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Abstract

With fast3D graphicsbecomingmoreandmoreavailableevenon
low endplatforms,the focusin hardware-acceleratedrenderingis
beginning to shift towardshigherquality renderingandadditional
functionality insteadof simply higher performanceimplementa-
tionsbasedon thetraditionalgraphicspipeline.

In this paperwe presenttechniquesfor realistic shadingand
lighting usingcomputergraphicshardware. In particular, we dis-
cussmultipassmethodsfor high quality local illumination using
physically-basedre�ection models,aswell astechniquesfor thein-
teractive visualizationof non-diffuseglobal illumination solutions.
Theseresultsarethencombinedwith normalmappingfor increas-
ing thevisualcomplexity of renderedimages.

Althoughthetechniquespresentedin this paperwork at interac-
tive framerateson contemporarygraphicshardware,we alsodis-
cusssomemodi�cations of therenderingpipelinethathelp to fur-
ther improve both performanceandquality of the proposedmeth-
ods.

CR Categories: I.3.1 [Computer Graphics]: Hardware
Architecture—Graphicsprocessors;I.3.3 [Computer Graphics]:
Picture/ImageGeneration—Bitmapand frame buffer operations;
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ics andRealism—Color, Shading,Shadowing andTexture
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1 Intr oduction

Until recently, themajorconcernin thedevelopmentof new graph-
ics hardware has beento increasethe performanceof the tradi-
tional renderingpipeline. Today, graphicsacceleratorswith a per-
formanceof several million textured, lit trianglesper secondare
within reacheven for the low end. As a consequence,we seethat
the emphasisis beginning to shift away from higherperformance
towardshigherquality renderingsandan increasedfeaturesetthat
makes graphicshardware applicableto more demandingapplica-
tions.

Despitethis development,mostcurrentgraphicshardwarestill
only usesa local Phongillumination model,which wasshown to
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beinappropriatea long time ago[4]. Moreover, techniquesfor vi-
sualizingnon-diffuse global illumination are not widely applied,
althoughseveralresearchershave workedon suchmethods.

In this paper, we presenta classof techniquesto improve the
quality of shadingandlighting in hardware-acceleratedcomputer
graphics.We startwith algorithmsfor high-qualitylocal illumina-
tion usingalternative lighting modelssuchastheoneby Torrance
andSparrow [39]. This approachis basedon ananalyticfactoriza-
tion of the respective model into bivariatetermsthat can be rep-
resentedas texture maps. We then discussmethodsfor visualiz-
ing non-diffuseglobalilluminationsolutionsbasedonenvironment
maps.We introducebotha Fresneltermfor simulatingre�ections
in non-metallicobjects,aswell asa pre-�ltering methodfor envi-
ronmentmaps.To thisend,wealsoreview analternativeparameter-
izationfor environmentmapsthatwe recentlyintroduced[20], and
thatallows us to useonemapfor all viewing positionsanddirec-
tions.Thesetechniquesare�nally combinedwith normalmapping
to increasethevisualcomplexity of thescene.

Although the techniquespresentedhereproducerenderingsat
interactive frameratesoncontemporarygraphicshardware,amore
directsupportby futurehardwarecouldbeachievedthroughsome
modi�cations of the renderingpipeline. Thesewill be outlinedat
theendof this paper.

2 Previous Work

Most of today's graphicshardware useseither the Phong[7], or
the Blinn-Phong[4] illumination model. Many other, physically
moreplausiblemodelshave beenproposed,but have so far only
beenusedin software renderingsystemsor by hardware that has
programmableshaders,suchas[30]. Themostimportantof these
modelsarethe onesby TorranceandSparrow [39] andCook and
Torrance[11]. TheTorrance-Sparrow modelusesaGaussianmicro
facetdistribution functionanda geometricattenuationfactorbased
on theassumptionof v-shapedgrooveson thesurface. Otherdis-
tributionfunctionshavebeenproposed,for example,by Beckmann
andSpizzichino[3], while Smith [36] presenteda moreaccurate
geometryterm underthe assumptionof a Gaussianfacetdistribu-
tion. Heetal. [18] proposedtheHTSGmodelbaseddirectlyon the
Kirchhoff theoryof electromagnetic�elds. This modelis capable
of simulatingevenmorephysicaleffects,althoughat signi�cantly
increasedcomputationalcost.

In additionto theisotropicmodelslistedabove,anisotropicmod-
els have also beenproposed. Banks[1] describeda very simple
modelbasedon resultsfrom the illumination of lines in 3-space,
while Cabralet al. [8] andPoulin and Fournier [32] usesimula-
tionsof differentkindsof micro geometry. Ward[42] modi�ed the
Torrance-Sparrow modelby usingananisotropicmicro facetdistri-
bution function.

Several different methods for interactively visualizing non-
diffuse global illumination have beensuggestedin the literature.
Environmentmapsas a meansof computinga mirror term were
proposedby Blinn [6], while thesphericalparameterizationusedby
mostgraphicshardware todaywaspresentedby HaeberliandSe-
gal[16]. Diefenbach[13] demonstratedamultipassmethodfor ren-
deringmirror andglossyre�ections on planarsurfaces.Ofek and



Rappoport[29] interactively computemirror re�ectionsoff curved
re�ectorsby warpingthere�ectedgeometry. Miller et al. [28] pro-
poseanapproachwheretheglossyre�ection on a surfaceis stored
in acompressedlight �eld, andWalteretal. [41] placevirtual lights
in the sceneto simulateglossyre�ections. Stürzlingerand Bas-
tos[38] employ multipassrenderingto visualizetheresultof apho-
ton tracingalgorithm. Finally, in somework developedin parallel
to ours,Bastosetal. [2] usetexturesand�ltering techniquesto ren-
derre�ections in planarobjectsbasedon physicallycorrectre�ec-
tion models,andCabralet al. [9] proposeanenvironmentmapping
techniquefor glossyre�ectionsnotunlike ours.

Bump maps,originally introducedby Blinn [5], have recently
found their way into hardware-acceleratedrendering. Somere-
searchers[14, 26, 31] built or proposeddedicatedgraphicshard-
ware to implementbump maps,while others[25] usemultipass
techniquesto realizebump mapswith traditional graphicshard-
ware. In contrastto bumpmaps,which de�ne thevariationof the
surfacenormal in termsof a bump height, normal mapsdirectly
specifythedirectionof thesurfacenormal. On theonehand,nor-
mal mapsarelessexpensive to computethanbumpmaps,andcan
alsobegeneratedmoreeasily, for exampleby measurements[33],
or surfacesimpli�cation [10]. On theotherhand,normalmapsare
attachedto theunderlyinggeometry, while bumpmapscanbeap-
plied to any surface.

3 Alternative Lighting Models for
Local Illumination

In this sectionwe describetechniquesfor applyingphysicallyac-
curatere�ection modelsto the computationof local illumination
in hardware-basedrendering. Ratherthan replacingthe standard
Phongmodelby anothersingle,�x edmodel,weseekamethodthat
allows us to utilize a wide variety of differentmodelsso that the
mostappropriatemodelcanbechosenfor eachapplication.

To achieve this �e xibility without introducingproceduralshad-
ing, a sample-basedrepresentationof the BRDF seemsmost
promising. However, a faithful samplingof 3D isotropic or 4D
anisotropicBRDFsrequirestoo muchstorageto beusefulon con-
temporarygraphicshardware. Wavelets or sphericalharmonics
couldbeusedto storethisdatamorecompactly, but theserepresen-
tationsdonoteasilylendthemselvesto hardwareimplementations.

3.1 Isotr opic Models

We proposea different approach. It turns out that most lighting
modelsin computergraphicscanbefactoredinto independentcom-
ponentsthat only dependon oneor two angles.Consider, for ex-
amplethemodelby TorranceandSparrow [39]:

f r (~l ! ~v) =
F � G � D

� � cos� � cos�
; (1)

wheref r is theBRDF, � is theanglebetweenthesurfacenormal
~n and the vector~l pointing towardsthe light source,while � is
theanglebetween~n andtheviewing direction~v. Thegeometryis
depictedin Figure1.

For a �x edindex of refraction,theFresneltermF in Equation1
only dependson the angle� betweenthe light direction~l andthe
micro facetnormal~h, which is the halfway vectorbetween~l and
~v. Thus, the Fresnelterm can be seenas a univariate function
F (cos� ).

Themicro facetdistribution functionD , which de�nes theper-
centageof facetsorientedin direction~h, dependsontheangle� be-
tween~h andthesurfacenormal~n, aswell asaroughnessparameter.
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Figure1: Thelocalgeometryof re�ection at a roughsurface.

This is truefor all widely usedchoicesof distribution functions,in-
cludingaGaussiandistributionof � or of thesurfaceheight,aswell
asthe distribution by Beckmann[3]. Sincethe roughnessis gen-
erally assumedto be constantfor a given surface,this is againa
univariatefunctionD (cos� ).

Finally, when using the geometry term G proposed by
Smith [36], which describesthe shadowing andmaskingof light
for surfaceswith a Gaussianmicro facetdistribution, this termis a
bivariatefunctionG(cos�; cos� ).

The contribution of a single point- or directional light source
with intensity I i to the intensity of the surfaceis given as I o =
f r (~l ! ~v) cos� � I i . Thetermf r (x ;~l ! ~v) cos� canbesplit into
two bivariatepartsF (cos� ) � D (cos� ) andG(cos�; cos� )=(� �
cos� ), which are then storedin two independent2-dimensional
lookuptables.

Regular 2D texture mapping can be used to implement the
lookup process.If all vectorsarenormalized,the texture coordi-
natesaresimpledotproductsbetweenthesurfacenormal,theview-
ing andlight directions,andthemicro facetnormal.Thesevectors
andtheirdotproductscanbecomputedin softwareandassignedas
texturecoordinatesto eachvertex of theobject.

The interpolationof thesetexture coordinatesacrossa polygon
correspondsto a linear interpolationof the vectorswithout renor-
malization. Sincethe re�ection model itself is highly nonlinear,
this is muchbetterthansimpleGouraudshading,but notasgoodas
evaluatingtheillumination in every pixel (Phongshading).Thein-
terpolationof normalswithoutrenormalizationiscommonlyknown
asfastPhongshading.

This methodfor looking up the illumination in two separate2-
dimensionaltexturesrequireseither a single renderingpasswith
two simultaneoustextures,or two separaterenderingpasseswith
onetexture eachin order to renderspecularre�ections on an ob-
ject. If two passesareused,their resultsaremultiplied usingalpha
blending.A third renderingpasswith hardwarelighting (or a third
simultaneoustexture)is appliedfor addingadiffuseterm.

If the light andviewing directionsareassumedto be constant,
that is, if a directional light and an orthographiccameraare as-
sumed,thecomputationof thetexturecoordinatescanevenbedone
in hardware.To this end,light andviewing directionaswell asthe
halfwayvectorbetweenthemareusedasrow vectorsin thetexture
matrix for thetwo textures:
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Figure2 showsatorusrenderedwith two differentroughnessset-
tingsusingthis technique.Theassumptionof anorthographiccam-
erafor lighting purposesis quitecommonin hardware-accelerated
rendering,sinceit savesthenormalizationof theviewing vectorfor
eachvertex. APIs like OpenGLhave a separatemodefor appli-
cationswherethis simpli�cation cannotbe used,andthe viewing
directionhasto becomputedfor every vertex. This caseis calleda
local viewer.
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Figure 2: A torus renderedwith the Torrance-Sparrow re�ection
modelandtwo differentsettingsfor thesurfaceroughness.

Wewouldliketo notethattheuseof texturesfor representingthe
lighting model introducesan approximationerror: while the term
F �D isboundedby theinterval [0; 1], thesecondtermG=(� �cos� )
exhibits a singularityfor grazingviewing directions(cos� ! 0).
Sincegraphicshardwaretypically usesa �x ed-pointrepresentation
of textures,thetexturevaluesareclampedto therange[0; 1]. When
theseclampedvaluesareusedfor the illumination process,areas
aroundthegrazinganglescanberenderedtoodark,especiallyif the
surfaceis very shiny. This artifactcanbe reducedby dividing the
valuesstoredin the textureby a constantwhich is latermultiplied
backonto the �nal result. In practice,however, theseartifactsare
hardlynoticeable.

The samemethodscanbe appliedto all kinds of variationsof
theTorrance-Sparrow model,usingdifferentdistribution functions
andgeometryterms,or theapproximationsproposedin [34]. With
varying numbersof termsandrenderingpasses,it is alsopossible
to comeupwith similar factorizationsfor all kindsof othermodels.
For examplethePhong,Blinn-PhongandCosineLobemodelscan
all berenderedin asinglepasswith asingletexture,whichcaneven
alreadyaccountfor anambientandadiffusetermin additionto the
specularone.

3.2 Anisotr opy

Although the treatment of anisotropic materials is somewhat
harder, similar factorizationtechniquescan be appliedhere. For
anisotropicmodels,the micro facetdistribution function and the
geometricalattenuationfactoralsodependon theangle� between
thefacetnormalandareferencedirectionin thetangentplane.This
referencedirectionis givenin theform of a tangentvector~t.

For example,the elliptical Gaussianmodel [42] introducesan
anisotropicfacetdistribution function speci�ed as the productof
two independentGaussianfunctions,onein thedirectionof ~t, and
one in the direction of the binormal~n � ~t. This makes D a bi-
variatefunction in the angles� and � . Consequently, the texture

coordinatescan be computedin software in much the sameway
asdescribedabove for isotropicmaterials.This alsoholdsfor the
otheranisotropicmodelsin computergraphicsliterature.

Sinceanisotropicmodelsdependonbothanormalanda tangent
pervertex, thetexturecoordinatescannotbegeneratedwith thehelp
of atexturematrix,evenif light andviewing directionsareassumed
to beconstant.This is dueto thefact that theanisotropictermcan
usuallynotbefactoredinto a termthatonly dependson thesurface
normal,andonethatonly dependson thetangent.

Oneexceptionto this rule is the modelby Banks[1], which is
mentionedheredespitethefactthat it is anad-hocmodelwhich is
not basedon physicalconsiderations.Banksde�nes the re�ection
off ananisotropicsurfaceas

I o = cos� � (kd < ~n0;~l > + ks < ~n0;~h > 1=r ) � I i ; (4)

where ~n0 is the projectionof the light vector~l into the plane
perpendicularto thetangentvector~t. This vectoris thenusedasa
shadingnormalfor a Blinn-Phonglighting modelwith diffuseand
specularcoef�cients kd andks , andsurfaceroughnessr . In [37], it
hasbeenpointedout that this Phongtermis really only a function
of the two anglesbetweenthe tangentand the light direction, as
well asthe tangentandthe viewing direction. This fact wasused
for theilluminationof linesin [37].

Applied to anisotropicre�ection models,this meansthat this
Phongtermcanbe looked up from a 2-dimensionaltexture, if the
tangent~t is speci�edasa texturecoordinate,andthetexturematrix
issetupasin Equation3. Theadditionaltermcos� in Equation4 is
computedby hardwarelighting with a directionallight sourceand
a purelydiffusematerial,sothat theBanksmodelcanberendered
with onetextureandonepassperlight source.Figure3 shows two
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Figure3: Sphereanddisk renderedwith Banks'anisotropicre�ec-
tion model.

4 Visualizing Global Illumination with
Envir onment Maps

The presentedtechniquesfor applyingalternative re�ection mod-
elsto local illuminationcomputationscansigni�cantly increasethe
realismof syntheticimages. However, true photorealismis only
possibleif global effectsarealsoconsidered.Sincetexture map-
ping techniquesfor diffuseillumination arewidely known andap-
plied,we concentrateon non-diffuseglobal illumination, in partic-
ularmirror- andglossyre�ection.

Ourapproachis basedon environmentmaps,becausethey offer
agoodcompromisebetweenrenderingqualityandstoragerequire-
ments.With environmentmaps,2-dimensionaltexturesinsteadof
the full 4-dimensionalradiance�eld [28] canbe usedto storethe
illumination.



4.1 View-independent Envir onment Maps

The�rst stepfor usingenvironmentmapsis thechoiceof anappro-
priateparameterization.The sphericalparameterization[16] used
in mostof today's graphicshardwareis basedon the simpleanal-
ogy of a in�nitely small, perfectlymirroring ball centeredaround
theobject.Theenvironmentmapis theimagethatanorthographic
cameraseeswhen looking at this ball along the negative z-axis.
Thesamplingrateof this mapis maximalfor directionsopposing
theviewing direction(that is, objectsbehindtheviewer),andgoes
towardszerofor directionscloseto the viewing direction. More-
over, thereis a singularityin theviewing direction,sinceall points
wheretheviewing vectoris tangentialto thesphereshow thesame
pointof theenvironment.

With theseproperties,it is clearthatthis parameterizationis not
suitablefor viewing directionsotherthantheoriginalone.Mapsus-
ing thisparameterizationhave to beregeneratedfor eachchangeof
theview point,evenif theenvironmentis otherwisestatic.Thema-
jor reasonwhy sphericalmapsareusedanyway, is that the lookup
canbecomputedef�ciently with simpleoperationsin hardware:the
texturecoordinatesfor a givenre�ection directionaresimply thex
andy componentsof the normalizedhalfway vectorbetweenthe
re�ection vectorandthez-axis,which actsasa referenceviewing
direction (seeFigure4). For orthographiccameras,this halfway
vectorsimpli�es to thesurfacenormal.
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Figure4: Sphericalenvironmentmapsareindexed by thex andy
componentsof thehalfway vector~h betweentheviewing direction
~v andthez-axis.

A parameterizationwhichavoidstheproblemsof sphericalmaps
is cubical environmentmapping,which consistof 6 independent
perspective imagesfrom the centerof a cubethrougheachof its
faces.Thesamplingof thesemapsis fairly good,asthesampling
ratesfor thedirectionsdiffer by a factorof 3

p
3 � 5:2. However,

althoughhardware implementationsof this parameterizationhave
beenproposed[40], thesearenotavailableat themoment.Therea-
sonfor this is probablythatthehandlingof six independenttextures
posesproblems,andthatanti-aliasingacrossthe imagebordersis
dif�cult.

We usea differentparameterizationthat is both view indepen-
dentandeasyto implementoncurrentandfuturehardware,andthat
we �rst describedin [20]. A detaileddescriptionof its properties
canbefoundin [19]. Theparameterizationis basedon ananalogy
similar to theoneusedto describesphericalmaps.Assumethatthe
re�ecting object lies in the origin, and that the viewing direction
is along the negative z axis. The imageseenby an orthographic
camerawhenlookingat theparaboloid

f (x; y) =
1
2

�
1
2

(x2 + y2); x2 + y2 � 1 (5)

containsthe informationaboutthe hemispherefacingtowardsthe
viewer (seeFigure5). Thecompleteenvironmentis storedin two
separatetextures, eachcontainingthe information of one hemi-
sphere.

z

x, y

Figure5: There�ectionsoff aparaboloidcanbeusedto parameter-
ize theincominglight from a hemisphereof directions.

Oneusefulpropertyof this parameterizationis a very uniform
samplingof the hemisphereof directions. The differential solid
anglecoveredby a pixel at location(x; y) is givenas

d! (x; y) =
dA

j(x; y; f (x; y)) T j2
� sr; (6)

wheredA is thedifferentialareaof thepixel. Fromthis formula,
it is easyto derive the fact that the samplingrateonly variesby a
factorof 4, which is evenbetterthanfor cubicalmaps[19].

Anotherbig advantageof this parameterizationis that it canbe
usedvery ef�ciently in hardwareimplementations.Sincethenor-
mal of theparaboloidin Equation5 is the vector[x; y; 1; 0]T , the
texture coordinatesfor this parameterizationare given as hx =hz

andhy =hz . Thus,if there�ection vector~r v in eye spaceis speci-
�ed astheinitial setof texturecoordinates,thecoordinatesneeded
for theenvironmentlookupcanbecomputedusingaprojectivetex-
turematrix:
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whereM is a linear transformationmappingthe environment
mapspaceinto eye space.Theenvironmentmapspaceis thespace
in which theenvironmentis de�ned, that is, theone,in which the
paraboloidis given by Equation5. The inverseof M thusmaps
the ~r v back into this space. Then the matrix S addsthe vector
[0; 0; 1; 0]T to computethehalfway vector~h, and�nally P copies
the z-componentinto the homogeneouscomponentw to perform
theperspective division.

In order to specify~r v as the initial set of texture coordinates,
this vectorhasto becomputedpervertex. This canbeachievedei-
ther in software,or by a hardwareextensionallowing for theauto-
maticcomputationof thesetexturecoordinates,whichweproposed
in [20]. Kilgard [23] hasimplementedthis extensionfor Mesaand
thenew driversfor theRiva TNT graphicschip.

Whatremainsto bedoneis to combinefrontfacingandbackfac-
ing regionsof theenvironmentinto a singleimage.To this end,we
mark thosepixels insidethecircle x2 + y2 � 1 of oneof the two
mapswith analphavalueof 1, theotherswith 0. Thesecondmap
doesnot needto containanalphachannel.Then,with eithera sin-
gle renderingpassandtwo texturemaps,or two separaterendering
passes,theobjectis renderedwith the two differentmapsapplied,
andthealphachannelof the �rst mapis usedto selectwhich map
shouldbevisible for eachpixel.

Figure6 shows thetwo imagescomprisinganenvironmentmap
in this parameterization,aswell astwo imagesrenderedwith these



mapsunderdifferent viewing directions. The environmentmaps
were generatedusing a ray-caster. The marked circular regions
containtheinformationfor thetwo hemispheresof directions.The
regionsoutsidethecirclesare,strictly speaking,not partof theen-
vironmentmap,but areusefulfor avoiding seamsbetweenthetwo
hemispheresof directions,as well as for generatingmipmapsof
theenvironment.Thesepartshavebeengeneratedby extendingthe
paraboloidfrom Equation5 to thedomain[� 1; 1]2 .
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Figure6: Top: two parabolicimagescomprisingoneenvironment
map.Bottom: renderingof a torususingthis environmentmap.

4.2 Mip-map Level Generation for Parabolic Maps

Anti-aliasing of parabolic environment maps can be performed
using any of the known pre�ltering algorithms, such as mip-
mapping[43]. For correct pre�ltering, the front- and backfac-
ing mapsneedto containvalid informationfor the whole domain
[� 1; 1]2 , asin Figure6.

The next level in the mip-maphierarchyis then generatedby
computinga weightedsum for each2 � 2 block of texels. The
weight for eachtexel is proportionalto the solid angle it covers
(Equation6). Thesumof thesesolid anglesis thesolid anglecov-
eredby thetexel in thenew mip-maplevel, andis usedasa weight
for thenext iterationstep.

Mip-mappingis, of course,an isotropic�ltering technique,and
thereforeproducesexcessive blurring for grazingviewing angles.
Theseproblems,are,however in no way speci�c to environment
maps.By weightingeachpixel with its solid angle,�ltering is cor-
rectwithin thelimits of themip-mappingapproach,sinceeachtexel
in themapis correctlyanti-aliased,andeachpixel on theobjectis
texturedby exactlyonehemisphericalmap.

4.3 Mirror and Diffuse Terms with Envir onment
Maps

Oncean environmentmapis given in the parabolicparameteriza-
tion, it canbeusedto addamirror re�ection termto anobject.Due
to the view-independentnatureof this parameterization,onemap
suf�ces for all possibleviewing positionsand directions. Using
multi-passrenderingandeitheralphablendingor anaccumulation

buffer [17], it is possibleto adda diffuseglobal illumination term
throughthe useof a precomputedtexture. Two methodsexist for
thegenerationof sucha texture. Oneway is, thata global illumi-
nationalgorithmsuchasRadiosityis usedto computethe diffuse
globalillumination in every surfacepoint.

Thesecondapproachis purely image-based,andwasproposed
by Greene[15]. The environmentmap usedfor the mirror term
containsinformationaboutthe incomingradianceL i (x ;~l), where
x is the point for which the environmentmap is valid, and~l the
directionof the incoming light. This informationcan be usedto
pre�lter theenvironmentmapto representthediffusere�ection of
anobjectfor all possiblesurfacenormals.Likeregularenvironment
maps,this texture is only valid for onepoint in space,but canbe
usedasanapproximationfor nearbypoints.

4.4 Fresnel Term

A regular environmentmap without pre�ltering describesthe in-
comingillumination in a point in space.If this informationis di-
rectly usedas the outgoingillumination, aswith regular environ-
mentmapping,only metallicsurfacescanbemodeled.This is be-
causefor metallicsurfaces(surfaceswith ahighindex of refraction)
the Fresnelterm is almostone,independentof the anglebetween
light direction andsurfacenormal. Thus, for a perfectly smooth
(i.e. mirroring) surface, incoming light is re�ected in the mirror
directionwith a constantre�ectance.

For non-metallicmaterials(materialswith a small index of re-
fraction),however, there�ectancestronglydependson theangleof
theincominglight. Mirror re�ectionson thesematerialsshouldbe
weightedby theFresneltermfor theanglebetweenthenormaland
theviewing direction~v.

Similar to thetechniquesfor local illuminationpresentedin Sec-
tion 3, theFresneltermF (cos� ) for themirror direction~r v canbe
storedin atexturemap.Sincehereonly theFresneltermis required,
a 1-dimensionaltexturemapsuf�ces for this purpose.This Fresnel
term is renderedto the framebuffer's alphachannelin a separate
renderingpass.Themirror part is thenmultiplied with this termin
a secondpass,anda third passis usedto addthediffusepart. This
yieldsanoutgoingradianceof L o = F � L m + L d , whereL m is the
contribution of themirror term,while L d is thecontribution dueto
diffusere�ections.

In addition to simply adding the diffuse part to the Fresnel-
weightedmirror re�ection, we can also usethe Fresnelterm for
blendingbetweendiffuseandspecular:L o = F � L m + (1 � F )L d .
This allows usto simulatediffusesurfaceswith a transparentcoat-
ing: themirror term describesthe re�ection off the coating. Only
light not re�ectedby thecoatinghits theunderlyingsurfaceandis
therere�ecteddiffusely.

Figure7 shows imagesgeneratedusing 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 approximatelycorrespondsto glass,the
objectis only specularfor grazingviewing angles,while for a high
index of refraction(200,right image),which is typical for metals,
thewholeobjectis highly specular.

Thebottomrow of Figure7 showstwo imagesgeneratedwith the
secondapproach.For a low index of refraction,thespecularterm
is againhigh only for grazingangles,but in contrastto the image
above, thediffusepart fadesout for theseangles.For a high index
of refraction,which, aspointedout above, correspondsto metal,
thediffusepart is practicallyzeroeverywhere,sothat theobjectis
aperfectmirror for all directions.
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Figure7: Mirror anddiffusere�ectionsweightedby aFresnelterm
for a varyingindex of refraction.Top: constantdiffusecoef�cient,
bottom:diffusere�ection fadingoutwith theFresnelterm.

4.5 Precomputed Glossy Re�ection and
Transmission

We would now like to extendtheconceptof environmentmapsto
glossyre�ections.Theideais similar to thediffusepre�ltering pro-
posedby Greene[15] andtheapproachby VoorhiesandForan[40]
to useenvironmentmapsto generatePhonghighlightsfrom direc-
tional light sources.Thesetwo ideascanbecombinedto precom-
puteanenvironmentmapcontainingtheglossyre�ection of anob-
ject with a Phongmaterial.With this concept,effectssimilar to the
onespresentedby Debevec[12] arepossiblein realtime.

As shown in [24], thePhongBRDF is givenby

f r (~l ! ~v) = ks �
< ~r l ; ~v > 1=r

cos�
= ks �

< ~r v ;~l > 1=r

cos�
; (8)

where~r l , and~r v are the re�ected light- and viewing directions,
respectively.

Thus,thespecularglobalilluminationusingthePhongmodelis

L o(~r v ) = ks �
Z


( ~n )
< ~r v ;~l > 1=r L i (~l) d! (~l); (9)

which is only a functionof there�ection vector~r v andtheenviron-
mentmapcontainingtheincomingradianceL i (~l). Therefore,it is
possibleto takeamapcontainingL i (~l), andgeneratea�ltered map
containingtheoutgoingradiancefor aglossyPhongmaterial.Since
this �ltering is relatively expensive, it cannotbe redonefor every
framein an interactive application. Thus, it is importantto usea
view-independentparameterizationsuchasourparabolicmaps.

Figure8 shows sucha mapgeneratedfrom theoriginalenviron-
mentin Figure6, aswell asaglossyspheretexturedwith thismap.
Thesametechniquecanbeappliedto simulateglossytransmission
on thin surfaces.This is alsodepictedin Figure8.

If theoriginalenvironmentmapis givenin ahigh-dynamicrange
format,thenthis pre�ltering techniqueallows for effectssimilar to
the onesdescribedby Debevec [12]. Although re�ections of an
objectontoitself cannotbemodeledby environmentmaps,theren-
deringsarequiteconvincing, consideringthat theseimagescanbe
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Figure8: Top: original parabolicmapusedin this �gure andFig-
ure7, aswell aspre�ltered mapwith a roughnessof 0.01.Bottom:
applicationof the�ltered mapto are�ectivetorus(left) andatrans-
missive rectangle(right).

renderedatframeratesof about20Hzevenonlow endworkstations
suchasanSGIO2.

5 Normal Maps

Bump mapsare becomingpopular for hardware-acceleratedren-
dering,becausethey allow usto increasethevisualcomplexity of a
scenewithout requiringexcessive amountsof geometricdetail.

Normalmapscanbeusedfor achieving thesamegoal,andhave
the advantagethat the expensive operations(computingthe local
surfacenormalby transformingthebumpinto thelocal coordinate
frame)have alreadybeenperformedin a preprocessingstage.All
thatremainsto bedoneis to usetheprecomputednormalsfor shad-
ing eachpixel. Anotheradvantageof normalmapsis that recently
methodshave shown up for measuringthemdirectly [33], or for
generatingthemasa by-productof meshsimpli�cation [10]. Al-
thoughwe only handlenormal mapshere,someof theseresults
couldalsobeusefulfor implementationsof bumpmaps,aswill be
discussedin Section6.

In this section,we �rst describehow normal mapscan be lit
accordingto theBlinn-Phongilluminationmodelusinga setof so-
called imaging operations. Thesehave beenformally de�ned in
OpenGLversion1.2[35], andit canthereforebeexpectedthatthey
will beavailableona widevarietyof futuregraphicshardware.

Afterwards,we discusshow the techniquesfor otherlocal illu-
minationmodelsfrom Section3, aswell astheenvironmentmap-
ping techniquesfrom Section4 canbe usedtogetherwith normal
maps.Thispartreliesonthepixel textureextensionthatis currently
only availablefrom Silicon Graphics[22]. It hasbeenshown else-
where[21], that this extensionis so powerful andversatile,that it
mightbeimplementedby othervendorsin futuresystems.

Themethodsdescribedhereassumeanorthographiccameraand
directionallight sources.Theartifactsintroducedby theseassump-
tions are usuallybarelynoticeablefor surfaceswith bump maps,
becausetheadditionaldetailhidesmuchof them.



5.1 Normal Maps with local Blinn-Phong Illumina-
tion

Amongmany otherfeatures(see[35] for details),the imagingop-
erationsmake it possibleto applya4 � 4 matrix to eachpixel in an
image,asit is transferredto or from theframebuffer or to texture
RAM. Following this color matrix transformation,a lookup table
maybeappliedto eachindividualcolor component.

With thesetwo mechanismsanda givennormalmapin theform
of a color codedimage,themapcanbelit in two renderingpasses.
First, a color matrix is speci�ed,which mapsthenormalfrom ob-
jectspaceinto eyespaceandthencomputesthediffuseillumination
(which is essentiallygivenby thedot productwith the light direc-
tion). When the normal imageis now loadedinto texture RAM,
thelighting computationsareperformed.Afterwardstheloaded,lit
textureis appliedto theobjectusingtexturemapping.

A similar secondrenderingpassdraws the specularpart. This
time,however, thematrixcomputesthedotproductbetweennormal
andthehalfwayvector~h from Figure1. Theexponentiationby1=r,
wherer is the surfaceroughness,is performedby a color lookup
table.

Figure9 shows two imageswhereonepolygonis renderedwith
this technique.Ontheleft side,asimpleexponentialwavefunction
is usedas a normal map. The normal map for the imageon the
right sidehasbeenmeasuredfrom a pieceof wallpaperwith the
approachpresentedin [33].
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Figure 9: Two Phong-lit normal maps. The right one hasbeen
measuredfrom a pieceof wallpaperusingtheapproachpresented
in [33].

5.2 Normal Maps with Other Re�ection Models
and Environment Maps

Thetechniquesfrom Sections3 and4 couldalsobeappliedto nor-
malmaps,if thetexturelookupcouldbeperformedperpixel instead
of only pervertex. Thiscanbeachievedusingthepixel textureex-
tensionfrom Silicon Graphics. It addsan additionalstageto the
renderingpipelinedirectlyafterthecolormatrixandthecolor table
describedabove. This stageallows to interpreteachof the color
componentsas a texture coordinatepointing into a 1-, 2-, 3-, or
4-dimensionaltexture(see[22] for details).

This leadsto the following algorithm for applying alternative
lighting models:

� Rendertheobjectwith thecolor codednormalmapasa tex-
ture,therebymarkingeachvisiblepixel in thestencilbuffer.

� Copy theframebuffer to mainmemory. This yieldsanimage
whichcontainsthenormalvectorfor eachpixel.

� For eachpassdescribedin Section3, setup thecolor matrix
andblendingasrequiredby therespectiveilluminationmodel,

andcopy thenormalimagefrom mainmemoryinto theframe
buffer. Copy only thosepixelsmarkedin thestencilbuffer.

For environmentmaps,thesituationis somewhatmoredif�cult,
becausethe parabolicparameterizationrequiresthe useof projec-
tive textures,whicharecurrentlynot supportedby thepixel texture
extension.As hasbeenpointedout in [21], this limitation alsopre-
ventstheuseof pixel texturesin otherinterestingapplications,such
asshadow maps.Hopefully this restrictionwill beremoved in the
future. Until then,pixel texturescanstill beusedfor environment
mappingfrom a �x ed viewing direction,which of coursedefeats
thepointof introducingtheparabolicparameterization.

The imagesin Figure10 weregeneratedusingthepixel texture
extensionanda single,view-dependentenvironmentmap.
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Figure10: Combinationof environmentmappingandnormalmap-
ping. Left: environmentmaponly. Right: Local Phongillumina-
tion plusenvironmentmap.

6 Discussion and Conc lusions

Themethodsdescribedin this paperprovide meansfor generating
realisticshadingandlighting effectswith computergraphicshard-
ware. We have concentratedon conceptsthatcanbe implemented
on currentgraphicshardware. All the techniquespresentedhere
run at frameratesof 15-20Hzon an SGI O2 (exceptfor the ones
requiringpixel textures,which theO2doesnot support),and> 20
Hz on anSGIOctaneMXE.

To conclude,we would now like to mentionsomeissueswhich
wedeemimportantfor thedesignof futuregraphicshardware:

Thenumberof requiredrenderingpassesis reduceddramatically
if thehardwarehassupportfor multiple textures.This is a feature
which is beginning to appearon PC boards,andwill probablybe
universallyavailablesoon.

Pixel texturesarea very valuabletool andshouldbe available
on moreplatforms(see[21] for otherapplicationsthanpresented
here).They shouldalsosupportprojective textures.

Theeasiestwayto directlysupportourtechniquesin futurehard-
wareis to addmoreautomatictexturegenerationmodes.For local
illumination with isotropic lighting models,the cosinesbetween
surfacenormal,facetnormal,light directionandviewing direction
arerequired.Exceptfor orthographicviewing anddirectionallight
sources,theseanglesneedto be computedin software,which re-
quiresthe transformationof all vectorsinto eye space.For hard-
warelighting, thesevectorsareavailablein eyespaceanyway, soif
thehardwarecouldgeneratethesecosinevaluesautomatically, this
would both improve the performanceandsimplify the implemen-
tation. Automatic texture coordinategenerationis alsouseful for
generatingthere�ection vectorrequiredfor theparabolicenviron-
mentmapparameterization.As pointedoutabove,thisextensionis
alreadyavailablein someimplementationsof OpenGL[23].



A moreambitiouschangeto therenderingpipelinewould beto
replacethe traditional hardware Phonglighting with a customiz-
ablesampling-basedapproach.In thiscase,theprogrammerwould
specify the materialasa setof two or three2-dimensionaltables
thatcanbedownloadedto thehardware.Thegeometryprocessing
hardwarecanthencomputetheindicesinto thesetablesfor multiple
light sourcesat thesametime.

Althoughwe have only discussednormalmaps,theshadingand
lighting techniquespresentedherecould alsobe appliedto bump
mappinghardware,by allowing an additionaltexture accessafter
thenormalfor a pixel hasbeencomputed.This would, in particu-
lar, beatransparentimplementationof environmentmapsfor bump
mappinghardware.
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