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Abstract. Re ectionsandrefractionsareimportantvisual effectsthathave long

beenconsideredoo costly for interactize applications.Although mostcontem-
porarygraphicshardware supportsre ections off curved surfacesin the form of

ervironmentmaps refractionsin thick, solid objectscannotbe handledwith this
approachandthe simplifying assumptionof ervironmentmapsalso produce
visible artifactsfor re ections.

Only recentlyhave researcherdevelopedtechniquegor theinteractve rendering
of truere ectionsandrefractionsin curvedobjects.This paperintroducesa new,

light eld basedapproacho achieving this goal. The methodis basedon a strict
decouplingof geometryand illumination. Hardware supportfor all stagesof

the techniqueis possiblethroughexisting extensionsof the OpenGLrendering
pipeline. In addition,we alsodiscussstorageissuesandintroducemethodsfor

handlingvectorquantizeddatawith graphicshardware.

1 Intr oduction

Re ectionsandrefractionsareimportantvisual effectsthathave not beenhandledap-
propriatelyin interactive applications.Highly re ective or transparenbbjectscanbe
thoughtof asa lensthattransformancomingraysinto outgoingraysin somenew di-
rection. Considera glasspitcherhalf full of water A ray of light enteringthe pitcher
may be re ected and/orrefractedmary times, eventuallyleaving the pitcherin some
new direction. (We will ignorethe factthatsomeof the enegy may be absorbedand
theray maysplitinto atreeof subrays.Unfortunatelyit is notpossibleo computethis
mappingfrom raysin to raysoutin realtime for complex objects.However, for static
objectsthis mapcanbecomputedf ine andreusedateachframeatrendertimeif we
can nd awayto efciently representhis mappingandprovide fastiookupmethods.

Thelight eld [13] and Lumigraph[6] imagebasedrenderingapproache$aced
a similar problem. In this work it wasrecognizedhat one could precomputeall the
light leaving the corvex hull of anobjectandthenquickly lookupappropriatesaluesto
createary imageof the object. This4D mappingfrom raysoutfrom anobjectto colors
wasthe centralstructureof thesemethods.

A key ideain thecurrentwork is to replacehemappingfrom raysto colorsasfound
in the Lumigraphwith a mappingfrom raysto rays. In otherwords,replacethe RGB
color triplet with four numbersepresenting new ray direction. Storingthis mapping
in the form of a Lumigraphallows us to useall the methodologieslevelopedin [13]
and [6].

This completelydecoupleghe illumination from the geometry and allows us to



exchangethe ervironmentand the refracting/re ectingobjectindependentlyof each
other Suchaseparatioralsohastheadwantagehatsomeextra blurring for theindirect
illumination will in mostcasede tolerablesincedirectillumination is visually much
moreimportantthanindirectillumination for almostall scenes.This meansthatone
cangetaway with a lower resolutionlight eld, which savtesmemoryandreduceghe
acquisitioncost.

After adiscussiorof previouswork, we rst introducesomenotationfor light elds,
andthendescribeour techniquefor renderingre ections andrefractionsin Section4.
Wethenturnto thehardwarerenderingof vectorquantizedight elds [13] in Sectionb,
anddiscusour approaches Section6.

2 Previous Work

Producingapproximatere ections and refractionsat interactive rateshasbeendone
with ervironmentmaps[2]. Theinherentassumptions thatwhatis seenin are ection
issufciently farawayfromthere ector. Thisassumptiomreaksdownin mary scenes.

Environmentmapscanalsobeusedfor refractionsatthin surfaces A thin surfaceis
one,for whichthethinlensapproximatiorholds(se€[3]). Thisapproximatiorassumes
thattheentryandexit pointsof eachray coincide.It doesnotholdfor objectslike glass
balls,but it canbe usedfor windows or spectacldenses.

Only recentlyhave researcherstartedto developalgorithmsthatdo not have these
restrictions. A commonlyusedtechniquefor renderingmirror re ections in planar
objectsis givenin [5]: with asimpleaf ne model/viev matrix, the scends mirroredat
the planarre ector. This mirroredscends renderedat every pixel wherethere ector
is visible in the currentview. It is possibleto realizemultiple re ections by repeating
this processasexplainedin [5].

For curved objectsthe geometrictransformationgielding the re ected geometry
aremorecomplex. Ratherthantransformingthe completeobjectwith a singleaf ne
transformationa differenttransformationis requiredfor eachpoint on the re ected
object.In [16] analgorithmis introducedjn whichall verticesof there ectedgeometry
areindividually transformedn software. This approactonly worksatinteractive frame
ratesfor relatively smoothobjectsthatareeitherconcae or corvex.

As mentionedabove, thelight eld [13] andLumigraph[6] approachesrebased
on a densesamplingof the plenopticfunction[1], which describeghe o w of light in
ascene.This way, thelight eld outsidethe corvex hull of anobjectin emptyspace
canberepresentedsa 4-dimensionafunctionin the parameters, v, s, andt. The
parameterizatiomf this function is a topic of ongoingresearcH4], but typically the
2-planeparameterizatioexplainedin Section3 is used[6, 13]. The advantageof the
light eld approachs thatimagesof thescendrom new camergositionscansimplybe
computedoy interpolatingradiancevaluesin 4 dimensionsThisis avery inexpensve
operatiorthatcanbefurtheracceleratethroughtheuseof OpenGL-compliangraphics
hardware,ashasbeenshavn in [6] and[19].

The disadwantageof this methodis thatit involveslarge memoryrequirementso
storethe4D datastructuresA light eld of moderataesolutioncaneasilyhave asize
of multiple Gigabytes. The authorsof [13] have proposedo usevectorquantization
(VQ) to compresghe data. VQ hassomeinterestingadvantagesover othercompres-
sionmethodghatmalkeit attractvefor compressindight elds. Firstly, decompression
is aconstantime operationandsecondlythedifferententriescanbe decompresseit-
dependentlyof eachotherandin arbitrary order (randomaccess). In Section5 we
describehow the hardware acceleratedenderingalgorithmfor light elds [6] canbe



extendedto the direct renderingof vectorquantizedight elds. This meansthatthe
light elds donothaveto bedecompresseleforehardwarerenderingwhichis partic-
ularly interestingsincetexture RAM is typically a scarceresource.

The Lumigraph[6] extendsthe conceptof alight eld by addingsomegeometric
informationwhich helpscompensatindor artifactsthat arisefrom the useof quadri-
linear interpolationfor the reconstruction.A coarsepolygonmeshis storedtogether
with theimages.The meshis usedto rst nd theapproximatelepthalongtheray to
bereconstructedandthenthis depthis usedto correcttheweightsfor theinterpolation.
This depthcorrectedenderingcanalsobe accelerateavith graphicshardware[6].

Miller [15] attemptsto overcomeblurring artifactsby introducinga parameteriza-
tionin whichtheu andv parametersf thelight eld arethesurfaceparametersf the
re ecting object,ands andt parameterizéhe hemispheref directionsoverthesurface
point(u; v). Theauthorscall thisasurfacelight eld becausehe (u; v) parameterare
directly attachedo the surfaceof there ector. Thisis particularlywell suitedto mostly
diffuseobjectswith well de ned surfaceparameters.

In additionto this different parameterizationf15] alsointroducesa block-based
compressiorschemewhich achieves higher compressiorratios than VQ, but is also
morecomplicatedandrequiresthe decompressionf a completeblock of values.This
decompressiohasto be performedn softwareduringtheresamplingprocessusedfor
generatinghetexturemaps.

Bothlight eld representationgachtheirlimits whenit comego mirror re ections
andnarrav speculahighlightsfrom light sources.Thesewill in both approachestill
resultin someamountof unwantedblurring, dueto thelimited (s;t) resolutionof the
light eld.

This problemis x ed by anotherapproachfor usinglight elds to renderre ec-
tions [14]. There,the authorsintroducethe conceptof image-basedray-tracing to
rendemirror re ections. In thiswork, alight eld notonly storesradiancevalues but
alsogeometridnformationsuchasdepthandnormal. The methodproceeddy tracing
raysthroughalight eld of layereddepthimageq18]. This methodis computationally
expensve andcannotbe performedn realtime on contemporanhardware.

3 Light Fields

Our work builds stronglyon thelight eld [13], andthe Lumigraph[6]. A light eld
is a densesamplingof the 5-dimensionablenopticfunction [1], which describeghe
radianceateverypointin spacen everydirection.Sinceradiancedoesnotchangealong
aray in empty space(e.g., outsidethe corvex hull of an object), the dimensionality
canbe reducedby one,if an appropriateparameterizatiotis found, that re ects this
property

The so-called2-planeparameterizatiomsedby [13] and[6] representatiofful lls
thisrequirementlt representaray via its intersectiorpointswith two parallelplanes.
Sinceeachof thesepointsis characterizedy two parameterén the plane,this results
in a 4-dimensionafunctionthatis sampledthrougha regular grid on eachplane(see
Fig.1).

One useful property of the 2-planeparameterizatioris that all the rays passing
througha singlepoint on the (s;t)-planeform a perspectie imageof the scene with
the(s;t) point beingthe centerof projection. Thus,alight eld canbe considereca
2-dimensionahrrayof imageswith eye pointsregularly spacednthe(s;t)-plane.



Moreover, sincewe 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
andoneonthe(u; v)-plane.Thesearebounded
by four grid pointson the respectie plane,and
theradiancdrom ary of the (u; v)-pointsto ary
of the (s;t)-pointsis storedin the datastruc-
ture. This makesfor atotal of 16 radianceval-
ues,from which the radiancealongthe ray can (s.1) plane
beinterpolatecquadri-linearly As shavnin [6],
this canalsobedonein hardware.

For eacheye point on the (s;t)-plane,the Fig. 1. A light eld canbe parameter
hardware renderingalgorithm draws the grid izedasa2-dimensionakrrayof images
cells surroundingthe eye point using graphics taken from aregular grid of eye points
hardvare. The alphavaluesof the polygonver- 0N the (s;t)-planethroughawindow on
ticesaresetto 1 attheeye pointandto 0 every- e (U: V)-plane.
whereelse. Furthermoreeachrenderedpoly-
gonis texturedwith the (u; v)-slice correspondindo the eye point, andthesetextures
areweightedby the alphavaluesof the polygons. This combinationof alphablend-
ing andtexture mappingwith bi-linearinterpolationyieldsthe desiredreconstructior.
This hardwarealgorithmsis mary timesfasterthana purely software-base@pproach.
For example,onanSGIO2thehardwarerenderecanachieve approximatel\25frames
persecondn full screerresolution. This numberis almostindependenof light eld
resolution.

Thepossibilityto usegraphicshardwarefor renderings alsowhatdistinguisheshe
2-planeparameterizatiofirom mostother parameterizationthat have beenproposed
for light elds (see,for example[4]). For us, this is the reasonto usethe 2-plane
parameterization.

(u,v) plane

Sy

A

4 DecouplingGeometryand lllumination

As statedabove, the coreof the proposedmethodis to separatehe geometryandthe
illumination of an objectinto two distinctimage-basedatastructures.The rst data
structureis a 2-planeparameterizedight eld” containinga mappingfrom incoming
raysto outgoingrays basedon the geometryandrefractive propertiesof the object.
The outgoingraysarestoredin the form of a color codeddirection. The illumination
correspondingo this outgoingray caneitherbeprovidedin theform of anenvironment
mapor in theform of anothetight eld.

Thus,to renderacompleteimage, rst thegeometrylight eld is renderedyielding
animageof color codedray directions.Thesecanthenbe usedto look up theillumina-
tion from anenvironmentmap,to tracenew raysinto ascenepr lookupa color from a
secondight eld describinghesurroundingscene.

When using ervironmentmaps,the geometrylight eld candirectly containthe
2D texture coordinatedor the entry in the ervironmentmap that correspondsgo the

1As pointedoutin [6] quadri-lineaiinterpolationis not possibledueto the useof Gouraudshadingfor the
interpolationof the alphavaluesacrosspolygons.However, the describedalgorithmyields a closeapproxi-
mation.



refractedray direction. The format for thesevaluesdependson the speci ¢ param-
eterizationusedfor the ervironmentmap. For example,for a sphericalervironment
map[7], thetexturecoordinategregivenasthex andy componentsf thenormalized

halfway vectorti = (hy;hy;h;)T betweerthe refractedviewing ray ¥ andthe z-axis
(seeFig. 2).

Fig. 2. The texture coordinateghat correspondo a certainray direction¥ in a sphericalenvi-
ronmentmaparegivenhby the normalizedhalfway vectorn betweenv andthe z-axis (left). This
is because sphericalmapis theimageof a small, re ective sphereasseenby an orthographic
camerdookinginto thenegative z-axis. Thevectorh correspondso boththe pointonthesphere
wherev is there ection of 2z, andto the spheres surfacenormalin thatpoint.

In our implementatiorwe usethe parabolicparameterizatiopresentedn [10]. It
hasthe advantageof providing a more uniform samplingof the hemispheref direc-
tionsthanthesphericaparameterizatiorgndthetexturecoordinatesrelessexpensve
to compute. The texture coordinatesof the parabolicparameterizatiorare given as
hy=h, andhy=h,, which meangshata simpledivision sufces to computethe texture
coordinatesnsteadof a vectornormalization.While the advantageof a uniform sam-
pling is essentialthe performancédoene tsarenotsigni cant in our case.

Independentf how theilluminationis representedhe rst stepin thealgorithmis
the hardware-basedenderingof the geometrylight eld asdescribedn [6] and[19].
Afterwards theframehuffer containsanimagewith the color codedtexturecoordinates
for the ervironmentmap holding the illumination information. Now the framehuffer
contentsarereadbackto mainmemoryandfor eachpixel thetexture coordinateseed
to be usedto look up the illumination from the ervironmentmap, beforethe resulting
imageis written backto the frameluffer, yielding the nal image.

The texture lookup canbe achievedin one of the following two ways. Firstly, it
canbeperformedn software. Thisis arelatively inexpensve operationthatis feasible
evenon low endplatforms,asshavn belawv. Alternatively, the graphicshardwarecan
be employedfor thetexturelookup,usinganextensionthatis availablefrom SGI. The
so-calledpixel texture extension[17, 8] modi es therenderingpipelinein sucha way
thatthe color valuesof the pixelsin animagecanbeinterpretedastexture coordinates,
whicharethenin turn usedto texture eachindividual pixel. Thisfeaturecanbeapplied
during so-calledpixel transferoperations thatis, during the transferof imagesto and
from the framehuffer, andis exactly the functionality requiredfor our algorithm. Al-
thoughpixel texturesare currentlya proprietaryextensionfrom SGl, their usefulness
is demonstratedly severalapplicationsandwill hopefullyresultin amorewidespread
availability of this extension.

Fig. 3 shavs imagesthatwere generatedisingthis approach.The left imagerep-



resentghe color codedtexture coordinateseconstructedrom the geometrylight eld.
Thelight eld itself was generatedising ray-tracing. Centerandright representhe
nal resultaftertheapplicationof the environmentmap. This methodis very fast,and
achiezesbetweenl5 and20 fps. on an OctaneMXE usingthe pixel texture extension.
The sameimagescan be renderedwith the software methodat about10 framesper
seconnanSGl 02 with a175MHz R10k (imagesareof size400 400pixels).

Fig. 3. Light elds renderingvith decoupledyeometryandillumination, thelatterbeingprovided
throughanervironmentmap. Left: color codedtexture coordinategor the ervironmentmap,as
extractedfrom thegeometrylight eld. Center/right: nal renderings.

4.1 lllumination from Light Fields

Insteadof usingan ernvironmentmapto storethe illumination, it is also possibleto
usea secondight eld. Theadwantageof this approachis the additionaldependeng
on the surfacelocation, which allows for the properhandlingof objectscloseto the
refractor As statedabove, the useof ervironmentmapsfor illumination is typically
not of interestfor implementingre ections. If theilluminationis storedin light elds,
however, the situationis different,becausehe near eld effectsthat canbe achieved
with this methodexceedthe possibilitiesof traditionalgeometry-basedenderingwith
ervironmentmaps.

To storethe illumination in a light eld, the geometrylight eld hasto contain
the correct4-dimensionatay directionu, v, s, andt referencingnto the illumination
light eld. The ray direction can be color codedinto the R, G, B and A channels
of the geometrylight eld. The exact coordinatesof course,againdependon the
parameterizatioof theillumination light eld.

The renderingalgorithm proceedssimilarly to the casewherethe illumination is
storedin anervironmentmap.First,thegeometnylight eld is renderedisinghardware
acceleration.Then, the frameluffer contentsarereadbackto main memory Theray
lookupfor determiningtheillumination is eitherperformedn software,or usingpixel
texturesand 4-dimensionakexture mapping. The latter methodwill be describedn
moredetailin Section5.

4.2 Realistic Materials

Sofar, we have only considereckitherre ections or refractionswhich is mandatedy
thefactthatthegeometrylight eld canonly storeeitherthe coordinategor there ec-
tion or for the refractionpart. However, it is possibleto combinethe two partsusing
multi-passrenderingandalsoto developmodelsfor morecomplicatedmaterials such
asglossyre ections andthe inclusionof a Fresnelterm. Thesemulti-passtechniques



have beenintroducedfor geometry-basedenderingin [11] and[9], but they directly
translateto theimage-basedenderingtechniquegpresentedn this paper Pleasaefer
to thelisted publicationsfor the details.Fig. 4 givesanexampleof thesetechniques.

Fig. 4. Theglossytorusontheleft is theresultof ageometryrenderingwith apre Itered environ-
mentmap. Thetorusin the centerrepresentshe refractionpart. Both partshave beenweighted
by the appropriatd-resneterm. Theright imageshavs the combinationof thetwo parts.

5 Hardware Rendering of Vector-quantized Light Fields

Oneof the fundamentaproblemsof light elds andLumigraphsis the large memory

consumption.For practicalapplicationsof thesetechniquest is thereforemandatory
to compresghe datasets. The problemwith currentimplementation®f compression
schemess thatthehardwarecannotdirectly dealwith thecompressedata.As aconse-
quencetherequiredpartsof thelight eld haveto bedecompressedeforethehardware

canbeused.Thisis unfortunatesincethetexture RAM is aparticularlyscarceaesource
in mary systemslf it is too smallto hold therequiredpartsof thelight eld, theseneed

to beswappedn andoutfor everyframe,which consumesargeamountof bandwidth,

andresultsin seriousperformancepenalties.The majorreasonwhy the hardwareren-

deringof light elds performssowell on O2s(seeSection3), is thaton this platform

thetexture RAM residesn mainmemoryandis thusalmostunlimited.

In the following we describetwo slightly differentmethodsfor renderingvector
quantizedight elds directlyin hardwarewithouttheneedto decompresthembefore-
hand.VQ compressealight eld by replacingthe colorvaluesof anadjacenblock of
pixelsby a singleindex into a lookuptablecontainingthe color values.An oftenused
con gurationis to choosetheblock sizeas2* andthetablesizeas2'®, meaninghat2
samplesn eachof the parametridirectionsu, v, s, andt aresubsumedh ablock, and
all 16 RGB colorsin the block arereplacedy a single2 Byte colorindex. Thisyields
acompressiomatio of 1 : 24 (negglectingthe sizeof the lookuptable). The advantage
of VQ over othercompressioriechniquess thatthe basicstructureof the datasetis
presered: alight eld is a 4-dimensionabrrayof samples.A vectorquantizedight
eld with theabove parameterss a4-dimensionaérrayof colorindices,but theresolu-
tion is reducedoy afactorof 2 in eachparametridirection. Insteadof having a single
lookuptablethatyields the complete2* block of color valuesfor eachindex, it is also
possibleto usel6 differenttables,whereeachonly returnsa single color value. This
is onetablefor all combinationsof odd/ezen samplelocationsin the four parametric
directionsu, v, s, andt.

This propertycanbe usedfor two relatedalgorithmsof renderingcompressetight
elds, usinga hardwareextensionthatis currentlyavailable. This extensionis the so-



calledtexture color table, which, in contrasto all the othercolortablesin the OpenGL
pipeline,is not a pixel transferoperation but takes placeafter the texture lookup and
ltering. This extensionis availableon all SGI systemsandhasin the pastbeenused
primarily for volumerendering(see e.g.[20]).

This extensionallows usto storethelight eld asa setof one-componertextures.
Then, multiple renderingpassesith differentcolor lookup tablesare usedto recon-
structthe colors. Specialcarehasto betakenfor theinterpolationof thesecolorvalues.
The dif culty is that the color in eachpixel needsto be interpolatedfrom the col-
orsresultingfrom lookupsin all the color tables. This canbe achieved throughalpha
blending,asdescribedelow.

Let usassumdor amomenthatonly theresolution
on the (s;t)-plane, the plane of eye points, hasbeen
halved by the VQ algorithm. Then, the renderingis a
trivial extensionof thealgorithmdescribedn Section3.
Theonly differenceo thealgorithmthereis thatthecor-
recttexture color tableneedso be loadedbeforepoly-
gonssurroundingthe (s;t)-samplepoint are rendered.
Sincein this situationthereareonly four differentcolor
tables,the (s;t)-samplesanbe orderedin sucha way
thatonly 4 change®f thecolortablearerequiredfor ev-
ery frame(all sampleswith evens andevent have one
table,all sampleswvith evens andoddt anotherandso
forth).

Now, if the resolutionon the (u; v)-planeis also
halved, thenit is necessaryo interpolatethe color val-
uesfor apixel in the (u; v)-planebetweenimagesgen-
eratedby four differenttablelookups. This is achieved
by renderingthe basisfunctionsfor a bi-linearinterpo-
lation into the alphachannelandthenmultiplying this
basisfunctionwith theresultof anearest-neighbaam-
pledimageresultingfrom asingletablelookup.Repeat-
ing this processfour times with four differentlookup Fi9- 5. Top: the2 2 texture
tablesand the four correspondingasisfunctions,and ;Jigﬁgitr?tc:etﬁgglrtgzguifsé?f%g(t::
summingup the resultsin the framehuffer, yields the tom: The setofpbasisfun.ctions
correctlyreconstruct_ed’nag_e. . for onecolor table. Thisimage
To renderthebasisfunctionsinto thealphachannel, a5 generatedy applying bi-
we specifyasingle2 2 texturein which exactly one jineartexture Itering to several
pixelis one,andthe othersarezero. By replicatingthis  replicatedcopiesof the texture
texture accordingto the resolutionof the (u; v)-plane from theleft.
in theoriginal light eld, andby usingbi-lineartexture
mapping the basisfunctionsfor, say all oddu andall evenv samplesanberendered.
If the sametexture is shifted by one texel in subsequentenderingpassesthe other
basisfunctionscanberenderedaswell. Fig. 5 illustratesthis method.The costof this
techniquds aboutfour timesthe costof renderinganuncompresselight eld, sothat
the methodonly paysoff if the texture RAM is too small to hold the completedata
set.Thecolor platesshaov a comparisorof theuncompresselight eld renderingwith
vectorquantizediatasets.

Another hardware-acceleratedlgorithm for renderinglight elds that might be-
comeinterestingn thefuture,is 4-dimensionatexturemapping.Currently thisfeature
is supportedon somehigh-endSGI machines.With 4D texture mappingthe render




ing of 2-planeparameterizetight elds becomesextremelysimple. The(s;t) grid is
projecteddown on the (u; v)-planeto computethe texture coordinatedor the corner
verticesof the (u; v)-grid. Then(u; v)-planeis renderedasa single polygonwith the
precomputedD texturecoordinatesandthelight eld asatexture.

4D texture mappingis alsointerestingin combinatiorwith the pixel texture exten-
sion, and canbe appliedin the re ection and refractionalgorithmfrom Section4.1.
Here,the R, G, B, and A channelsof eachpixel in the imageare interpretedas 4D
texturecoordinatesl, v, s, andt.

The disadwantageof 4D texture mappingin the contet of light eld renderingis,
thatthewholelight eld needso t into thetexture RAM. For practicalapplications
this mandateshe useof a compressiotechniqueandVQ is againa goodchoicethat
allows usto exploit graphicshardware.

Since4D texturemappingdoesnottreatthe (u; v)-planedifferentlyfrom the(s; t)-
planelik e the algorithmfrom [6], the implementationis somavhat differentthande-
scribedabove. Whatremainsis the conceptof usingthe alphachannelo renderbasis
functionsfor the differentlookup tables. This time, however, the basisfunctionsare
generatedby 4D texturesof resolution2*. In eachof thesetextures,exactly two pixels
areoneandtheothersarezero.Fig. 6 illustratesthis for a 2-dimensionatlight eld”.

e
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Fig. 6. Thetexturesthatcomprisethe basisfunctionsfor a2D “light eld”, andtheraysthateach
basisfunctioncorrespondso.

6 Discussionand Conclusion

In this paperwe have exploredpracticaltechniquedor applyinglight elds to theren-
deringof re ections andrefractionson curved objects. Firstly, our methodseparates
geometricandillumination informationinto two independenimage-basedepresenta-
tions. The advantageof this approachs anincreasede xibility for modeling. Image-
basedrepresentationsf objectscanbe positionedin a sceneandlit by image-based
representationsf the illumination in that scene. Existing graphicshardware can be
efciently utilized for theimplementatiorof the algorithm.

Secondlywe have describedatechniqueor renderingvectorquantizedight elds
directly with graphicshardware. This approachs not limited to the renderingof re-
ections andrefractionsput is a naturalextensionof the hardwarealgorithmpresented
in [6], andcanthereforebe usedwith all hardwarelight eld renderers.

The techniquegpresentedererely on someOpenGLextensionghat have not yet
becomemainstreanfeaturesin low-end graphicshardware. However, all the exten-
sionsusedhave provento be usefulin several otherapplicationsaswell [20, 12], so
thatit seemdikely thatsomeof thesefeatureswill nd their way into future graphics
standards.

This ideaof storinggeometridnformationinsteadof simply color valuesin alight
eld canbe extendedeven further For example,if normalvectorsare storedin the
light eld datastructurethelocalilluminationfor theobjectcanbecomputedisingthe



very samehardwaretechniqueslsoappliedto normalmapsin [11] and[9]. With these
techniquesit is possibleto recomputethe illumination for eachpoint usingcomple
materialsmodels. This allows for image-basedenderingwith changingillumination,
anareathathasrecentlybeenof increasednterestin theresearcltommunity
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Light eld renderingwvith decoupledjeometryandillumination, thelatterbeingprovidedthrough
anervironmentmap.Top: color codedtexture coordinatedor the ervironmentmap,asextracted
from thegeometnylight eld. Bottom: nal renderingsCompareFig. 3.

Theglossytoruson the left is the resultof a geometryrenderingwith a pre Itered ervironment
map. Thetorusin the centerrepresentshe refractionpart. Both partshave beenweightedby

theappropriaté=resnekterm. Theright imageshows the combinationof the two parts.Compare
Fig. 4.

Renderingof vectorquantizedight elds. Left: uncompressed;enter: reducedresolutionon
the (u; v)-plane right: reducedesolutionin all 4 dimensions.
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