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Abstract

With fast3D graphicshecomingmoreandmoreavailableeven on
low end platforms,the focusin hardware-acceleratetenderingis
beginning to shift towardshigherquality renderingand additional
functionality insteadof simply higher performanceimplementa-
tionsbasedonthetraditionalgraphicspipeline.

In this paperwe presenttechniquesfor realistic shadingand
lighting usingcomputergraphicshardware. In particular we dis-
cussmultipassmethodsfor high quality local illumination using
physically-basede ection models aswell astechniquesor thein-
teractize visualizationof non-difuseglobalillumination solutions.
Theseresultsarethencombinedwith normalmappingfor increas-
ing thevisualcompleity of renderedmages.

Althoughthetechniquegpresentedn this papemwork atinterac-
tive framerateson contemporangraphicshardware, we alsodis-
cusssomemodi cations of the renderingpipelinethathelpto fur-
therimprove both performanceand quality of the proposedmeth-
ods.
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1 Introduction

Until recently themajorconcerrin thedevelopmentof new graph-
ics hardware has beento increasethe performanceof the tradi-
tional renderingpipeline. Today graphicsacceleratorsvith a per
formanceof several million textured, lit trianglesper secondare
within reachevenfor the low end. As a consequenceye seethat
the emphasigs beginning to shift away from higherperformance
towardshigherquality renderingsandanincreasedeaturesetthat
males graphicshardware applicableto more demandingapplica-
tions.

Despitethis development,most currentgraphicshardware still
only usesa local Phongillumination model, which was shavn to
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be inappropriatea long time ago[4]. Moreover, techniquedor vi-
sualizing non-difuse global illumination are not widely applied,
althoughseveralresearcherbave worked on suchmethods.

In this paper we presenta classof techniquego improve the
quality of shadingandlighting in hardware-acceleratedomputer
graphics.We startwith algorithmsfor high-qualitylocalillumina-
tion usingalternatve lighting modelssuchasthe oneby Torrance
andSparrav [39]. This approaclhis basecn ananalyticfactoriza-
tion of the respectre modelinto bivariatetermsthat can be rep-
resentedas texture maps. We then discussmethodsfor visualiz-
ing non-difuseglobalillumination solutionshasedn ervironment
maps. We introduceboth a Fresneltermfor simulatingre ections
in non-metallicobjects,aswell asa pre- ltering methodfor ervi-
ronmentmaps.To thisend,wealsoreview analternatve parameter
izationfor environmentmapsthatwe recentlyintroduced20], and
thatallows usto useone mapfor all viewing positionsanddirec-
tions. Thesetechniquesre nally combinedwith normalmapping
to increasahevisualcompl«ity of thescene.

Although the techniquespresentechere producerenderingsat
interactive framerateson contemporargraphicshardware,amore
directsupportby future hardware could be achieved throughsome
modi cations of the renderingpipeline. Thesewill be outlinedat
theendof this paper

2 Previous Work

Most of todays graphicshardware useseither the Phong(7], or

the Blinn-Phong[4] illumination model. Many other physically
more plausiblemodelshave beenproposed but have so far only

beenusedin software renderingsystemsor by hardware that has
programmablehaderssuchas[30]. The mostimportantof these
modelsarethe oneshy Torranceand Sparrav [39] and Cook and

Torrancq11]. TheTorrance-Sparme modelusesa Gaussiamicro

facetdistribution functionanda geometricattenuatiorfactorbased
on the assumptiorof v-shapedyrooves on the surface. Otherdis-

tribution functionshave beenproposedfor example,by Beckmann
and Spizzichino[3], while Smith [36] presentech more accurate
geometryterm underthe assumptiorof a Gaussiarfacetdistribu-

tion. He etal. [18] proposedhe HTSG modelbasedlirectly onthe

Kirchhoff theoryof electromagneticelds. This modelis capable
of simulatingeven more physicaleffects, althoughat signi cantly

increasedomputationatost.

In additionto theisotropicmodeldistedabove, anisotropianod-
els have also beenproposed. Banks[1] describeda very simple
modelbasedon resultsfrom the illumination of lines in 3-space,
while Cabralet al. [8] and Poulin and Fournier[32] usesimula-
tions of differentkinds of micro geometry Ward[42] modi ed the
Torrance-Sparte modelby usingananisotropiamicro facetdistri-
bution function.

Several different methodsfor interactvely visualizing non-
diffuse global illumination have beensuggestedn the literature.
Ervironmentmapsas a meansof computinga mirror term were
proposedy Blinn [6], while thesphericaparameterizationsedby
mostgraphicshardware todaywas presentedy Haeberliand Se-
gal[16]. DiefenbacH13] demonstrated multipassmethodfor ren-
deringmirror andglossyre ections on planarsurfaces. Ofek and



Rappopor{29] interactvely computemirror re ections off curved
re ectorsby warpingthere ected geometry Miller etal. [28] pro-
poseanapproachwherethe glossyre ection on a surfaceis stored
in acompressetight eld, andWalteretal. [41] placevirtual lights
in the sceneto simulateglossyre ections. Stirzlinger and Bas-
tos[38] employ multipassrenderingo visualizetheresultof apho-
ton tracingalgorithm. Finally, in somework developedin parallel
to ours,Bastosetal. [2] usetexturesand ltering techniquego ren-
derre ectionsin planarobjectshasedon physicallycorrectre ec-
tion models,andCabraletal. [9] proposeanervironmentmapping
techniquéfor glossyre ectionsnotunlike ours.

Bump maps,originally introducedby Blinn [5], have recently
found their way into hardware-acceleratedendering. Somere-
searcherg§14, 26, 31] built or proposeddedicatedgraphicshard-
ware to implementbump maps,while others[25] use multipass
techniqueso realize bump mapswith traditional graphicshard-
ware. In contrastto bump maps,which de ne the variationof the
surfacenormalin termsof a bump height, normal mapsdirectly
specifythe directionof the surfacenormal. On the onehand,nor
mal mapsarelessexpensve to computethanbumpmaps,andcan
alsobe generatednoreeasily for exampleby measurement83],
or surfacesimpli cation [10]. Ontheotherhand,normalmapsare
attachedo the underlyinggeometrywhile bump mapscanbe ap-
pliedto ary surface.

3 Alternative Lighting Models for
Local Illumination

In this sectionwe describetechniquedor applyingphysicallyac-
curatere ection modelsto the computationof local illumination
in hardware-basedendering. Ratherthanreplacingthe standard
Phongmodelby anothersingle, x edmodel,we seeka methodthat
allows usto utilize a wide variety of differentmodelsso that the
mostappropriatanodelcanbechoserfor eachapplication.

To achieve this e xibility without introducingproceduralkshad-
ing, a sample-basedepresentationof the BRDF seemsmost
promising. However, a faithful samplingof 3D isotropic or 4D
anisotropicBRDFsrequirestoo muchstorageto be usefulon con-
temporarygraphicshardware. Wavelets or sphericalharmonics
couldbeusedto storethis datamorecompactly but theserepresen-

tationsdo not easilylendthemselesto hardwareimplementations.

3.1 Isotropic Models

We proposea differentapproach. It turns out that most lighting
modelsin computeigraphicscanbefactoredntoindependentom-
ponentsthat only dependon oneor two angles. Considey for ex-
amplethe modelby TorranceandSparrav [39]:
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wheref, istheBRDF, istheanglebetweerthesurfacenormal
n andthe vector T pointing towardsthe light source,while is
theanglebetweermn andtheviewing direction¥. The geometryis
depictedn Figurel.

Fora x edindex of refraction the FresnetermF in Equationl
only dependon the angle betweenthe light directionT andthe
micro facetnormalfi, which is the halfway vectorbetweent and
¥. Thus, the Fresnelterm can be seenas a univariate function
F (cos ).

The micro facetdistribution function D, which de nesthe per
centageof facetsorientedin directionfi, depend®ntheangle be-
tweenh andthesurfacenormalr, aswell asaroughnesparameter
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Figurel: Thelocal geometryof re ection ataroughsurface.

Thisis truefor all widely usedchoicesof distribution functions,in-
cludinga Gaussiamlistributionof or of thesurfaceheight,aswell
asthe distribution by Beckmann[3]. Sincethe roughnesss gen-
erally assumedo be constantfor a given surface, this is againa
univariatefunctionD (cos ).

Finally, when using the geometry term G proposed by
Smith [36], which describeghe shadaing and maskingof light
for surfaceswith a Gaussiammicro facetdistribution, thistermis a
bivariatefunctionG(cos ; cos ).

The contritution of a single point- or directionallight source
with intensity |; to the intensity of the surfaceis givenasl, =
fe(T! w)cos |Ii. Thetermf,(x;T! w¥)cos canbesplitinto
two bivariatepartsF (cos ) D(cos ) andG(cos ; cos )=(
cos ), which are then storedin two independen®-dimensional
lookuptables.

Regular 2D texture mapping can be usedto implementthe
lookup process.If all vectorsare normalized,the texture coordi-
natesaresimpledotproductdbetweerthesurfacenormal,theview-
ing andlight directions,andthe micro facetnormal. Thesevectors
andtheirdot productscanbe computedn softwareandassigneas
texture coordinateso eachvertex of the object.

The interpolationof thesetexture coordinatesacrossa polygon
correspondso a linear interpolationof the vectorswithout renor
malization. Sincethe re ection modelitself is highly nonlineayr
thisis muchbetterthansimpleGouraudshadingbut notasgoodas
evaluatingtheillumination in every pixel (Phongshading).Thein-
terpolationof normalswithoutrenormalizatioris commonlyknown
asfastPhongshading

This methodfor looking up the illumination in two separate?-
dimensionaltexturesrequireseither a single renderingpasswith
two simultaneougextures,or two separateenderingpasseswvith
onetexture eachin orderto renderspeculamre ections on an ob-
ject. If two passesreused their resultsaremultiplied usingalpha
blending.A third renderingpasswith hardwarelighting (or a third
simultaneousexture)is appliedfor addinga diffuseterm.

If the light andviewing directionsareassumedo be constant,
thatis, if a directionallight and an orthographiccameraare as-
sumedthecomputatiorof thetexturecoordinatesanevenbedone
in hardware. To this end,light andviewing directionaswell asthe
halfway vectorbetweerthemareusedasrow vectorsin thetexture
matrix for thetwo textures:
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Figure2 shawvs atorusrenderedvith two differentroughnesset-
tingsusingthistechnique Theassumptiorof anorthographicam-
erafor lighting purposess quite commonin hardware-accelerated
renderingsinceit savesthenormalizationof theviewing vectorfor
eachvertex. APIs like OpenGLhave a separatenodefor appli-
cationswherethis simpli cation cannotbe used,andthe viewing
directionhasto be computedor every vertex. This casels calleda
local viewer.

Figure 2: A torusrenderedwith the Torrance-Sparw re ection
modelandtwo differentsettingsfor the surfaceroughness.

Wewouldlik eto notethattheuseof texturesfor representinghe
lighting modelintroducesan approximationerror: while the term
F D isboundedytheinterval [0; 1], thesecondermG=( cos )
exhibits a singularityfor grazingviewing directions(cos ! 0).
Sincegraphicshardvaretypically usesa x ed-pointrepresentation
of textures thetexturevaluesareclampedo therang€[0; 1]. When
theseclampedvaluesare usedfor the illumination processareas
aroundthegrazinganglescanberenderedoo dark,especiallyif the
surfaceis very shiry. This artifactcanbe reducedby dividing the
valuesstoredin the texture by a constantwhich is later multiplied
backontothe nal result. In practice,however, theseartifactsare
hardlynoticeable.

The samemethodscan be appliedto all kinds of variationsof
the Torrance-Sparm model,usingdifferentdistribution functions
andgeometryterms,or the approximationproposedn [34]. With
varying numbersof termsandrenderingpassesit is alsopossible
to comeupwith similarfactorizationdor all kindsof othermodels.
For examplethe Phong,Blinn-Phongand CosineLobe modelscan
all berenderedn asinglepasswith asingletexture,which caneven
alreadyaccounfor anambientanda diffusetermin additionto the
speculaone.

3.2 Anisotr opy

Although the treatmentof anisotropic materials is somevhat
hardey similar factorizationtechniquescan be appliedhere. For
anisotropicmodels,the micro facetdistribution function and the
geometricahttenuatiorfactoralsodependontheangle between
thefacetnormalandareferencalirectionin thetangeniplane.This
referencalirectionis givenin theform of atangentvectort.

For example, the elliptical Gaussiarmodel [42] introducesan
anisotropicfacetdistribution function speci ed as the productof
two independenGaussiarfunctions,onein the directionof t;, and
onein the direction of the binormaln  t. This makesD a bi-
variatefunctionin the angles and . Consequentlythe texture

coordinatescan be computedin softwarein muchthe sameway
asdescribedabore for isotropicmaterials. This alsoholdsfor the
otheranisotropicmodelsin computergraphicditerature.

Sinceanisotropionodelsdependn botha normalandatangent
pervertex, thetexturecoordinatesannotbegeneratedvith thehelp
of atexturematrix, evenif light andviewing directionsareassumed
to be constant.This is dueto thefactthatthe anisotropictermcan
usuallynotbefactorednto atermthatonly depend®nthesurface
normal,andonethatonly depend®nthetangent.

Oneexceptionto this rule is the modelby Banks[1], which is
mentionecheredespitethefactthatit is anad-hocmodelwhichis
not basedon physicalconsiderationsBanksde nesthere ection
off ananisotropicsurfaceas

lo=cos (Kg< MET> +ks < MOEH>Y) 17 (@)

wheren? is the projection of the light vectorT into the plane
perpendiculato thetangentvectort. Thisvectoris thenusedasa
shadingnormalfor a Blinn-Phonglighting modelwith diffuseand
specularcoefcients kq andks, andsurfaceroughness. In [37], it
hasbeenpointedout thatthis Phongtermis really only a function
of the two anglesbetweenthe tangentandthe light direction, as
well asthe tangentandthe viewing direction. This factwasused
for theillumination of linesin [37].

Applied to anisotropicre ection models,this meansthat this
Phongterm canbe looked up from a 2-dimensionatexture, if the
tangent is speci ed asatexturecoordinate andthetexture matrix
is setupasin Equation3. Theadditionatermcos in Equatiord is
computedby hardwarelighting with a directionallight sourceand
apurelydiffusematerial,sothatthe Banksmodelcanbe rendered
with onetexture andonepassperlight source.Figure3 shavs two
imagesrenderedwith thisre ection model.

Figure3: Sphereanddisk renderedvith Banks'anisotropice ec-
tion model.

4 Visualizing Global Illumination with
Environment Maps

The presentedechniquedor applying alternatve re ection mod-
elsto localillumination computationgansigni cantly increasehe
realismof syntheticimages. However, true photorealismis only
possibleif global effectsare also considered.Sincetexture map-
ping techniquedor diffuseillumination arewidely knovn andap-
plied, we concentrat®n non-difuseglobalillumination, in partic-
ularmirror- andglossyre ection.

Our approachs basedn ervironmentmaps becausehey offer
agoodcompromiseébetweerrenderingquality andstoragerequire-
ments. With environmentmaps,2-dimensionatexturesinsteadof
the full 4-dimensionafkadianceeld [28] canbe usedto storethe
illumination.



4.1 View-independent Environment Maps

The rst stepfor usingervironmentmapsis thechoiceof anappro-
priate parameterizationThe sphericalparameterizatiofil6] used
in mostof today's graphicshardwareis basedon the simpleanal-

ogy of ain nitely small, perfectly mirroring ball centeredaround
the object. The ervironmentmapis theimagethatan orthographic
cameraseeswhenlooking at this ball along the negative z-axis.

The samplingrate of this mapis maximalfor directionsopposing
the viewing direction(thatis, objectsbehindthe viewer), andgoes
towardszerofor directionscloseto the viewing direction. More-

over, thereis a singularityin the viewing direction,sinceall points
wheretheviewing vectoris tangentiako the sphereshav the same
pointof theenvironment.

With thesepropertiesit is clearthatthis parameterizatiois not
suitablefor viewing directionsotherthantheoriginalone.Mapsus-
ing this parameterizatiohave to beregeneratedor eachchangeof
theview point, evenif theenvironmentis otherwisestatic. Thema-
jor reasonwhy sphericalmapsareusedaryway; is thatthe lookup
canbecomputeckf ciently with simpleoperationsn hardware:the
texture coordinatedor a givenre ection directionaresimply the x
andy componentof the normalizedhalfway vector betweenthe
re ection vectorandthe z-axis, which actsasa referenceviewing
direction (seeFigure 4). For orthographiccamerasthis halfway
vectorsimpli es to the surfacenormal.
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Figure4: Sphericalervironmentmapsareindexed by the x andy

component®f the halfway vectorhi betweertheviewing direction
¥ andthez-axis.

A parameterizatiowhich avoidsthe problemsof sphericaimaps
is cubical environmentmapping,which consistof 6 independent
perspectie imagesfrom the centerof a cubethrougheachof its
faces.The samplingof thesemapsis fairly qpod,asthe sampling
ratesfor the directionsdiffer by afactorof 3° 3 5:2. However,
althoughhardware implementation®f this parameterizatiomave
beenproposed40], thesearenotavailableatthemoment.Therea-
sonfor thisis probablythatthehandlingof sixindependentextures
posesproblems,andthat anti-aliasingacrossthe imagebordersis
dif cult.

We usea differentparameterizationthat is both view indepen-
dentandeasyto implementon currentandfuturehardware,andthat
we rst describedn [20]. A detaileddescriptionof its properties
canbefoundin [19]. Theparameterizatiofs basedn ananalogy
similarto theoneusedto describesphericaimaps.Assumethatthe
re ecting objectlies in the origin, and that the viewing direction
is alongthe negative z axis. The imageseenby an orthographic
cameravhenlooking attheparaboloid

1 1
foay) =5 §(x2+y2); xX*+y? 1 (5)

containsthe information aboutthe hemispherdacingtowardsthe
viewer (seeFigure5). The completeenvironmentis storedin two
separateextures, eachcontainingthe information of one hemi-
sphere.

-

Figure5: There ectionsoff aparaboloiccanbeusedto parameter
izetheincominglight from ahemispheref directions.

One useful propertyof this parameterizatiofs a very uniform
samplingof the hemisphereof directions. The differential solid
anglecoveredby a pixel atlocation(x; y) is givenas

dA

iy fay)Tiz

wheredA is thedifferentialareaof the pixel. Fromthisformula,
it is easyto derive the factthatthe samplingrateonly variesby a
factorof 4, which is evenbetterthanfor cubicalmaps[19].

Anotherbig adantageof this parameterizatiois thatit canbe
usedvery ef ciently in hardwareimplementations Sincethe nor
mal of the paraboloidin Equation5 is the vector|[x; y; 1;0]", the
texture coordinatedor this parameterizatiorare given as hy =h,
andhy =h;,. Thus,if there ection vectorr, in eye spaces speci-
ed astheinitial setof texture coordinatesthe coordinateshneeded
for theenvironmentlookupcanbecomputedisinga projective tex-
turematrix:

d (x;y) = Sr; (6)
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whereM is a linear transformationmappingthe ervironment
mapspacdnto eye space The ervironmentmapspaces the space
in which the ervironmentis de ned, thatis, the one,in which the
paraboloidis given by Equation5. The inverseof M thus maps
the r, backinto this space. Thenthe matrix S addsthe vector

[0;0; 1;0]" to computethe halfway vectorfi, and nally P copies
the z-componeninto the homogeneousomponentw to perform
theperspectie division.

In orderto specify+, asthe initial setof texture coordinates,
this vectorhasto be computedpervertex. This canbeachieved ei-
therin software,or by a hardware extensionallowing for the auto-
maticcomputatiorof thesetexturecoordinateswhichwe proposed
in [20]. Kilgard [23] hasimplementedhis extensionfor Mesaand
thenew driversfor the Riva TNT graphicschip.

Whatremaingto bedoneis to combinefrontfacingandbackfc-
ing regionsof theenvironmentinto a singleimage. To this end,we
markthosepixelsinsidethecirclex? + y2 1 of oneof thetwo
mapswith analphavalueof 1, the otherswith 0. Thesecondmap
doesnot needto containan alphachannel. Then,with eithera sin-
gle renderingpassandtwo texture maps,or two separateéendering
passesthe objectis renderedwith the two differentmapsapplied,
andthe alphachannelof the rst mapis usedto selectwhich map
shouldbevisible for eachpixel.

Figure6 shavs thetwo imagescomprisingan ervironmentmap
in this parameterizatiorgswell astwo imagesrenderedvith these



mapsunderdifferentviewing directions. The environmentmaps
were generatedusing a ray-caster The marked circular regions
containtheinformationfor thetwo hemispheresf directions.The
regionsoutsidethe circlesare,strictly speakingnot partof theen-
vironmentmap,but areusefulfor avoiding seamsetweerthetwo
hemisphere®f directions,aswell asfor generatingmipmapsof
theenvironment.Thesepartshave beengeneratedby extendingthe
paraboloidrom Equation5 to thedomain[ 1; 12

R

Figure6: Top: two parabolicimagescomprisingoneenvironment
map.Bottom: renderingof atorususingthis environmentmap.

4.2 Mip-map Level Generation for Parabolic Maps

Anti-aliasing of parabolic environment maps can be performed
using ary of the known pre Itering algorithms, such as mip-
mapping[43]. For correctpre ltering, the front- and backfc-
ing mapsneedto containvalid informationfor the whole domain
[ 1;1J%, asin Figure6.

The next level in the mip-map hierarchyis then generatedy
computinga weightedsum for each2 2 block of texels. The
weight for eachtexel is proportionalto the solid angleit covers
(Equation6). The sumof thesesolid anglesis the solid anglecov-
eredby thetexel in thenewv mip-maplevel, andis usedasaweight
for thenext iterationstep.

Mip-mappingis, of course anisotropic ltering techniqueand
thereforeproducesexcessie blurring for grazingviewing angles.
Theseproblems,are, however in no way speci ¢ to ervironment
maps.By weightingeachpixel with its solid angle, Itering is cor
rectwithin thelimits of themip-mappingapproachsinceeachtexel
in the mapis correctlyanti-aliasedandeachpixel on the objectis
texturedby exactly onehemisphericaimap.

4.3 Mirror and Diffuse Terms with Environment
Maps

Oncean environmentmapis given in the parabolicparameteriza-
tion, it canbeusedto addamirror re ection termto anobject.Due
to the view-independenhatureof this parameterizationpne map
sufces for all possibleviewing positionsand directions. Using
multi-passrenderingandeitheralphablendingor anaccumulation

buffer [17], it is possibleto adda diffuseglobalillumination term
throughthe useof a precomputedexture. Two methodsexist for
the generatiorof suchatexture. Oneway is, thata global illumi-
nationalgorithm suchas Radiosityis usedto computethe diffuse
globalilluminationin every surfacepoint.

The secondapproachs purely image-basedandwas proposed
by Greeng[15]. The environmentmap usedfor the mirror term

containsinformationabouttheincomingradiancelL (x;T), where

X is the point for which the environmentmapis valid, andt the
direction of the incominglight. This information can be usedto
pre lter the environmentmapto representhe diffusere ection of
anobjectfor all possiblesurfacenormals.Lik e regularenvironment
maps,this texture is only valid for one pointin space but canbe
usedasanapproximatiorfor nearbypoints.

4.4 Fresnel Term

A regular ervironmentmap without pre ltering describeshe in-

comingillumination in a pointin space.If this informationis di-

rectly usedasthe outgoingillumination, aswith regular environ-

mentmapping,only metallic surfacescanbe modeled.This is be-

causdor metallicsurfacegsurfaceswith ahighindex of refraction)
the Fresneltermis almostone,independenbf the anglebetween
light directionand surfacenormal. Thus, for a perfectly smooth
(i.e. mirroring) surface,incominglight is re ected in the mirror

directionwith a constante ectance.

For non-metallicmaterials(materialswith a small index of re-
fraction),however, there ectancestronglydepend®n theangleof
theincominglight. Mirror re ections on thesematerialsshouldbe
weightedby the Fresnetermfor theanglebetweerthe normaland
theviewing directionw.

Similarto thetechniquegor localillumination presentedh Sec-
tion 3, the FresnetermF (cos ) for themirror directionf, canbe
storedn atexturemap.Sincehereonly theFresnetermis required,
a 1-dimensionatexturemapsufces for this purpose This Fresnel
termis renderedto the frameluffer's alphachannelin a separate
renderingpass.Themirror partis thenmultiplied with thistermin
asecondpassandathird passis usedto addthe diffusepart. This
yieldsanoutgoingradianceof L, = F Lm + Lg, whereL, isthe
contrikution of the mirror term,while L 4 is the contritution dueto
diffusere ections.

In additionto simply adding the diffuse part to the Fresnel-
weightedmirror re ection, we can also usethe Fresnelterm for
blendingbetweerdiffuseandspecularL, = F Ly + (1 F)Lg.
This allows usto simulatediffusesurfaceswith atransparentoat-
ing: the mirror term describeghere ection off the coating. Only
light not re ected by the coatinghits the underlyingsurfaceandis
therere ected diffusely

Figure 7 shavs imagesgeneratedising thesetwo approaches.
In the top row, the diffuse term is simply addedto the Fresnel-
weightedmirror term(theglossyre ection is zero).For arefractive
index of 1.5 (left), which approximatelycorrespondso glass,the
objectis only specularfor grazingviewing angleswhile for ahigh
index of refraction(200, right image),which is typical for metals,
thewholeobjectis highly specular

Thebottomrow of Figure7 shavstwo imagegyenerateavith the
secondapproach.For alow index of refraction,the specularterm
is againhigh only for grazingangles,but in contrastto theimage
above, the diffusepartfadesout for theseangles.For a high index
of refraction,which, as pointedout above, correspond$o metal,
thediffusepartis practicallyzeroeverywhere sothatthe objectis
aperfectmirror for all directions.



Figure7: Mirror anddiffusere ectionsweightedby a Fresneterm
for avaryingindex of refraction. Top: constandiffusecoefcient,
bottom: diffusere ection fadingout with the Fresnekerm.

4.5 Precomputed Glossy Re ection and
Transmission

We would now like to extendthe conceptof environmentmapsto

glossyre ections. Theideais similarto thediffusepre Itering pro-
posedby Greend15] andtheapproactby VoorhiesandForan[40]

to useervironmentmapsto generatd’honghighlightsfrom direc-
tional light sources.Thesetwo ideascanbe combinedto precom-
puteanervironmentmapcontainingthe glossyre ection of anob-
jectwith a Phongmaterial.With this concepteffectssimilarto the
onespresentedby Debevec[12] arepossiblein realtime.

As shavn in [24], thePhongBRDF is givenby

. 1=r . 1=r
Pl W= ke YTy SRET>T g
cos cos
wherer, andty, arethe re ected light- and viewing directions,
respectiely.
Thus,the speculaglobalillumination usingthe Phongmodelis
VA
<> L) d(D); 9)
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whichis only afunctionof there ection vectorr, andtheenviron-
mentmapcontainingtheincomingradiancel; (T). Thereforejt is

possibleto take amapcontaininglL i (), andgenerate Itered map
containingtheoutgoingradiancdor aglossyPhongmaterial.Since
this ltering is relatively expensve, it cannotbe redonefor every
framein aninteractive application. Thus, it is importantto usea
view-independenparameterizatiosuchasour parabolicmaps.

Figure8 shavs sucha mapgeneratedrom the original erviron-
mentin Figure6, aswell asa glossysphereexturedwith this map.
Thesametechniquecanbe appliedto simulateglossytransmission
onthin surfaces.Thisis alsodepictedn Figure8.

If theoriginal ervironmentmapis givenin ahigh-dynamiaange
format,thenthis pre Itering techniqueallows for effectssimilar to
the onesdescribedby Debevec [12]. Although re ections of an
objectontoitself cannotbe modeledby ervironmentmaps theren-
deringsarequite corvincing, consideringhattheseimagescanbe

Figure8: Top: original parabolicmapusedin this gure andFig-
ure7, aswell aspre Itered mapwith aroughnes®f 0.01. Bottom:
applicationof the ltered mapto are ectivetorus(left) andatrans-
missie rectanglgright).

renderedtframeratesof about20Hzevenonlow endworkstations
suchasanSGI 02.

5 Normal Maps

Bump mapsare becomingpopularfor hardware-accelerateden-
dering,becausehey allow usto increasehevisualcompleity of a
scenawithout requiringexcessive amountof geometricdetail.

Normalmapscanbe usedfor achiering the samegoal,andhave
the adwantagethat the expensve operationgcomputingthe local
surfacenormalby transformingthe bumpinto thelocal coordinate
frame)have alreadybeenperformedin a preprocessingtage. All
thatremaingo bedoneis to usetheprecomputediormalsfor shad-
ing eachpixel. Anotheradwantageof normalmapsis thatrecently
methodshave shavn up for measuringhem directly [33], or for
generatinghemasa by-productof meshsimpli cation [10]. Al-
thoughwe only handlenormal mapshere, someof theseresults
couldalsobe usefulfor implementation®f bumpmaps,aswill be
discussedn Section6.

In this section,we rst describehowv normal mapscan be lit
accordingo the Blinn-Phongillumination modelusinga setof so-
calledimaging opeiations Thesehave beenformally de ned in
OpenGLversionl.2[35], andit canthereforebeexpectedhatthey
will beavailableon awide variety of futuregraphicshardware.

Afterwards,we discusshow the techniquedor otherlocal illu-
minationmodelsfrom Section3, aswell asthe ervironmentmap-
ping techniquedrom Section4 canbe usedtogetherwith normal
maps.This partreliesonthepixeltexture extensionthatis currently
only availablefrom Silicon Graphicg22]. It hasbeenshavn else-
where[21], thatthis extensionis so powerful andversatile thatit
might beimplementedy othervendorsin future systems.

Themethoddescribechereassumeanorthographicameraand
directionallight sourcesTheartifactsintroducedby theseassump-
tions are usually barely noticeablefor surfaceswith bump maps,
becausehe additionaldetailhidesmuchof them.



5.1 Normal Maps with local Blinn-Phong Illumina-
tion

Among mary otherfeatureqsee[35] for details),theimagingop-
erationsmake it possibleto applya4 4 matrixto eachpixel in an
image,asit is transferredo or from the framebuffer or to texture
RAM. Following this color matrix transformationa lookup table
may be appliedto eachindividual color component.

With thesetwo mechanisma&nda givennormalmapin theform
of a color codedimage,themapcanbelit in two renderingpasses.
First, a color matrix is speci ed, which mapsthe normalfrom ob-
jectspaceanto eye spaceandthencomputeghediffuseillumination
(which is essentiallygiven by the dot productwith the light direc-
tion). Whenthe normalimageis now loadedinto texture RAM,
thelighting computationsreperformed Afterwardstheloaded it
textureis appliedto the objectusingtexture mapping.

A similar secondrenderingpassdraws the speculampart. This
time, however, thematrix computeshedot productbetweemormal
andthehalfwayvectorh from Figurel. Theexponentiatiorby 1=r,
wherer is the surfaceroughnessis performedby a color lookup
table.

Figure9 shavs two imageswhereonepolygonis renderedvith
thistechnique Ontheleft side,asimpleexponentialwave function
is usedas a normalmap. The normalmapfor the imageon the
right side hasbeenmeasuredrom a pieceof wallpaperwith the
approachpresentedn [33].

Figure 9: Two Phong-litnormal maps. The right one hasbeen
measuredrom a pieceof wallpaperusingthe approaclpresented
in [33].

5.2 Normal Maps with Other Re ection Models
and Environment Maps

Thetechniquegrom Sections3 and4 couldalsobe appliedto nor
malmaps|f thetexturelookupcouldbeperformederpixel instead
of only pervertex. This canbeachieved usingthe pixel texture ex-
tensionfrom Silicon Graphics. It addsan additionalstageto the
renderingpipelinedirectly afterthe color matrixandthecolortable
describedabore. This stageallows to interpreteachof the color
componentsas a texture coordinatepointing into a 1-, 2-, 3-, or
4-dimensionatexture (see[22] for details).

This leadsto the following algorithm for applying alternatve
lighting models:

Renderthe objectwith the color codednormalmapasa tex-
ture,therebymarkingeachvisible pixel in the stencilbuffer.

Copy theframebuffer to mainmemory Thisyieldsanimage
which containsthe normalvectorfor eachpixel.

For eachpassdescribedn Section3, setup the color matrix
andblendingasrequiredby therespectieilluminationmodel,

andcopy thenormalimagefrom mainmemoryinto theframe
buffer. Copy only thosepixelsmarkedin the stencilbuffer.

For environmentmaps the situationis somevhatmoredif cult,
becausehe parabolicparameterizatiomequiresthe useof projec-
tive textures,which arecurrentlynot supportedy the pixel texture
extension.As hasbeenpointedoutin [21], thislimitation alsopre-
ventstheuseof pixel texturesin otherinterestingapplicationssuch
asshadwv maps.Hopefully this restrictionwill be removedin the
future. Until then,pixel texturescanstill be usedfor ervironment
mappingfrom a x ed viewing direction, which of coursedefeats
thepointof introducingthe parabolicparameterization.

Theimagesin Figure 10 weregeneratedisingthe pixel texture
extensionanda single,view-dependengrvironmentmap.

Figure10: Combinationof ervironmentmappingandnormalmap-
ping. Left: ervironmentmaponly. Right: Local Phongillumina-
tion pluservironmentmap.

6 Discussion and Conclusions

The methodsdescribedn this paperprovide meansor generating
realisticshadingandlighting effectswith computergraphicshard-

ware. We have concentrate@n conceptshatcanbe implemented
on currentgraphicshardware. All the techniquegresentechere
run at frameratesof 15-20Hzon an SGI O2 (exceptfor the ones
requiringpixel textures,which the O2 doesnot support),and> 20

Hz onanSGI OctaneMXE.

To conclude we would now like to mentionsomeissueswhich
we deemimportantfor thedesignof future graphicshardware:

Thenumberof requiredrenderingpassess reduceddramatically
if the hardware hassupportfor multiple textures. This is a feature
which is begginning to appearon PC boards,andwill probablybe
universallyavailablesoon.

Pixel texturesare a very valuabletool and shouldbe available
on more platforms(see[21] for otherapplicationsthan presented
here).They shouldalsosupportprojective textures.

Theeasiestvayto directly supportourtechniquesn futurehard-
wareis to addmoreautomatictexture generatiormodes.For local
illumination with isotropic lighting models, the cosinesbetween
surfacenormal,facetnormal,light directionandviewing direction
arerequired.Exceptfor orthographioviewing anddirectionallight
sourcestheseanglesneedto be computedin software, which re-
quiresthe transformatiornof all vectorsinto eye space. For hard-
warelighting, thesevectorsareavailablein eye spacearyway, soif
the hardwarecouldgeneratéhesecosinevaluesautomaticallythis
would both improve the performanceand simplify the implemen-
tation. Automatictexture coordinategenerations alsousefulfor
generatinghe re ection vectorrequiredfor the parabolicerviron-
mentmapparameterizationAs pointedout above, this extensionis
alreadyavailablein someimplementation®f OpenGL[23].



A moreambitiouschangeto the renderingpipelinewould be to
replacethe traditional hardware Phonglighting with a customiz-
ablesampling-basedpproachin this casethe programmexvould
specify the materialas a setof two or three2-dimensionatables

thatcanbe downloadedto the hardware. The geometryprocessing

hardwarecanthencomputetheindicesinto theseablesfor multiple
light sourcesatthe sametime.

Althoughwe have only discussediormalmaps the shadingand
lighting techniquegresentederecould also be appliedto bump
mappinghardware, by allowing an additionaltexture accessafter
the normalfor a pixel hasbeencomputed.This would, in particu-
lar, beatransparenimplementatiorof environmentmapsfor bump
mappinghardvare.
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