¢hesecor-
respom to the tangentialareasof the virtual metal ball
usedto generatehe map. Becauseof this singularity in
theviewing direction,it is clearthatthis parameterization
is not suitablefor viewing directionsotherthanthe origi-
nal one,especiallysincethe automatictexture coordnate
mode doesnot supportthis case.Thus, mapsusing this
parameterizatiomave to be regeneratedor eachchang
of the view point, even if the ervironmert is otherwise
static. The creationof a sphericalmaprequiresa texture
mappingstepin which perspectie imagesarewarpednto
thesphericaform.

Despitethesedisadwantages,the sphericalmap is very
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usefulif the only interactionwith the sceneis rotatingan
objectin front of thescreenThisis thecasefor example,
in designand CAD applications.

Cube Maps. Theseconcparameterizatiorgubicalerviron-

mentmapsor cube map$§ 10 consistof six indepement
perspectieimagesrom thecenterof acubethrougheach
of its faces.Fromthis descriptionit is clearthatthe gen-
erationof suchamapsimply consistf renderingthe six
perspectie imagesA warpingstepasrequiredfor spher
ical mapsis not necessarylhe samplingof thesemapsis
fairly good.It canbeshavn thatthe samplingratesfor all
directionsdiffer by afactorof 3v/3 a 5.2.

Obhviously, this parameterizationis suitable for arbi-
trary viewing directions,andseveral currentPC graphics
boardssuppat it via a specificOpenGLextension.One
problemhereis the useof six indepeneénttextures,which
requiressomespecialmechanismsn the texture specifi-
cation.Also, the separationinto six texturesmay produce
seamsbetweenthe cube faces.In particular this is the
caseif mip-mappng is used,becausehen eachfaceis
downsamped individually. It would be possibleto over-
cometheseproblemsby addinga borderof severalpixels
to eachof the faces,andto replicatesomeinformation
from neighboringfacesthere.

Parabolic Maps. Finally, Parabolic maps® 12, sometimes
alsocalleddud paraboloid maps arebasecnananalogy
similar to the oneusedto describesphericalervironmen
maps.Assumethatthe reflectingobjectlies atthe origin,
andthattheviewing directionis alongthe negative z axis.
Theimageseenby anorthographiccameravhenlooking
at a metallic, reflectingparaboloidcontainsthe informa-
tion abou the hemispherdacingtowardsthe viewer. The
completeervironmert is storedin two separatdextures,
eachcontainingthe information of one hemisphereThe
geometryis depictedin Figure2.

>

Figure 2: Theraysof an orthographic camen reflectedoff
a parabdoid samplea completehemispheg of directions.

Thegeometrydescribedhbore hassomeinterestingprop-
erties. Firstly, the reflectedrays in each point of the
paraboloicall originatefrom asinglepoint,thefocal point
of the paraboloid which is alsothe origin of the coord-

nate system(seedashedines in Figure 2). This means
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thattheresultingimagecanindeedbe usedasanerviron-
mentmap for an objectin the origin. Sphericalerviron-
mentmapsdo not have this property the metal spheres
usedtherehave to beassumedmall.

Secondlythe samplingrateof a parabdic mapvariesbhy
afactorof 4 over the completeimage(seeHeidricH3 for
a proof). Pixels in the outer regions of the map cover
only 1/4 of the solid anglecaoveredby centerpixels. This
meanghatdirectionsperpemlicularto the viewing direc-
tion are sampledat a higherrate thandirectionsparallel
to the viewing direction. Dependingon how we select
mip-maplevels, the factorof 4 in the samplingrate cor
respoms to one or two levels difference,which is quite
acceptale. In particularthis is somevhat betterthanthe
samplingof cubicalervironmentmaps.
Parabolicmapscanbeimplementeckitherby usingsoft-
warefor computingthe texture coordinatesor by apply-
ing specialOpenGLextensions Similar to the cubemap
extensiors, theseare now widely available on modern
graphicshardware.

2.2. Complex ReflectionModels and Envir onmentMap

Prefiltering

Onceanernvironmentmapis available,it canbe usedto add
a mirror reflectiontermto an object. Using multi-passren-
deringandalphablending,this mirror reflectiontermcanbe
addedto local illumination termsthat are generged using
hardware lighting. In orderto incorporateglobd illumina-

tion with otherreflectionmodelsthan perfectmetallic mir-

rors,we needto performsomeprecomptations,sincereal-
time calculationsare typically not possibledue to the high
computationatost. Thetwo fundamentatechniqwesfor us-
ing ernvironment mapswith more generalreflectionmodels
are

Decompaition. Thereflectionmodelis decompagedinto
simplercontritutions,which canbetreatedseparatelyFor
example,a reflectionmodelmay be separatednto a dif-
fuseanda speculaterm,wherethe speculatermis addi-
tionally multiplied with anangulardepenéntterm(Fres-
nelterm).

Prefiltering.For certainreflectionmodels,the reflection
of an ernvironmert map canbe analytically precomputed
andstoredinto a newv map.The latteris calledprefiltered
ervironmen mapor refledcion map

In thefollowing wewill describehesewo techniquesnd

demonstratsomeapplicationsor them.

2.2.1. Decomposition

As statedabove, deconpositionof areflectionmodelmeans
separatingts termsinto simplerexpressionshatcanbehan-
dledindividually. The mostfundametal exampleis a sepa-
rationinto diffuseandspecularcontributions. As described
belaw, thediffusetermaswell ascertainspeculatermscan
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betreatedwith prefiltering.Anothertermcouldbeif we had
areflectionmodelwith atermfor retro-reflection(light that
is reflectedbackinto the directionof incominglight). Also
an interestingexampleis the factorizationof the specular
comporentinto a standarcenvironment mapandanangular
depenéntterm(Fresneterm),asdescribedn thefollowing.

GeneralizedMirr or Reflectionsusing a FresnelTerm
The Fresnelterm is a physical term describing the
reflectvity of a materialdepeming on its optical density
n (“index of refraction”) andthe angleof incominglight.
It is givenas

_ (g-¢
2(g+c)?

with ¢ =< i, V> andg? = n® +¢? — 1.

A regularenvironment mapwithout prefilteringdescribes
theincomingillumination atapointin spacelf thisinfor-
mationis directly usedasthe outgoingillumination, asis
describedabove, thenonly surfaceswith a constant-res-
nelterm (i.e. metals)canbe modeled.

For non-meallic material(materialswith a smalloptical
density),however, thereflectancestronglydependonthe
angle of the incoming light. Mirror reflectionson these
materialsshouldbe weightedby the Fresnelterm for the
anglebetweerthenormalandthereflectedviewing direc-
tionTy.

For ary given material the Fresnetterm F (cosB) for the
mirror directionty canbe storedin a 1-dimensimal tex-
turemap?, andrenderedo theframehuffer's alphachan-
nel in a separateenderingpass.The mirror partis then
multiplied with this Fresneltermin a secondpass,anda
third passis usedto addthe diffuse part.If we have are-
flectionmodelconsistingof amirror compon@t Lm anda
diffusecompamentLy, thisyieldsanoutgoirg radianceof
Lo=F -Lm+Lg-

In addition to simply adding the diffuse part to the
Fresnel-weightednirror reflection,we can also use the
Fresnelterm for blendirg betweendiffuse and specular:
Lo =F -Lm+ (1—F)Lg. This allows usto simulatedif-
fuse surfaceswith a transparencoating:the mirror term
describeghe reflectionoff the coating.Only light not re-
flectedby the coatinghits the undelying surfaceandis
therereflecteddiffusely.

Figure 3 shavs imagesgeneratedusing thesetwo ap-
proachesln thetoprow, theFresnel-weightechirrorterm
is shown for indicesof refractionof 1.5,5, and 200. In
the centerrow, adiffusetermis added andin the bottom
row, mirror anddiffusetermsareblendedusingthe Fres-
nel term. Note that for low indicesof refraction,the ob-
jectis only specularffor grazingviewing angleswhile for
a high indicesof refractionwe getthe original metal-like
reflection.

2.2.2. Prefiltered Envir onment Maps

Generallyspeaking prefiltered ernvironment maps capture
all thereflectedxitantradianceiowardsall directionsv from
afixedpositionx:

Lo(x;V,A,T) = 3

- -

/Qfr(W(V,ﬁ,f),W(T,ﬁ,f))Li(x;l) <Al d,

wherev is the viewing directionandi’is the light direction
in world-space {f,T, i x T} is the local coordinateframe of
thereflectve surface W(V, i, T) representtheviewing direc-
tion and W(T, i, T) the light directionrelative to that frame,
fr istheBRDF, whichis usuallyparameterizedia thelocal
viewing andlight direction.

A prefilteredenvironmert mapstoregheradianceof light
reflectedowardstheviewing directionv, whichis computed
by weightingtheincominglight L; from all directionsl with
theBRDF f;. Note,thatL; is storedin the unfilteredoriginal
ervironmentmap. As you cansee,in the generalcasewe
have adepen@nceontheviewing directionaswell asonthe
orientationof thereflectve surface,i.e. thelocal coordnate
frame{n,T, A x T}.

Thisgeneal kind of mapis five-dimensioal. Two dimen-
sionsareneededo representheviewing directionV (a unit
vectorin world coordnates)andthreedimensionsareneces-
saryto representhe coordinateframe{i,f, A x f}; e.g.three
Euleranglescanbe usedto specifythe orientationof anar-
bitrary coordnateframe(e.g4).

Of course five-dimensioal tableshave enormois mem-
ory requirementswhich is why in practicesomedependa-
cies(e.g.thetangent) aredropped,andwhy prefiltereden-
vironmentmapsare often reparameterizefe.g.indexing is
notdonewith theviewing directionv, but thereflectedview-
ing direction).Becausehis reductionin dimensionéty also
removessometo the generalityof the approachthe decom-
positionmethodis oftenrequiredto combineseveralof these
simplifiedmodels.

If the original ervironmert map is given in a high-
dynamicrangeformat®, thenthe prefilteringtechnique al-
lows for effectssimilarto the onesdescribecy Debesecls.

Diffusely Prefiltered Maps As we have seenwe cancom-
bine a mirror reflectionterm using an ervironmentmap
with local illumination terms that are generatedusing
hardware lighting. It is also possibleto add a diffuse
globalilluminationtermthroughtheuseof aprecomputed
texture.For thegeneratiorof suchatexture,therearetwo
methods In the first approad, a global illumination al-
gorithm suchasRadiosityis usedto compue the diffuse
globalillumination of every surfacepoint.

The secondapproat is purely image-basedand usesa

prefiltered ervironment mapg? 9. A traditional environ-

mentmap usedfor the mirror term containsinformation
|

abou theincomingradianceli(x, ), wherex is the point
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Figure 3: Top row: Fresnelweightedmirror term.Centerrow: Fresnelweightedmirror term plus diffuseillumination. Bottom
row: Fresnelblendingbetweermmirror and diffuseterm. Theindicesof refractionare (fromleft to right) 1.5,5, and 200.

for whichtheernvironmert mapis valid, andl thedirection
of theincominglight. The outgoingradiancefor a diffuse
BRDFis then:

Lo(X,71) = Kq - /Q " Li(x,T)-cogm,Ndw().  (3)

Dueto the constantBRDF of diffusesurfaces Lo is only
a function of the surfacenormal i and the illumination
L; storedin the environmert map, but not of the outgo-
ing directionV. Thus,it is possibleto precompute a map
containingthediffuseilluminationfor all possiblesurface
normals For thismap,lik e for themirror map,ary param-
eterizationfrom Section2.1 canbe used.Figure4 shavs
sucha prefilteredmap, a torus with diffuse illumination
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only aswell asa toruswith diffuse andmirror illumina-
tion.

GlossyPrefiltering of EnvironmentMaps A  simplifica-

tion similar to the one usedfor diffuse materialsis also
possiblefor certainspeculareflectionmodds!2 17, most
notablythe Phongmodel.Voorhieset al 1° useda similar
approzh to implement Phong shadirg for directional
light sources.

As shown by Lewis!8, the PhongBRDF is given by

- 1/ T
(= 0) =g STV ST

cosa cosa

wherer|, andry arethereflectedight- andviewing direc-
tions,respectiely, andcoso =< fi,| >. Thus,thespecular
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Figure 4: Left: diffuselyprefiltered environmen map of the cafescene Center:diffuselyilluminatedtorus. Right: sametorus
illuminatedwith botha diffuseanda mirror term.

globalillumination usingthe Phongmodelis

- -,

Lo(X,7v) :ks-/Q(n) <RI SY L) daD),  (5)

for someroughmessvaluer. Thisis only afunctionof the
reflectionvectorty andthe ervironmentmap containing
theincomingradiance.;(x,T). As for diffuseillumination,
it is thereforepossibleto take a map containingL(x, T),
andgenerate filtered map containingthe outgang radi-
ancelo(x,Tv) for aglossyPhongmaterial.

Figure5 shavs suchamap,aswell asa glossysphereand
torustexturedwith this map.

A Fresnelweighting of these prefiltered ervironmen
mapssimilarto theway it is describedabove is only pos-
siblewith approimations.The exactFresnetermfor the
glossy reflectioncannd be used,since this term would
have to appearinside the integral of Equation5. How-
ever, for glossysurfaceswith a low roughress,the Fres-
neltermcanbeassumedonstanoverthewholespecular
peak(which is very narraw in this case).Thenthe Fres-
nel term canbe moved out of the integral, andthe same
techniqueasfor mirror reflectionsapplies.

Theuseof aPhongmodelfor the prefilteringis somavhat
unsatisfictory sincethis is not a physically valid model.
However, thismethodworksfor all reflectionmodelshav-
ing lobesthat are rotationally symmetric about the re-
flectedviewing direction,and whoseshapedoesnot de-
pendonthe angleto the surfacenormal.

Approximations of General Isotropic BRDFs Based on

this concept, Kautz and McCooll® extendedthe Phong
ervironmernt maps idea to other isotropic BRDFs by
approximatinghemwith a specialclassof BRDFs:

fr(9,1) == p(< A,7v(A) >, < P(R),T>),

where p is an appraximation to a given isotropic BRDF,

which is not only isotropic, but also radially symmetric
aboutry(f) = 2(f- V)i — v, andthereforeonly dependson
two parameters.

Now conside Equation2 usingthis reflectancdunction:
Lo(x;V,A,T) = (6)
/ p(< A, T(R) >, < Fu(),T>):
Q(m)

LT < A,T> do(l).

The authorsthen make the assumptionthat the used
BRDF is fairly speculari.e. the BRDF closeto zeroal-

mosteverywheregxceptfor iy (M) ~ I Usingthis assump-
tion they reasonthat < A, 7y(f) > =~ < A, >. Now the

equationcanbereparameterizedndrewrittenthefollow-

ing way:

Lo(X; Py, < A, Ty >) = @)
<ﬁ,f'v>/ p(< APy >, < Py, >)-
Q(n)

Li(x:T) deo(),

which is threedimensioral. The third dimensionis used
to vary the diameterof the lobe with the angle between
reflectionvectorandsurfacenormal. Thisway, it is possi-
ble to have materialghatarealmostmirror-like atgrazing
viewing angleswhile they arematteif looked at perpen-
dicularly. Thisis a behaior that canbe seenquite often
with realmaterials.

In additionto this, Kautz and McCool also proposel an
approdmationtechnigie thatgenerates BRDF with ro-
tationally symmetriclobesfrom an arbitraryBRDF. This
is doneby averagingthelobesfor differentviewing direc-
tions.

This techniquehasthe adwantag that it canuseapproc-
imations of arbitrary isotropic BRDFs and achieves in-
teractve framerates.Off-specularpeakscanalsobe in-
corpordedinto this technique Additional Fresnelfactors
like Miller 17 andHeidrich'2 proposedarenot requiredbe-
causehey canbeincorporatednto thedependeoy onthe
viewing angle,i.e. thethird dimensionof themap.Onthe
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Figure5: A prefiteredversionof themapwith a roughressof 0.01,and applicationof this mapto a reflectivesphee andtorus.

down side,3D texturesarequite spaceconsuning andare
not supportedy mostcurrentlow-endhardware.
Dependingon the BRDF, the quality of the approxima-
tion varies.For higherquality approcimationsKautz and
McCool also propcseto usea multilobe approximation
which basicallyresultsin several prefilteredervironment
mapsthathave to beadded

Forinstanceijf the BRDF consistof severalseparatsur
facepheromena(e.qg.retro-reflectionsdiffusereflections,
andglossyreflections)eachparthasto be approaimated
separatelginceno radially symmetricapproximatiorcan
befoundfor thewhole BRDF. Thisagainmeansadecom-
positionof thereflectionmodelinto several parts.

Warping for EnvironmentMaps with Isotropic BRDFs

A differenttechniquewhich makes similar assumptions
(isotropic and radially symmetricBRDF) was presented
by Cabral et al20. They prefilter an ervironmert map
for differentfixed viewing directions,resultingin view-
depenént, sphericalervironmert maps.An alternatve
to the prefiltering proces is to take photograjs from
differentviewing directionsof a spheremadeof the same
materialonewould like to represen

In contrasto thepreviousapproachthisis actuallyafour-
dimensionakrvironmert map

Lo(x;V, 1) = (8)
/Q(n)p(< A,y >, <Pyl >)-
Li(T) < A,T> da(),

but the two dimensionsrepresentinghe viewing direc-
tion V are only sampledvery coarsely A different two
dimensionalsphericalmap is extractedfrom this four-
dimensionamapfor every new viewpoint. This mapcor-
respondsto one specific viewing direction and is gen-
eratedusingwarping. The new view-depen@nt environ-
mentmapis thenappliedto anobject. The warpingcom-
pensatesor the undersanpled viewing directions,and
minimizesthe visible artifacts.Although the warpingre-
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quireshigh-endgraphicshardware to achiese interactve
framerates thefinal renderingcanbe donewith standard
spheremappingwhichis majorthereasorfor generéing
theintermediatesphericaimap.

Warpingis dore basedn anassumptiorwhatthe central
reflectiondirection of the BRDF is (the reflectedview-
ing directionandthe surfacenormalarementionedasex-
amplesin the original papef?). For example,if a specu-
lar highlight is assumegdthenthe warpingis performed
suchthatthe locationof the highlightsarelocatedin the
sameposition after warping to the destinationdirection.
The assumptiorof asingle,predominanreflectiondirec-
tion failsfor BRDFsthathave off-speculareflectiondike
strong diffuse componentsor retro-reflection.Similarly,
sinceradially symmetricBRDFsareusedthismethodhas
thesamdifficultieswith complex BRDFsastheprevious
method.To overcometheseproblems the methodcanbe
combineal with adecompmsitionapproach

As mentionedbeforethe generatedwo dimensioral en-
vironmen map is view-depenént, so the reflective ob-
jectneedso beviewedwith anorthogaphicprojectionor
otherwisethereflectionsareincorrect,sincethereflection
directionsare computedbasedon an infinite viewer. For
example,if the materialcontainsa stronglyvarying Fres-
nel term, it cannd be representedn this form, becase
the sphericalmap doesnot dependon the anglebetween
normalandlight direction.

Hardware AcceleratedPrefiltering For interactve appli-

cationsit would be niceif ervironment map prefiltering
could be doneon the fly. This meansthat if the scene
changes, glossy reflectionschangeaccordirgly. Here, a
methodby Kautzetal 2! to performhardware-accelerated
Phondfiltering of a givenenvironmert mapis described.
In aprefilteredervironmen map,everytexelis aweighted
sum of all pixels in a source ervironment map. This
meanswe canthink of thefiltering processasapplyinga
(BRDF-dependet filter kernelto someunfilteredsource
map.We would like to mapthis filtering operationto the
operatiors provided by a graphics hardwarepipeline.The
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OpenGLimagingsubsebnly supprtsshift-invarianttwo
dimensionafilters of certainsizes,andwe would like to
usethis featureto performthefiltering. Hence for hard-
ware accelerategrefilteringwe have to choosean envi-

ronmentmap techniquethat usesonly two dimensiona
ervironmen mapswith a BRDF that resultsin a shift-

invariantfilter over the hemisptere,and an ervironmert
mapparameterizatiothatkeepsthefilter shift-invariant.

As shavn by Kautzetal 21, theparabdic mapcomesclos-
estto thesedemand. Combinedwith ary kind of sym-
metric lobe BRDF (e.g. Phong),the prefiltering can be
mappedo hardware corvolutions,which allows for pre-
filtering at interactive framerates.This enableon-the-fly
generatiorof prefilteredenvironmentmapsfor rendering
glossyglobalilluminationin dynamicervironmerts.

2.3. Discussion

Theproblemof theenvironmentmapapproachs thatall ob-
jectsareassumednfinitely smallanddistantto the environ-
ment. This meanghatthe parallaxthat canbe obsenred for
large objects,and especiallylarge planarreflectors,cannd
becorrectlysimulatedwith ervironmentmaps Nonethéess,
environment mapsaswell asdecompaition andprefiltering
are the mostcommonly usedapproachfor renderingnon-
diffuse global effectsin highly interactive applicationsto-
day Thisincludesbothgamesandavarietyof virtual reality
systems.

3. Light Fieldsand Lumigraphs

In orderto correctlyaccountfor the parallaxeffectsthatthe
ervironment map approa&h cannothande, we requireone
environment mapfor eachpointin spacgor attheveryleast
for eachpoint on the surfaceof thereflective object).

Thisis the fundametal ideaof light fields.A light field?2
is a5-dimensimal functiondescribingthe radianceat every
point in spacein eachdirection. It is closelyrelatedto the
plenopticfunctionintroducedby Adelsord3, which in addi-
tion tolocationandorientationalsodescribeshewavelength
depeneéng of light.

In the caseof a scenethatis only to be viewed from out-
side a cornvex hull, it is sufficient to know what radiance
leaves eachpoint on the surfaceof this corvex hull in ary
given direction. Sincethe spaceoutsidethe corvex is as-
sumedto be empty and radiancedoesnot changealong
aray in empty space the dimensiorality of the light field
canbereducedoy one,if anappropriatgparameterizatiors
found. The so-calledtwo-planeparameterizatiofulfills this
requirementlt represents ray via its intersectionpoints
with two parallel planes.Several of thesepairs of planes
(alsocalledslabg arerequiredto represena completehull
of the object.Sinceeachof thesepointsis characterizedby
two parameterdn the plane,this resultsin a 4-dimensiona

\\(u,v) plane
\ \
\\\ X
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\
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Figure 6: A light field is a 2-dimensionalarray of images
taken from a regular grid of eye points on the (s,t)-plane
through a window on the (u, v)-plane Thetwo planesare
parallel, andthewindowis the samefor all eyepoints.

functionthatcanbe denselysampledthrougharegulargrid
on eachplane(seeFigure6).

Oneusefulpropertyof the two-planeparameterizatiois
thatall the rayspassinghrougha singlepoint on the (s, t)-
planeform a perspectie imageof the scenewith the (s;t)
pointbeingthecenterof projection.Thus,alight field canbe
considerech 2-dimensionakrrayof perspectie projections
with eye points regularly spacedon the (s,t)-plane.Other
propertiesof this parameterizatiofhave beendiscussedn
detailby Guetal 24,

Sincewe assumeéhatthe samplingis densetheradiance
along an arbitrary ray passingthroughthe two planescan
be interpolatedfrom the known radiancevaluesin nearby
grid points. Eachsuchray passegshroughone of the grid
cells on the (s,t)-planeand one on the (u,v)-plane.These
areboundel by four grid pointson therespectie plane,and
theradiancerom ary of the (u, v)-pointsto ary of the (s, t)-
pointsis storedin the datastructure.This makesfor a total
of 16 radiancevalues from which theradiancealongtheray
canbe interpolatedquadri-linearly As shavn in by Gortler
etal5> andSloanetal 28, this algorithmcanbe consideraly
spedup by the useof texture mappinghardware. Sloanet
al.26 alsopropcsea generalizedrersionof the two-planepa-
rameterizationjn which the eye points can be distributed
unevenly onthe(s,t)-plane,while the sampleson the (u, v)-
planeremainon aregulargrid.

Otherparameterizationfor thelight field have beenpro-
posedby several authord” 28 in orderto achieve a better
samplinguniformity. However, exceptfor surfacelight fields
(Section3.2), theseare not of great practicalimportance
since the reconstrution time for the radiancealong ary
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given ray canno longer be donein constanttime as with
theregulargrid in thetwo-planeparameterization.

3.1. Lumigraphs: Light Fields Plus Geometry

The quadri-linearinterpolationin the light field dataworks
well aslong asthe resolutionof the light field is high. For
low resolutionsthe interpolationonly yields a sharpimage
for objectsin the (u,v)-plane.The further away pointsare
from this plane,the moreblurredthey appeain theinterpo-
latedimage.

The Lumigraph5 extendsthe conceptof a light field by
addingsomegeometridnformationthathelpscompersating
for this problem.A coarsepolygon meshis storedtogether
with theimages.The meshis usedto first find the approx-
imate depthof the objectalongtheray to be reconstructed
and then this depthis usedto correctthe weightsfor the
interpolation.This will reducethe ghostingartifactsfor the
geometryitself. However, in the caseof very shiry materi-
als,thereflectionawill still exhibit someamountof ghosting
sincethe depthcorrectionis performedor thegeometryand
notfor theapparehdepthof theobjectseenin thereflection.
This is a problemthat noneof the light field or Lumigraph
methodscansolve atthe moment.

Heidrichetal 29 take a similar, but purelysampling-ased
approachinsteadof apolygon mesh thedepthof eachpixel
in thelight field is stored.This informationis thenusedto
refinethelight field with warpedimagesuntil the rendering
quality is satishctory This decoiples the more expensve
depth correctionfrom the efficient quadri-linearinterpola-
tion, and thus can be usedto achieve higher frame rates.
This basicidea of a sampling-tasedrepresetation for the
geometryhas since beenusedfor adaptve acquisitionof
light fields*® and a high-quality warping-base reconstruc-
tion insteadof the quadri-linearinterpolatiod!.

Recently Isaksenet al.32 have propcseda more sophis-
ticatedreconstrution scheme which involves information
not only from the closedeye points,but from all eye points
within a certain perimeterof the ray intersectionwith the
(s,t)-plane.This userdefinedperimeterdefinesa syntheic
aperturethatis usedfor reconstructinghe image.Further
more,lsaksenet al. proposeto dynamicallyreparameterize
the light field to use depth correctionwith different focal
planes Sincedifferentfocal planescanbe usedfor different
partsof theimagesthis definesa smoothtransitionbetween
the original light field work22, and the original Lumigraph
approachusinga geoméric mode?®. By usingthe syntheic
aperturecamera,ghostingcan be replacedby blurring for
objectlocatedaway from the focal geometry

Alsoin arecentpaperChaietal 33 exploredthesampling-
theoretic resolution of light fields necessaryto represenh
sceneswith a given dynamic rangeof depthvalueswith-
out blurring or ghosting An interestingresultof their work
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is that the necessargamplingrate canbe reducel dramat-
ically by the introductionof a small amoun of additional
depthinformationaspropo®dby Heidrichetal 2. In partic-
ular, their resultsshav thata few bits of quantizedperpixel
depthvaluesaresufiicient aslong asthe quantizationis not
donein alinear, butin ahyperbolicfashion.

3.2. SurfacelLight Fields

If we take the conceptof combining geometryand light
field datato its extremeswe arrive atthe original geometric
modelof the object.Insteadof parameterizingheray space
usingintersectionsvith virtual geoméry (suchasalight slab
in the caseof the two-planeparameterization we canthen
reparameterizéhe light field to usethe 2D surfaceposition
on the original geoméry astwo of the four parametewal-
ues.Theremainingtwo directionswould thenparameterize
the hemisphereof directionsover the tangen planeof that
surfacepoint. This conceptis calleda surfacelight field?4.

In otherwords,a surfacelight field is a 4D datastructure
which describedor every point on a surfaceparameterized
overa 2D parametedomainu, v, which radiancdeavesthat
surfacepoint for all possibledirections(parameterizedver
s,t). In orderto renderanimageof the object,we thenhave
to first compue theintersectionof the ray with the original
geometryandthenreconstructheradiancedor thatintersec-
tion point andviewing directionby quadri-linearinterpola-
tion. Miller etal 34 describebotha specificparameterization
for thedirections aswell asaway of partially exploiting the
graphicshardvare for doingtheinterpolation.

While Miller et al. use synthetically generatedsurface
light fieldsfor parametricobjects,Wood et al 35 describein
arecentpaperhow to acquiresurfacelight fields from real
world objects.They generde a setof so-callediumisphees
for a densesetof surface points by usingtechniqus from
meshsimplificationand surfacefairing. They alsodescribe
how to compresshe resulting dataset, which will be de-
scribedin moredetailbelow. In orderto arrive ata parame-
terizationfor thegeonetry, whichmaybeapolygonalmodel
of arbitrarytopology Wood et al. usethe MAPS algorithm
by Leeetal.36.

The obviousadwantag of the surfacelight field approach
is that imagesrenderedin this fashionwill always shav
sharpgeometryalthoughreflectionsmaystill exhibit ghost-
ing asdescribedabore. The downside of the surfacelight
field approachis thatthe renderingtime is no longerinde-
pendentof geomeric compleity, which is usually consid-
eredoneof themostinterestingfeatureof image-baseden-
deringin general.

3.3. lllumination From Light Fields

Insteadof usinglight fieldsor Lumigraphsdirectly for view-
ing, it is alsopossibleto usethemfor illumination purpoes
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only. An exampleof suchan algorithmis the cannedlight
source approats’, wherecomplex luminarieswith strongly
varying spatialanddirectionallight distributionsare stored
in alight field datastructure.Sucha cannd light canthen
later be usedfor illuminating arbitrary objects,for example
in aray-tracingstep,but alsoin hardware-accelerateden-
dering.

Another example is the rendering of refractve ob-
jects using light field represetation for storing georretric
informatior?8. In this work, a two-planeparameterizetight
field of a refractive object storesthe refractedray leaving
the objectfor every incidentviewing ray. In this way, the
geometry-dpendentvisibility information is precomputed
andstoredin a light field datastructure At renderingtime,
the objectis displayedusing the normallight field render
ing algorithm, yielding animagerepresentinghe refracted
ray for every pixel. For eachof thesepixels,theillumination
alongthatray is thenlooked up eitherfrom anervironmert
map or from anothe light field. Thus,the geometryis de-
coupledfrom the illumination, and both can be exchanged
indepemently

3.4. Compressionof Light Fields

Sincethesizeof light field datasetscaneasilyexceedseveral
Gigabytesseveralresearcherbave worked on compression
schemego malke light fields more practical. For efficient
renderingit is usually desirableto have the possibility for
randomaccesso individual samplesand constantime re-
constructionof the radiancealong a given ray. This is the
casefor thetwo-planeparameterizetight field, but difficult
to achieve in combinatiorwith agoodcompressiorscheme.

The first compressiorschemefor light fields was vec-
tor quantization and was presentedn the original paper
by Levoy and Hanraha?2. Later, a hardware-acelerated
form of reconstrution for vectorquantizedight fields was
presente®. In the compressiorschemeoroposedoy Levoy
and Hanrahan blocks of adjacentlight field samples(e.g.
blocksof 2* pixels) areconcateatedto form vectors.Each
block is thenreplacedby a 16-24bit index into a vectorta-
ble describingthe radiancealongall raysbetweernpointsin
the vector This givesmoderatecompressiomatiosof about
24:1,depenihg ontheexactsizeof thetableandtheblocks,
but constanteconstrution time is maintained.

Wood et al .35 have extendedthe vector quantizationap-
proachto surfacelight fields. Here,the reconstruted lumi-
sphereqseeSection3.2) are quantizedafter sometransfor
mationsthat try to increasethe similarity betweenthe dif-
ferentspheresSincethe lumispheresare actually continu-
ous functionsratherthan vectors,Woo et al. call their ap-
proachfunctionquantizatiorratherthanvectorquantization
Similarly, they proposea methodthey call principal func-
tion analysis(which is a generalizatiorof principal compo-
nentanalysis)thatactuallyinterpolatesbetweerthe vectors
storedin thevectortable.

Bettercompressiomatioscanbe achiezed by block based
coding with motion prediction similar to the MPEG and
H263 methodsfor video compressionSuchmethodshave
beenintroducedby Miller et al34 for surfacelight fields,
and by Magnor and Giro®® for two-plane parameterized
light fields. This maintainsa constantreconstructiortime,
but sincea whole block is decompresskat once,a sequaé-
tial reconstructions fasterthanrandomaccess.

Finally, Lalondeand Fournief® have worked on wavelet
compressioifior light fields. Thecompressiomatiosreported
for their schemeare interesting,but reconstructiortime is
logarithmic ratherthan constant,and in termsof absolute
renderingtimesthe reconstructionakessignificantlylonger
thanthe othermethods.

3.5. Discussion

In summaryit canbe seenfrom the variety of approates,
thatlight fieldsarebecomingarelatively matureway of rep-
resentingobjectsincluding their illumination. We are start-
ing to seesometheoreticalanalysisof the propertiesof dif-

ferentlight field representationgswell asatoolbox of dif-

ferentlight field techniquesthat are available for different
problemsettings.Unfortunately the memory consumpion
hasso far limited the useof light fields in practicalappli-
cations,but with the recentadvances in compressiortech-
niguesiit is to beexpectedhatthiswill changen thefuture.

4. Sparse Light Field-Lik e Representations

Therepresentationsf illumination usedby the methodsdle-
scribedin this sectioncan be interpretedas light fields al-
thoughthe authorsof thework have not originally described
theiralgorithmsin this fashion.In contrasto thetechniqwes
from Section3, the methodsdescribedhere usea sparser
lessregularrepresentatioof thelight field information.This
resultsin significantly reducedstoragecosts,but alsoin a
more expensve reconstructiorstep.In addition, the sparse
samplingof the light field typically meansthat lessspatial
or directionaldetailcanbe presered.

4.1. View-DependentVertex Colors

A simple method for interactve viewing of precom-
puted global illumination solutionsis to extract the view-

dependencolor for eachvertex of a polygoral modelfrom

theillumination solution,andthenusegraphicshardware to

renderthe modelwith Gouraudshading.Iln orderto facili-

tate view-dependentpervertex compuations,the illumina-

tion shouldbe storedin a fashionthat makesthis operation
asefficientaspossible.

Stammingeret al4l propose the illumination sample
methodfor generatingheglobalillumination solutionin the
first place.This algorithmis a radianceclusteringmethod
thatefficiently representsncomingillumination at patches.
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After the solutionhasbeencomputedthis representatioiis
transformednto adirectionalrepresentationf theillumina-
tion at the verticesof the polygonal model. A Haarwavelet
basiswas chosenby Stammingeret al. for storing the di-
rectionalinformation. This approactcanbeinterpretedasa
surfacelight field wherethe spatialsamplesare locatedat
verticesonly, andthe directionalsamplesare projectedinto
awaveletbasis.

Figure 7: An exampleof the algorithm by Stammingr et
al.*1. Image courtesyof Marc Stammingr.

At renderingtime, the color at eachvertex hasto be de-
terminedfor the currentviewing directionby reconstructing
the outgoirg radiancetowardsthe viewer from the wavelet
representationSincethis can be quite costly to do for ev-
ery vertex, athresholdfor thechangen viewing directionis
introduced belon which the color from the previous frame
is reusedBecausehelighting is pervertex, the spatialres-
olution of the reconstructedllumination is typically fairly
low, especiallycompaed to the light field methodsfrom
Section3.

4.2. Interactive Display of Photon Maps

A scatteredepresentationf the light arriving at a surface
hasbeenproposedby Shirley et al#2. Photonsare traced
from the light sourcesand reflectedor refractedvia spec-
ular surfaces.The density of the photon hits is later used
to estimatethe local radiancedistribution at a surfacepoint

(density estimation).Sincethe photonsare tracedstochas-
tically, both the points wherethey hit an object, and their

incomingdirectionatthatpointis random.This correspods

to ascatteredlatarepresentationf thelight field arriving at

thesurfacesin thescene.

Stirzlingerand Basto4® proposél an interactie view-
ing algorithmfor displayingthe resultsof this simulation,
which we will describein the following. Like Shirley et
al 42, Stirzlingerand Bastosusesplattingof the individua
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photonsfor the density estimationstep. To this end, they
chooseanobject-spacéilter kernel,which they storein a 2-
dimensionalexture map. Thenthey rendereachindividual
photonasanobject-spae trianglewith thattexture applied.
In orderto accoun for view-depenént effects, the splatfor
eachphotonhasto be weightedby the BRDF valuefor the
given viewing direction and the direction of the incoming
photon,whichis compuedonthefly in software.

To improve the visual quality of the renderingmethod,
Sturzlingerand Basto$® extend this basic algorithm such
that direct illumination is performedby hardware lighting
combinedwith shadev maps,andthe photonsareonly used
for renderingthe indirectlight contrikbutions. The resulting
methodprodwcednearinteractve frameratesfor moderately
comple scene®n high-endgraphicshardware.

4.3. Virtual Lights

Anotherbranchof researctior interactively displayingindi-
rectillumination is thefitting of virtual lights to previously
obtainedglobalillumination solutions.Differentsetsof vir-
tuallights arecompuedfor eachof the objectsin the scene
or even for differentpartsof an object. Eachsetof lights
is only active while the respectie object or object partis
rendered Thesevirtual lights allow for the useof graphics
hardware combinel with a Phongreflectionmodelfor ap-
proximatingthetrueindirectillumination of the object.One
couldinterpretthis approazh asa highly compressedepre-
sentatiorfor surfacelight fields,whereeachvirtual light cor-
respondgo a beamof incidentlight on the surface. There-
fore, the spatialresolutionof the illumination is high (the
reflectioncanbecompuedatevery pixel of thefinal image),
but thedirectionalsamplingis limited by thenumber of light
sourcesused.

The first work basedon this generalideawas presented
by Stammingegetal.*4. They obtainedheir globalillumina-
tion solutionwith a Wavelet Radiancemethod®, a general-
ization of Wavelet Radiosity® to non-diffuse ervironments.
The link structureof the Wavelet Radiancesolution gives
an indication which objectsor patchesin the scenesend
the mostenepgy towardsary given object. The brightestof
thesepatchesarethenreplacedy virtual point lights whose
brightnesss setaccordingto the enegy exchangdbetween
thepatchandtheobject.An exampleof thismethods shavn
in Figure 8. This image shavs the compl«ity of scenes
thatcouldbe handledby the WaveletRadiancemethodghat
werestate-of-the-arat thattime. The actualinteractve dis-
play algorithmcould alsohandlemorecomplec scenes.

The secondapproach presentedy Walter et al#7 starts
with a globalillumination solution provided in the form of
asurfacelight field. For a collectionof pointsor verticeson
theobject,for which theoutgoirg radiances known, theau-
thorsgreedilyfit anumberof Phonglobescorrespadingto
theeffect of directionallight sourcesSincePhonglobesare
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Figure 8: An exampleof the virtual light fitting methodby
Stammingr etal.*4. Image courtesyof Marc Stammingr.

positive everywhereijt is not possibleto subtracenengy that
hasoncebeenadded.This complicateshefitting process.

Both the approachfrom Stammingeret al#4 and Walter
et al#” suffer from the factthat graphicshardware suppats
only a very smallnumberof light sourcestypically 8. This
meanghatdetailedreflectionpatternscannotberepresented
with this method exceptwhenthesetof virtual light sources
is choserfor very smallgeometricentities suchaspolygors.
In that case,however, the parameterf the light sources
have to be chargedfrequently which is a slow operationon
graphicshardware,andis thusonly feasiblefor smallscenes.

4.4, Instant Radiosity

InstantRadiosity® is anappro&h thatalsousesvirtual light
sourceshut on a global scaleratherthandifferentlights for
eachof the objectsin the scene As the namesuggeststhe
basicmethodhasbeendevelopedfor diffusescenesbut the
paperalsodescribesn extensionto glossyervironments.

The core of the methodis to tracethe path of photons
emittedfrom a light sourcewith a quasi-randm walk. In
a diffuse scenesa virtual point light is placedwherever the
photon hits a surface. This light representghe light re-
flectedfrom thatpointin all directions.In a specularscene,
light shouldonly bereflectedin a specificdirection. Thisis
achieved by reflectingthe origin of the ray from which the
photonarrived at the surfacethatwashit by the photon and
placing a light sourcethere.The effect of the light source
is then clampedto the region containedin the generalized
pyramid from the light position throughthe bourdariesof
the polygon.

Sincevirtual lights affect all objectsin thescenen anlin-
stantRadiosityimplementation shadaving effects have to
be takeninto accoun. Keller*8 solvesthis by implementing
a shadev mapapprachdescribedn*®. To accouwnt for dy-
namicenvironments,Keller suggetsto replacea subsetof
the photonpathsfor every frame.This is a relatively cheap
operationsinceonly afew rayshave to betraced.

4.5, Discussion

We have seenthat several interactve renderingalgorithms
exist thatarebasedbn sparselight field like representations.
Fromthediscussionit is quiteobviousthateachof thealgo-
rithmsusesadifferent,specializedepresentatiofor storing
the global illumination solution. The relationshipbetween
thesedifferent representationand their tradeofs in terms
of storageandquality arenot well understod at this point.
A genaal theoryof sparsdight field representations cur
rently notavailable.

5. On-The-Fly Computation

The methodsdescribedso far have all beenbasedon pre-
computedglobal illumination solutions.As a consguence,
mostof themarenot well suitedfor dynanic ervironments
(with the exceptionof the hardware-acckeratedprefiltering
of ervironmert maps,Section2.2.2,aswell asInstantRa-
diosity, Section4.4). In this section,we describemethods
for compuing certainlight pathsin realtime. This includes
bothspecializednethoddor very specificgeometryandma-
terials,aswell asgenerakolutionsbasecdon ray-tracing.

5.1. Mirr or Reflectionsin Planar or Slightly Curved
Geometry

A commony usedtechniquefor renderingmirror reflections
on planarobjectsis givenby Diefenbadf? 51; with a simple
affine model/viev matrix, the sceneis mirrored at the pla-

nar reflector This mirrored sceneis renderedat every pixel

wherethereflectoris visible in thecurrentview. Thisis typ-

ically achieved in two renderingpasseskFirst, the original

sceneis renderedand all pixels of the planarreflectorare
marked in the stencil buffer. Then,the model/viev matrix
is modifiedto accommodtefor thereflection.The sceneis

now renderedagain,but only pixels marked in the stencil
buffer areset.If thestencilbuffer hasmorethanonebit, it is

alsopossibleto realizemultiple reflectionsby recursingthe
proceduré.

A similar effect canbe achieved using texture mapping.
Insteadof mirroring the scenethe eye point p is mirrored,
yielding areflectedeye point p’, asdepictedon theleft side
of Figure 9. Renderingthe scenefrom this eye point with
thereflectorasanimageplaneyieldsthetextureimageto be
appliedto the reflectoras seenfrom the eye. Note that this
approachhastwo majordisadwarntagescomparedo theone
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from Diefenbach Firstly, the renderedmagefrom the first
pasmeedso betransferredrom theframehuffer into texture
memorywhichrequiresadditionalbandwidthandsecondly
thetexturingrepresetsaresamplingstepthatreducesmage
quality.

Planar reflecto Tangent plane i

Figure9: Multi-passmirror reflectionsn planarandcurved
objects.While a singlereflectedeye point p’ existsfor pla-
nar refledors, curvedreflectos do not havesud a uniquely
definedpoint. If a curvedobjectis approximatedby a trian-
gle meshwith per-vertex normals,onereflectedbointcanbe
definedfor eac vertex in the meshusingthe tangent plane
in that vertex.

5.1.1. GlossyReflectionfor Planar Reflectors

For thesereasonsthe modified algorithm is an inferior

choicefor implementingreflectionson planarsurfaces,but

it is useful for approxmating glossyreflections.Bastoset

al.52 53 propaseto convolve thetexture (which they generate
with an image-basedavarping stepratherthana geometry-
basedrendering)with a space-imariantfilter kernel corre-

spondng to the BRDF

This is similar in spirit to the prefiltering approachde-
scribed in Section 2.2.2, but since the filter is space-
invariant, a orthogragic viewer is implicitly assumedor
the prefiltering. This will produceartifactsfor large reflec-
tors or wide anglecamerasln additionto prefiltering,Bas-
tos et al.52 53 also usedecompotiion, asexplainedin Sec-
tion 2.2.1,sincethey alsoseparat¢he Fresnetermfrom the
BRDFandapplyit in aseparateenderingpassusingtexture
mapping

An alternatve to usinghardware convolution, is to apply
Diefenbachs algorithmfrom Section5.1multipletimeswith
slightly jittered reflectedgeoméry5. This jittering should
correspod to the distribution of microfacetnormalson the
glossysurface .Unfortunatelyfor achieving ahigh rendering
quality, alot of renderingpassesrerequired,resultingin a
low performance.

5.1.2. Texture-BasedRendering of Curved Mirr ors

Basedon the texture-basedenderingapproachfor planar
mirrors describedabove, we canalso develop a naive (and
inefficient) methodfor generatingeflectionson curved sur

facegepresentedstrianglemeshesfor curvedsurfacesthe
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problemis that the reflectedeye point is not constant,but

variesacrossthe surface.However, if the surfaceis reason-
ably smooth,thenit suficesto computethe reflectedeye

point only at somediscretepoints on the surface, say the

verticesof thetrianglemesh,andto interpolatethe radiance
for eachpointinsideatrianglefrom thetexturesobtainedfor

eachof thethreevertices Notethateachof thetexturescor

respondgo a dynamicallygenerated?-dimensionaslice of

alight field describingheincomingillumination aroundthe

reflector andthe interpolationstepis nothingbut therecon-
structionof anovel view from this light field information.

The completealgorithmwould thenwork asfollows (see
right sideof Figure9): For eachvertex in the trianglemesh
thetangentplaneis determinedthe eye pointis reflectedin
that plane,andthe reflectiontexture for that tangentplane
is renderedThen,for eachvertex, thetrianglefansurrourd-
ing it is renderedwith the reflectionappliedasa projective
texture.During thisrendering the alphavaluefor the center
vertex of thefanis setto 1, thealphavaluesfor all otherver-
ticesaresetto 0, andthe resultfrom texturing is multiplied
by the alphachanrel. This way, the alphachanrel contains
the basisfunctionsfor the Barycentriccoordiratesin each
pixel. Thefinal imageresultsfrom addingup all the contri-
butionsfrom the differenttriangle fansin the frame buffer.
This is exactly the interpolationschemeusedfor the hard-
wareimplementatiorof light fieldsandLumigraph<® 26

Clearly this appro&h is not feasiblefor realtime or in-
teractive applicationssincethe numberof vertices(andthus
thenumbe of renderingpassespn typical reflectorsareof-
tenin the orderof tensof thousand. On the otherhand for
a staticscenethe incominglight field at the objectdoesnot
changeThereforejt is not necessaryo rerendetthe geom-
etry multiple timesfor eachframein orderto geneatethe
2D slicesusedas textures. Instead,a practical light field-
basedmethodcouldrely on someamour of precomptation
to achieve interactve framerates.

5.1.3. Geometry-BasedRendering of Curved Mirr ors

A geoméry-basedmethodfor reflectionson curvedsurfaces
hasrecentlybeenintrodueed by Ofek and Rappopot“. For
eachframe, all verticesof the reflectedgeometryare indi-
vidually transformedn softwareto form a virtual reflected
object.To this end, it is necessaryo determinethe point on
thereflector on which thereflectionof the vertex is visible.
This is doneby testingall triangleson the reflector For ev-
ery eye point, eachreflectortrianglewith pervertex normal
definesa 3D region, calledreflectectell, in which 3D geom-
etry reflectedvia this triangle canreside.Oncethe triangle
on which thereflectionoccurshasbeendeterminedthe lo-
cationof theexactreflectionpoint canbe found,andfinding
thevirtual vertex positionfrom that point andits normalis
easy After all verticesof the surroundingervironmenthave
beenmirroredthis way, theresultingvirtual objectis simply
renderedusinggraphicshardware.
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In the caseof a convex reflector thereflectedcells of the
differentreflectortrianglesdo not overlap,sothateachver
tex of the surroundng geometrymapsto exactly one ver
tex on the virtual object. This correspond to the fact that
only one copy of the surrourtding ervironment canbe visi-
ble in a corvex reflector Reflectionsn concae objectscan
beachievedin a similarfashion but mixedreflectorsof con-
vex and concae regions have to be partitionedinto purely
corvex andpurely concae regionsfirst. For partition, there
canbe onevirtual objectcorresponihg to the completege-
ometryof the surrourding ervironment.

This approat only works at interactve performane for
relatively smoothobjectsthat are eitherconcae or corvex.
Like the texturing methoddescribedabove, this geometry-
basedapprach also quickly becomesinfeasiblefor more
complex scenes.

5.2. Interactive Ray-Tracing and Ray Caching

Themostseriousrestrictionof the methodsdescribedsofar
in Section5 is thattheillumination effectsthatcanbe cap-
tured are very limited. For every new effect, a completely
new, specializedalgorithm has to be developed. In con-
trast,ray-tracingis a very generalmethodthatcansimulate
a wide variety of differentillumination effects, especially
when combired with stochasticsampling(e.g. distribution
ray tracing® or bidirectionalpathtracing®).

In the pastfew years,CPU performarce hasgrown to a
level whereit hasbecore possibleto perform interactve
ray-tracingof non-trivial scene®n largemultiprocessosys-
tems. Parker et al.5” describehow to make sucha system
work by carefully optimizing the ray-tracerfor the specific
cachingarchitectureof the multiprocessomachine and by
applying efficient testsof whethera surfacepoint is in the
penumisa or not. Only for pointsin the penunbra, lots of
light sourcesamplesarerequired,while pointsin theumbra
or completelylit pointsdonnotrequireary sampling.

Despitetheseoptimizationsand a large numker of pro-
cessorstherewill clearlybe scenesizesthatcannotbe han-
dledatinteractize frameratesary more.Therefore Parker et
al.5” emplogy framelessrendering® to incrementallyupdate
the pixelsin arandomorderinsteadof updatingall pixelsin
theimage,andthendisplayingthewholeimageatonce.Us-
ing thesemethods they achieve several framesper second
ona 60 processoPnyx2 for fairly complex scenes.

5.2.1. The Holodeck

The holodeck algorithn¥® combines ray-tracing with a
cachingof the previously compued rays, so that thesecan
be reusedfor differentviews. Raysaregenaatedon the fly
andstoredin database A specificgrid datastructures used
to storebeams(raysof light passingthroughthe samecell
in the samedirection). Over time, the holodeckalgorithm

builds up the completeinformation of a light field. The al-
gorithm as proposedby Larsondoesnot have a notion of
moving objects,and continuesto reuserays for an indefi-
nite period of time. Thus, the original algorithmonly deals
with staticscenesput it hasthe adwvartageover light field
rendering? 25 that the datais built up incrementallyrather
thanrequiringalengthyprecomptationphase

Therenderingusingthe holodeck algorithmworks asfol-
lows. For new viewpoint, the display processdetermines
which beamsarerequiredto rendertheimage.Then,all rays
insidethis beamaresearchedor, firstin mainmemory then
on disk (if rays have beenswappedout of a smallerRAM
cache)andfinally, nev sampleraysaregeneratedFromall
thesample®btainedn acertaintime budget,animageis re-
constructedy renderingthe individual samplesandfilling
theinbetweerholeswith a Vorond diagramof the samples.

5.2.2. The Render Cache

A similar cachingscheméor dynamicscenedasbeenpro-
posedby Walter et al.80 The entitiescachel in their system
areindividual samplesof illumination, compogd of a 3D
point location, color, objectandimageid (the latter canbe
usedto computetheviewing direction),aswell asanage.

Thefirst stepin renderinga new frameis to reprojectthe
individual samplego the new viewpoint. In a secondphase
theimageis traversed anddepthculling andholefilling are
performed.This procesaisesheuristicshasedon strongdif-
ferencesn the depthbuffer andobjectid, to remove distant
objectsshining throughclosergeometry The resultingim-
agecanbedisplayedto theuser

Duringthis secondohaseasamplingpriority is generated
for eachpixel in the destinationimage.lt is usedto deter
minethe setof raysto be tracedor re-tracedor the current
view. The ageof a sampleis alsotakeninto accour during
generatiorof thepriority value.Sinceonly a subsebf pixels
canbe sampledfor eachframe,an errordiffusion dithering
algorithmis usedto thin out the samplesandto distribute
new raysacrossthe imageaccordingto the local sampling
priority.

5.3. Combined Ray-Tracing and Hardware Rendering

Becauseureray-tracingis still quite expersive andbecaise
interactve frameratescantoday only be achieved on large
multiprocessomachinesa naturalsolutionis to usegraph-
ics hardware for renderingthosepartsit candealwith, and
thenonly usingray-tracingfor filling in thosepartsthatthe
hardware cannd handle.Theseapproackswill be summa-
rizedin thefollowing.

5.3.1. Hybrid Hardware Renderingand Ray-Tracing

UdeshiandHansef! proposeasystemwhereOpenGLhard-
wareis usedto renderthe directillumination on diffusesur
facesncludingshadavs (a shadev volumealgorithn§2 50 js
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usedfor this purpcse).Furthermorepne-munceindirectil-
luminationfor diffusesurfacess computecon thefly with a
hemicubestyle approatf? for which the graphicshardware
is alsoused.

Finally, the hardware rendersan item buffer thatis used
to spavn primary raysfor all surfacesthat are not diffuse.
A parallelray-tracerworking on several CPUsof a shared
memorysystems thenusedto fill in thesenon-difuseparts.
Frameratesof several framesper secondare achiezed with
this method, where the renderingof the polygors gener
atedfor the shadev volumedominateshe renderingtimes.
Replacingthe shadowvolume methodwith a shadev map
algorithr@ 13 could probablyremove this bottleneck.

5.3.2. Corrective Texture Mapping

Stammingeret al.5* have recentlypropcseda texture based
approachfor hybrid ray-tracingand hardware rendering A

scendis first renderecby meansof graphicshardware. This

renderingcanincludeglobalillumination effects,e.g.shad-
ows. Although this approaximaterenderingcontainsall geo-
metric featuresof the sceng(which is importantfor naviga-

tion), it will in generahot cover thewhole rangeof lighting

effects,asfor examplemultiple reflectionsandrefractions,
or comple reflectioncharacteristics.

In orderto improve the quality of theseinteractve ren-
derings,high-quality samplesare acquiredasynchionously
by ray-tracing.The resulting error values,that is, the dif-
ferencesdetweerthesesamplesandtheinteractie solution,
arestoredin correctivetextureswhich aremappel ontothe

correspoding objectduringtheinteractve displayprocess.

Figure10shawvstheresultof themethodalongwith onecor-
rective texture.

As new samplesfor one specific object are ray-traced,
they are splattedinto the corrective texture. The areainflu-
encedby this nev sampledepeands on the age of the sam-
ples alreadyin the texture, as well ason the differencein
viewing direction,unde which the samplehasbeengener
ated.Furthermorethe error betweenthe ray-tracedsample
andthe OpenGLrenderings usedto guidethe placemenhof
new samplerays,sothathighly speclar regionsareupdated
morefrequentlythanmostlydiffuseonesanddynamicparts
of thescenemorefrequentlythanstaticones.

5.4. Discussion

We have seerthatinteractve renderingalgorithmsfor gener

atingglobalillumination solutionsonthefly canbegrouped
into threecateyories.Hardware-basednethodscanaccoun

only for limited kinds of light paths,andne~v method have

to be developedfor every new effect thatis to be simulated.
Ontheotherhand,someof thesetechniquesrefastenowgh

to beactuallyusedin applications.

Interactive ray-tracingmethodsareconceptually the most

submittedto COMPUTERGRAPHICSForum(4/2001).

Figure 11: Left: theobjectstructue of a samplesceneEach
redboxcorrespndsto oneobjectthat shaesonecorrective
texture. Right: a resulting renderirg exhibiting reflections,
refractions,and a caustic.Images courtesyof Marc Stam-
minger.

generalalgorithmswhich allow for simulatingalmostarbi-
trary optical effects. Unfortunately the currenthardware is
notfastenowghto achieze bothhighly interactive framerates
anda high imagequality at the sametime, except for rela-
tively simplescenes.

Thehybrid methodstry to balancetheload betweenCPU
and dedicatedgraphicshardware. In doing so, they often
achieve higherframeratesthanpureray-tracingapproabes,
but on the otherhandthe renderingquality alsotendsto be
lower dueto someresamplingstepthatis requiredat some
pointduring rendering.

6. Conclusion

In this suney we have reviewed the work of mary re-
searchersn interactve displayof globalillumination solu-
tions.We have seerthatasignificantnumbe of themethods
rely on precompitedglobalillumination solutionsstoredin
a form that at leastloosely resemblesa light field. This is
nottoo surprising,sincethe problemof storingdirectionally
dependenillumination on 2D manifoldsnaturally leadsto
a 4D datastructureof somekind, which canthenbeinter
pretedasalight field. Unfortunatelyfour dimensionsarenot
sufiicientto extendthe approacksto participatingmediaif
the viewer is to be allowed to standinsidethe medium.An
additional dimension,however, would further amplify the
storageproblemsof thesemethods.

It is interestingto note that those representationsised
mostfrequentlyin interactive andrealtimeapplicationgand
especiallyin games)malke further simplifying assumption
andreducethe 4D light field to 2D environmert maps.This
certainlyis relatedto the tradeof betweerstoragecostsand
efficiengy of reconstructiorfor the light field methods,as
discussedn Sections3 and 4. We can expectthesedisad-
vantagesof light fields to becomelessimportantas more
researclgoesinto moreefficient compressiorschems and
adaptve acquisitiontechniques

Finally, thereneedsto be moreresearcton methodsthat
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Figure 10: Left: hardware renderingof a scenewith diffusedirectillumination only. Center: high-qudity solutiongeneated
by correctivetexture mapping Right: the correctivetexture usedfor oneof the objects.Imagescourtesyof Marc Stammingr.

candealwith dynamicscenedy recompting the globalil-
luminationonthe fly. Thework thathasbeendoneon inter-
active ray-tracingandhybrid ray-tracing/hardware rendering
is promising,but notfeasiblefor mary practicalapplications
atthe moment.Sincemary of thesetechniquesareactually
boundby memorybandwidh ratherthanCPUperformance
and the available bandwidthdoesnot grow as quickly as
CPUspeedmoreresearclis requiredto overcomethis prob-
lem.
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