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Abstract. Re�ectionsandrefractionsareimportantvisualeffectsthathave long
beenconsideredtoo costly for interactive applications.Althoughmostcontem-
porarygraphicshardwaresupportsre�ectionsoff curvedsurfacesin theform of
environmentmaps,refractionsin thick, solidobjectscannotbehandledwith this
approach,and the simplifying assumptionsof environmentmapsalso produce
visibleartifactsfor re�ections.
Only recentlyhaveresearchersdevelopedtechniquesfor theinteractiverendering
of truere�ectionsandrefractionsin curvedobjects.Thispaperintroducesanew,
light �eld basedapproachto achieving this goal.Themethodis basedon a strict
decouplingof geometryand illumination. Hardware supportfor all stagesof
the techniqueis possiblethroughexisting extensionsof the OpenGLrendering
pipeline. In addition,we alsodiscussstorageissuesandintroducemethodsfor
handlingvector-quantizeddatawith graphicshardware.

1 Intr oduction

Re�ectionsandrefractionsareimportantvisualeffectsthathave not beenhandledap-
propriatelyin interactive applications.Highly re�ective or transparentobjectscanbe
thoughtof asa lensthat transformsincomingraysinto outgoingraysin somenew di-
rection. Considera glasspitcherhalf full of water. A ray of light enteringthepitcher
may be re�ected and/orrefractedmany times,eventuallyleaving the pitcher in some
new direction. (We will ignorethe fact thatsomeof theenergy maybe absorbedand
theraymaysplit into atreeof subrays.)Unfortunately, it is notpossibleto computethis
mappingfrom raysin to raysout in real time for complex objects.However, for static
objects,thismapcanbecomputedof�ine andreusedateachframeat rendertime if we
can�nd away to ef�ciently representthis mappingandprovidefastlookupmethods.

The light �eld [13] and Lumigraph[6] imagebasedrenderingapproachesfaced
a similar problem. In this work it wasrecognizedthat onecould precomputeall the
light leaving theconvex hull of anobjectandthenquickly lookupappropriatevaluesto
createany imageof theobject.This4D mappingfrom raysout from anobjectto colors
wasthecentralstructureof thesemethods.

A key ideain thecurrentwork is to replacethemappingfrom raysto colorsasfound
in theLumigraphwith a mappingfrom raysto rays. In otherwords,replacetheRGB
color triplet with four numbersrepresentinga new ray direction.Storingthis mapping
in the form of a Lumigraphallows us to useall the methodologiesdevelopedin [13]
and [6].

This completelydecouplesthe illumination from the geometry, andallows us to
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exchangethe environmentand the refracting/re�ectingobject independentlyof each
other. Suchaseparationalsohastheadvantagethatsomeextrablurring for theindirect
illumination will in mostcasesbe tolerablesincedirect illumination is visually much
moreimportantthanindirect illumination for almostall scenes.This meansthat one
cangetaway with a lower resolutionlight �eld, which savesmemoryandreducesthe
acquisitioncost.

After adiscussionof previouswork,we�rst introducesomenotationfor light �elds,
andthendescribeour techniquefor renderingre�ections andrefractionsin Section4.
Wethenturnto thehardwarerenderingof vector-quantizedlight �elds [13] in Section5,
anddiscussourapproachesin Section6.

2 Previous Work

Producingapproximatere�ections and refractionsat interactive rateshasbeendone
with environmentmaps[2]. Theinherentassumptionis thatwhatis seenin a re�ection
is suf�ciently farawayfrom there�ector. Thisassumptionbreaksdown in many scenes.

Environmentmapscanalsobeusedfor refractionsatthin surfaces.A thin surfaceis
one,for whichthethin lensapproximationholds(see[3]). Thisapproximationassumes
thattheentryandexit pointsof eachraycoincide.It doesnothold for objectslikeglass
balls,but it canbeusedfor windowsor spectaclelenses.

Only recentlyhave researchersstartedto developalgorithmsthatdonot have these
restrictions. A commonlyusedtechniquefor renderingmirror re�ections in planar
objectsis givenin [5]: with a simpleaf�ne model/view matrix, thesceneis mirroredat
theplanarre�ector. This mirroredsceneis renderedat every pixel wherethere�ector
is visible in thecurrentview. It is possibleto realizemultiple re�ections by repeating
this processasexplainedin [5].

For curved objectsthe geometrictransformationsyielding the re�ected geometry
aremorecomplex. Ratherthantransformingthe completeobjectwith a singleaf�ne
transformation,a different transformationis requiredfor eachpoint on the re�ected
object.In [16] analgorithmis introduced,in whichall verticesof there�ectedgeometry
areindividually transformedin software.Thisapproachonly worksat interactiveframe
ratesfor relatively smoothobjectsthatareeitherconcaveor convex.

As mentionedabove, the light �eld [13] andLumigraph[6] approachesarebased
on a densesamplingof theplenopticfunction[1], which describesthe�o w of light in
a scene.This way, the light �eld outsidetheconvex hull of an objectin emptyspace
canbe representedasa 4-dimensionalfunction in the parametersu, v, s, andt. The
parameterizationof this function is a topic of ongoingresearch[4], but typically the
2-planeparameterizationexplainedin Section3 is used[6, 13]. Theadvantageof the
light �eld approachis thatimagesof thescenefrom new camerapositionscansimplybe
computedby interpolatingradiancevaluesin 4 dimensions.This is a very inexpensive
operationthatcanbefurtheracceleratedthroughtheuseof OpenGL-compliantgraphics
hardware,ashasbeenshown in [6] and[19].

The disadvantageof this methodis that it involveslarge memoryrequirementsto
storethe4D datastructures.A light �eld of moderateresolutioncaneasilyhave a size
of multiple Gigabytes.The authorsof [13] have proposedto usevectorquantization
(VQ) to compressthedata. VQ hassomeinterestingadvantagesover othercompres-
sionmethodsthatmakeit attractivefor compressinglight �elds. Firstly, decompression
is aconstanttimeoperation,andsecondlythedifferententriescanbedecompressedin-
dependentlyof eachother and in arbitrary order (randomaccess). In Section5 we
describehow the hardwareacceleratedrenderingalgorithmfor light �elds [6] canbe
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extendedto the direct renderingof vector-quantizedlight �elds. This meansthat the
light �elds donothaveto bedecompressedbeforehardwarerendering,which is partic-
ularly interestingsincetextureRAM is typically a scarceresource.

The Lumigraph[6] extendstheconceptof a light �eld by addingsomegeometric
informationwhich helpscompensatingfor artifactsthat arisefrom the useof quadri-
linear interpolationfor the reconstruction.A coarsepolygonmeshis storedtogether
with the images.Themeshis usedto �rst �nd theapproximatedepthalongtheray to
bereconstructed,andthenthisdepthis usedto correcttheweightsfor theinterpolation.
Thisdepthcorrectedrenderingcanalsobeacceleratedwith graphicshardware[6].

Miller [15] attemptsto overcomeblurring artifactsby introducinga parameteriza-
tion in which theu andv parametersof thelight �eld arethesurfaceparametersof the
re�ecting object,ands andt parameterizethehemisphereof directionsoverthesurface
point (u; v). Theauthorscall thisasurfacelight �eld becausethe(u; v) parametersare
directlyattachedto thesurfaceof there�ector. This is particularlywell suitedto mostly
diffuseobjectswith well de�ned surfaceparameters.

In addition to this differentparameterization,[15] also introducesa block-based
compressionschemewhich achieveshigher compressionratios thanVQ, but is also
morecomplicatedandrequiresthedecompressionof a completeblock of values.This
decompressionhasto beperformedin softwareduringtheresamplingprocessusedfor
generatingthetexturemaps.

Bothlight �eld representationsreachtheir limits whenit comesto mirror re�ections
andnarrow specularhighlightsfrom light sources.Thesewill in bothapproachesstill
resultin someamountof unwantedblurring, dueto the limited (s; t) resolutionof the
light �eld.

This problemis �x ed by anotherapproachfor using light �elds to renderre�ec-
tions [14]. There, the authorsintroducethe conceptof image-basedray-tracing to
rendermirror re�ections. In this work, a light �eld not only storesradiancevalues,but
alsogeometricinformationsuchasdepthandnormal.Themethodproceedsby tracing
raysthrougha light �eld of layereddepthimages[18]. Thismethodis computationally
expensiveandcannotbeperformedin realtimeoncontemporaryhardware.

3 Light Fields

Our work builds stronglyon the light �eld [13], andtheLumigraph[6]. A light �eld
is a densesamplingof the 5-dimensionalplenopticfunction [1], which describesthe
radianceateverypointin spacein everydirection.Sinceradiancedoesnotchangealong
a ray in emptyspace(e.g.,outsidethe convex hull of an object), the dimensionality
canbe reducedby one, if an appropriateparameterizationis found, that re�ects this
property.

Theso-called2-planeparameterizationusedby [13] and[6] representationful�lls
this requirement.It representsa ray via its intersectionpointswith two parallelplanes.
Sinceeachof thesepointsis characterizedby two parametersin theplane,this results
in a 4-dimensionalfunction that is sampledthrougha regulargrid on eachplane(see
Fig. 1).

One useful propertyof the 2-planeparameterizationis that all the rays passing
througha singlepoint on the (s; t)-planeform a perspective imageof thescene,with
the (s; t) point beingthecenterof projection. Thus,a light �eld canbe considereda
2-dimensionalarrayof imageswith eyepointsregularlyspacedon the(s; t)-plane.
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(u,v) plane

(s,t) plane

Fig. 1. A light �eld can be parameter-
izedasa 2-dimensionalarrayof images
taken from a regular grid of eye points
on the(s; t)-planethrougha window on
the(u; v)-plane.

Moreover, since we assumethat the sam-
pling is dense, the radiance along an arbi-
trary ray passingthrough the two planescan
be interpolatedfrom the known radianceval-
uesin nearbygrid points.Eachsuchray passes
throughoneof thegrid cellson the(s; t)-plane
andoneon the(u; v)-plane.Thesearebounded
by four grid pointson therespective plane,and
theradiancefrom any of the(u; v)-pointsto any
of the (s; t)-points is storedin the datastruc-
ture. This makesfor a total of 16 radianceval-
ues,from which the radiancealongthe ray can
beinterpolatedquadri-linearly. As shown in [6],
this canalsobedonein hardware.

For eacheye point on the (s; t)-plane, the
hardware renderingalgorithm draws the grid
cells surroundingthe eye point using graphics
hardware.Thealphavaluesof thepolygonver-
ticesaresetto 1 at theeye point andto 0 every-
whereelse. Furthermore,eachrenderedpoly-
gonis texturedwith the(u; v)-slicecorrespondingto theeye point, andthesetextures
areweightedby the alphavaluesof the polygons. This combinationof alphablend-
ing andtexturemappingwith bi-linearinterpolationyieldsthedesiredreconstruction.1

This hardwarealgorithmsis many timesfasterthana purelysoftware-basedapproach.
For example,onanSGIO2thehardwarerenderercanachieveapproximately25frames
persecondin full screenresolution.This numberis almostindependentof light �eld
resolution.

Thepossibilityto usegraphicshardwarefor renderingis alsowhatdistinguishesthe
2-planeparameterizationfrom mostotherparameterizationsthat have beenproposed
for light �elds (see,for example[4]). For us, this is the reasonto usethe 2-plane
parameterization.

4 DecouplingGeometryand Illumination

As statedabove, thecoreof theproposedmethodis to separatethegeometryandthe
illumination of an objectinto two distinct image-baseddatastructures.The �rst data
structureis a 2-planeparameterized“light �eld” containinga mappingfrom incoming
rays to outgoingrays basedon the geometryand refractive propertiesof the object.
Theoutgoingraysarestoredin the form of a color codeddirection. The illumination
correspondingto thisoutgoingraycaneitherbeprovidedin theform of anenvironment
mapor in theform of anotherlight �eld.

Thus,to renderacompleteimage,�rst thegeometrylight �eld is rendered,yielding
animageof colorcodedraydirections.Thesecanthenbeusedto look up theillumina-
tion from anenvironmentmap,to tracenew raysinto ascene,or lookupa color from a
secondlight �eld describingthesurroundingscene.

When usingenvironmentmaps,the geometrylight �eld candirectly containthe
2D texture coordinatesfor the entry in the environmentmap that correspondsto the

1As pointedout in [6] quadri-linearinterpolationis notpossibledueto theuseof Gouraudshadingfor the
interpolationof thealphavaluesacrosspolygons.However, thedescribedalgorithmyieldsa closeapproxi-
mation.
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refractedray direction. The format for thesevaluesdependson the speci�c param-
eterizationusedfor the environmentmap. For example,for a sphericalenvironment
map[7], thetexturecoordinatesaregivenasthex andy componentsof thenormalized
halfway vector~h = (hx ; hy ; hz )T betweentherefractedviewing ray ~v andthez-axis
(seeFig. 2).

vÞzÞ

h
Þ

h
Þ

vÞzÞ

Fig. 2. The texture coordinatesthat correspondto a certainray direction~v in a sphericalenvi-
ronmentmaparegivenby thenormalizedhalfway vector~h between~v andthez-axis(left). This
is becausea sphericalmapis the imageof a small, re�ective sphereasseenby anorthographic
cameralooking into thenegativez-axis.Thevector~h correspondsto boththepointon thesphere
where~v is there�ection of ~z, andto thesphere's surfacenormalin thatpoint.

In our implementationwe usetheparabolicparameterizationpresentedin [10]. It
hasthe advantageof providing a moreuniform samplingof the hemisphereof direc-
tionsthanthesphericalparameterization,andthetexturecoordinatesarelessexpensive
to compute. The texture coordinatesof the parabolicparameterizationare given as
hx =hz andhy =hz , which meansthata simpledivision suf�ces to computethetexture
coordinatesinsteadof a vectornormalization.While theadvantageof a uniform sam-
pling is essential,theperformancebene�tsarenot signi�cant in our case.

Independentof how theillumination is represented,the�rst stepin thealgorithmis
thehardware-basedrenderingof thegeometrylight �eld asdescribedin [6] and[19].
Afterwards,theframebuffer containsanimagewith thecolorcodedtexturecoordinates
for the environmentmapholding the illumination information. Now the framebuffer
contentsarereadbackto mainmemoryandfor eachpixel thetexturecoordinatesneed
to beusedto look up the illumination from theenvironmentmap,beforetheresulting
imageis writtenbackto theframebuffer, yielding the�nal image.

The texture lookup canbe achieved in oneof the following two ways. Firstly, it
canbeperformedin software.This is arelatively inexpensiveoperation,thatis feasible
evenon low endplatforms,asshown below. Alternatively, thegraphicshardwarecan
beemployedfor thetexturelookup,usinganextensionthatis availablefrom SGI.The
so-calledpixel texture extension[17, 8] modi�es therenderingpipelinein sucha way
thatthecolorvaluesof thepixelsin animagecanbeinterpretedastexturecoordinates,
whicharethenin turnusedto textureeachindividualpixel. This featurecanbeapplied
duringso-calledpixel transferoperations, that is, during thetransferof imagesto and
from the framebuffer, andis exactly the functionality requiredfor our algorithm. Al-
thoughpixel texturesarecurrentlya proprietaryextensionfrom SGI, their usefulness
is demonstratedby severalapplications,andwill hopefullyresultin amorewidespread
availability of this extension.

Fig. 3 shows imagesthatweregeneratedusingthis approach.The left imagerep-
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resentsthecolorcodedtexturecoordinatesreconstructedfrom thegeometrylight �eld.
The light �eld itself wasgeneratedusingray-tracing. Centerandright representthe
�nal resultafter theapplicationof theenvironmentmap.This methodis very fast,and
achievesbetween15 and20 fps. on anOctaneMXE usingthepixel textureextension.
The sameimagescanbe renderedwith the softwaremethodat about10 framesper
secondonanSGI O2with a 175MHz R10k(imagesareof size400� 400pixels).

Fig. 3. Light �elds renderingwith decoupledgeometryandillumination,thelatterbeingprovided
throughanenvironmentmap.Left: color codedtexturecoordinatesfor theenvironmentmap,as
extractedfrom thegeometrylight �eld. Center/right:�nal renderings.

4.1 Illumination fr om Light Fields

Insteadof usingan environmentmap to storethe illumination, it is also possibleto
usea secondlight �eld. Theadvantageof this approachis theadditionaldependency
on the surfacelocation,which allows for the properhandlingof objectscloseto the
refractor. As statedabove, the useof environmentmapsfor illumination is typically
not of interestfor implementingre�ections. If theillumination is storedin light �elds,
however, the situationis different,becausethe near�eld effectsthat canbe achieved
with this methodexceedthepossibilitiesof traditionalgeometry-basedrenderingwith
environmentmaps.

To storethe illumination in a light �eld, the geometrylight �eld hasto contain
thecorrect4-dimensionalray directionu, v, s, andt referencinginto the illumination
light �eld. The ray direction can be color codedinto the R, G, B and A channels
of the geometrylight �eld. The exact coordinates,of course,againdependon the
parameterizationof theillumination light �eld.

The renderingalgorithmproceedssimilarly to the casewherethe illumination is
storedin anenvironmentmap.First,thegeometrylight �eld is renderedusinghardware
acceleration.Then,the framebuffer contentsarereadbackto mainmemory. The ray
lookupfor determiningtheillumination is eitherperformedin software,or usingpixel
texturesand4-dimensionaltexture mapping. The latter methodwill be describedin
moredetail in Section5.

4.2 RealisticMaterials

Sofar, we haveonly consideredeitherre�ectionsor refractions,which is mandatedby
thefactthatthegeometrylight �eld canonly storeeitherthecoordinatesfor there�ec-
tion or for the refractionpart. However, it is possibleto combinethe two partsusing
multi-passrendering,andalsoto developmodelsfor morecomplicatedmaterials,such
asglossyre�ections andthe inclusionof a Fresnelterm. Thesemulti-passtechniques

6



have beenintroducedfor geometry-basedrenderingin [11] and[9], but they directly
translateto the image-basedrenderingtechniquespresentedin this paper. Pleaserefer
to thelistedpublicationsfor thedetails.Fig. 4 givesanexampleof thesetechniques.

Fig. 4. Theglossytorusontheleft is theresultof ageometryrenderingwith apre�lteredenviron-
mentmap.Thetorusin thecenterrepresentstherefractionpart. Both partshave beenweighted
by theappropriateFresnelterm.Theright imageshows thecombinationof thetwo parts.

5 HardwareRenderingof Vector-quantized Light Fields

Oneof the fundamentalproblemsof light �elds andLumigraphsis the largememory
consumption.For practicalapplicationsof thesetechniquesit is thereforemandatory
to compressthedatasets.Theproblemwith currentimplementationsof compression
schemesis thatthehardwarecannotdirectlydealwith thecompresseddata.As aconse-
quence,therequiredpartsof thelight �eld haveto bedecompressedbeforethehardware
canbeused.This is unfortunatesincethetextureRAM is aparticularlyscarceresource
in many systems.If it is toosmallto holdtherequiredpartsof thelight �eld, theseneed
to beswappedin andoutfor everyframe,whichconsumeslargeamountsof bandwidth,
andresultsin seriousperformancepenalties.Themajorreasonwhy thehardwareren-
deringof light �elds performssowell on O2s(seeSection3), is thaton this platform
thetextureRAM residesin mainmemoryandis thusalmostunlimited.

In the following we describetwo slightly differentmethodsfor renderingvector-
quantizedlight �elds directly in hardwarewithout theneedto decompressthembefore-
hand.VQ compressesa light �eld by replacingthecolorvaluesof anadjacentblockof
pixelsby a singleindex into a lookuptablecontainingthecolor values.An oftenused
con�gurationis to choosetheblock sizeas24 andthetablesizeas216, meaningthat2
samplesin eachof theparametricdirectionsu, v, s, andt aresubsumedin ablock,and
all 16 RGB colorsin theblock arereplacedby a single2 Byte color index. This yields
a compressionratio of 1 : 24 (neglectingthesizeof the lookuptable). Theadvantage
of VQ over othercompressiontechniquesis that the basicstructureof the dataset is
preserved: a light �eld is a 4-dimensionalarrayof samples.A vector-quantizedlight
�eld with theaboveparametersis a4-dimensionalarrayof color indices,but theresolu-
tion is reducedby a factorof 2 in eachparametricdirection.Insteadof having a single
lookuptablethatyieldsthecomplete24 block of color valuesfor eachindex, it is also
possibleto use16 differenttables,whereeachonly returnsa singlecolor value. This
is onetablefor all combinationsof odd/evensamplelocationsin the four parametric
directionsu, v, s, andt.

This propertycanbeusedfor two relatedalgorithmsof renderingcompressedlight
�elds, usinga hardwareextensionthat is currentlyavailable. This extensionis theso-
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calledtexturecolor table, which, in contrastto all theothercolor tablesin theOpenGL
pipeline,is not a pixel transferoperation,but takesplaceafter the texture lookupand
�ltering. This extensionis availableon all SGI systems,andhasin thepastbeenused
primarily for volumerendering(see,e.g.[20]).

This extensionallows usto storethelight �eld asa setof one-componenttextures.
Then,multiple renderingpasseswith differentcolor lookup tablesareusedto recon-
structthecolors.Specialcarehasto betakenfor theinterpolationof thesecolorvalues.
The dif�culty is that the color in eachpixel needsto be interpolatedfrom the col-
ors resultingfrom lookupsin all thecolor tables.This canbeachievedthroughalpha
blending,asdescribedbelow.

Fig. 5. Top: the 2 � 2 texture
usedto render the basis func-
tionsinto thealphabuffer. Bot-
tom: Thesetof basisfunctions
for onecolor table. This image
was generatedby applying bi-
lineartexture�ltering to several
replicatedcopiesof the texture
from theleft.

Let usassumefor a momentthatonly theresolution
on the (s; t)-plane, the planeof eye points, hasbeen
halved by the VQ algorithm. Then, the renderingis a
trivial extensionof thealgorithmdescribedin Section3.
Theonlydifferenceto thealgorithmthereis thatthecor-
rect texturecolor tableneedsto be loadedbeforepoly-
gonssurroundingthe (s; t)-samplepoint arerendered.
Sincein this situationthereareonly four differentcolor
tables,the (s; t)-samplescanbe orderedin sucha way
thatonly 4 changesof thecolortablearerequiredfor ev-
ery frame(all sampleswith evens andevent have one
table,all sampleswith evens andoddt another, andso
forth).

Now, if the resolutionon the (u; v)-plane is also
halved,thenit is necessaryto interpolatethecolor val-
uesfor a pixel in the(u; v)-planebetweenimagesgen-
eratedby four differenttablelookups.This is achieved
by renderingthebasisfunctionsfor a bi-linear interpo-
lation into thealphachannel,andthenmultiplying this
basisfunctionwith theresultof anearest-neighborsam-
pledimageresultingfrom asingletablelookup.Repeat-
ing this processfour times with four different lookup
tablesand the four correspondingbasisfunctions,and
summingup the resultsin the framebuffer, yields the
correctlyreconstructedimage.

To renderthebasisfunctionsinto thealphachannel,
we specifya single2 � 2 texture in which exactly one
pixel is one,andtheothersarezero.By replicatingthis
texture accordingto the resolutionof the (u; v)-plane
in theoriginal light �eld, andby usingbi-lineartexture
mapping,thebasisfunctionsfor, say, all oddu andall evenv samplescanberendered.
If the sametexture is shiftedby one texel in subsequentrenderingpasses,the other
basisfunctionscanberenderedaswell. Fig. 5 illustratesthis method.Thecostof this
techniqueis aboutfour timesthecostof renderinganuncompressedlight �eld, sothat
the methodonly paysoff if the texture RAM is too small to hold the completedata
set.Thecolorplatesshow acomparisonof theuncompressedlight �eld renderingwith
vector-quantizeddatasets.

Another hardware-acceleratedalgorithm for renderinglight �elds that might be-
comeinterestingin thefuture,is 4-dimensionaltexturemapping.Currently, this feature
is supportedon somehigh-endSGI machines.With 4D texture mappingthe render-
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ing of 2-planeparameterizedlight �elds becomesextremelysimple. The(s; t) grid is
projecteddown on the (u; v)-planeto computethe texture coordinatesfor the corner
verticesof the (u; v)-grid. Then(u; v)-planeis renderedasa singlepolygonwith the
precomputed4D texturecoordinates,andthelight �eld asa texture.

4D texturemappingis alsointerestingin combinationwith thepixel textureexten-
sion, andcanbe appliedin the re�ection andrefractionalgorithmfrom Section4.1.
Here, the R, G, B, andA channelsof eachpixel in the imageare interpretedas4D
texturecoordinatesu, v, s, andt.

The disadvantageof 4D texturemappingin thecontext of light �eld renderingis,
that thewhole light �eld needsto �t into the textureRAM. For practicalapplications
this mandatestheuseof a compressiontechnique,andVQ is againa goodchoicethat
allowsusto exploit graphicshardware.

Since4D texturemappingdoesnot treatthe(u; v)-planedifferentlyfrom the(s; t)-
planelike the algorithmfrom [6], the implementationis somewhat differentthande-
scribedabove. Whatremainsis theconceptof usingthealphachannelto renderbasis
functionsfor the differentlookup tables. This time, however, the basisfunctionsare
generatedby 4D texturesof resolution24. In eachof thesetextures,exactly two pixels
areoneandtheothersarezero.Fig. 6 illustratesthis for a 2-dimensional“light �eld”.

Fig. 6. Thetexturesthatcomprisethebasisfunctionsfor a2D “light �eld”, andtheraysthateach
basisfunctioncorrespondsto.

6 Discussionand Conclusion

In this paperwe have exploredpracticaltechniquesfor applyinglight �elds to theren-
deringof re�ections andrefractionson curved objects. Firstly, our methodseparates
geometricandillumination informationinto two independent,image-basedrepresenta-
tions. Theadvantageof this approachis an increased�e xibility for modeling. Image-
basedrepresentationsof objectscanbe positionedin a sceneandlit by image-based
representationsof the illumination in that scene. Existing graphicshardwarecanbe
ef�ciently utilized for theimplementationof thealgorithm.

Secondly, wehavedescribeda techniquefor renderingvector-quantizedlight �elds
directly with graphicshardware. This approachis not limited to the renderingof re-
�ections andrefractions,but is anaturalextensionof thehardwarealgorithmpresented
in [6], andcanthereforebeusedwith all hardwarelight �eld renderers.

The techniquespresentedhererely on someOpenGLextensionsthathave not yet
becomemainstreamfeaturesin low-endgraphicshardware. However, all the exten-
sionsusedhave proven to be useful in several otherapplicationsaswell [20, 12], so
that it seemslikely thatsomeof thesefeatureswill �nd their way into futuregraphics
standards.

This ideaof storinggeometricinformationinsteadof simply color valuesin a light
�eld canbe extendedeven further. For example,if normalvectorsarestoredin the
light �eld datastructure,thelocal illuminationfor theobjectcanbecomputedusingthe
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verysamehardwaretechniquesalsoappliedto normalmapsin [11] and[9]. With these
techniques,it is possibleto recomputethe illumination for eachpoint usingcomplex
materialsmodels.This allows for image-basedrenderingwith changingillumination,
anareathathasrecentlybeenof increasedinterestin theresearchcommunity.
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Light �eld renderingwith decoupledgeometryandillumination,thelatterbeingprovidedthrough
anenvironmentmap.Top: colorcodedtexturecoordinatesfor theenvironmentmap,asextracted
from thegeometrylight �eld. Bottom: �nal renderings.CompareFig. 3.

Theglossytoruson the left is theresultof a geometryrenderingwith a pre�ltered environment
map. The torusin the centerrepresentsthe refractionpart. Both partshave beenweightedby
theappropriateFresnelterm. Theright imageshows thecombinationof thetwo parts.Compare
Fig. 4.

Renderingof vector-quantizedlight �elds. Left: uncompressed,center: reducedresolutionon
the(u; v)-plane,right: reducedresolutionin all 4 dimensions.
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