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Abstract

In this partof thecoursewe will review someexamples
of shadingalgorithmsthatwe mightwantto implement
in a real-timeor interactve system. This will helpus
to identify commonapproachegor real-timeshading
systemsandto acquireinformation aboutfeaturesets
requiredfor thiskind of system.

Theshadingalgorithmswe will look atfall into three
cateyories: realisticmaterialsfor local andglobalillu-
mination,shadev mapping,and nally bumpmapping
algorithms.

1 Realistic Materials

In this sectionwe describetechniquedor a variety of
differentre ection modelsto the computationof local
illumination in hardware-basedendering.Ratherthan
replacingthe standard®hongmodelby anothersingle,
x ed model, we seeka methodthat allows us to uti-

lize awide variety of differentmodelssothatthe most
appropriatenodelcanbechoserfor eachapplication.

1.1 Arbitrar y BRDFs for Local lllumina-
tion

We will rst considerthe caseof local illumination,
i.e. light thatarrivesat objectsdirectly from the light
sources. The more complicatedcaseof indirect illu-
mination (i.e. light that bouncesaroundin the ervi-
ronmentbeforehitting the object)will be describedn
Sectionl.3.

The fundamentalapproachfor renderingarbitrary
materialsworks asfollows. A re ection modelin re-
ection modelin computergraphicsis typically given
in the form of a bidirectional re ectancedistribution
function(BRDF), which describeghe amountof light
re ectedfor eachpair of incoming(i.e. light) andout-
going(i.e. viewing) direction. This functioncaneither

be representednalytically in which caseit is calleda
re ection model),or it canberepresenteth atakularor
sampledorm asafour-dimensionaharray(two dimen-
sionseachfor theincomingandoutgoingdirection).
The problemwith both representations that they
cannotdirectly be usedin hardware rendering: the
interestinganalytical models are mathematicallytoo
comple for hardwareimplementationsandthetakular
form consumes$oo muchmemory(a four-dimensional
table can easily consumedozensof MB). A differ-
entapproachhasbeenproposedoy Heidrich and Sei-
del[9]. It turnsoutthatmostlighting modelsin com-
puter graphicscan be factoredinto independentom-
ponentghatonly dependon oneor two angles.These
canthenbeindependentlgampledandstoredaslower
dimensionaltablesthat consumemuch less memory
KautzandMcCool [12] describeda methodfor factor
izing BRDFsgiven in talular form into lower dimen-
sionalpartsthatcanberenderedn asimilar fashion.
As anexamplefor thetreatmentf analyticalmodels,
considethe oneby TorranceandSparrav [29]:

(1)

where istheBRDF, istheanglebetweerthesur
facenormal andthevector pointingtowardsthelight
sourcewhile istheanglebetween andtheviewing
direction . Thegeometnyis depictedn Figurel.

For a x edindex of refraction,the Fresnelterm
in Equationl only depend®ntheangle betweerthe
light direction andthemicrofacetnormal , whichis
the halfway vectorbetween and . Thus,the Fresnel
termcanbe seenasa univariatefunction ).

The micro facetdistribution function , which de-
nes the percentagef facetsorientedin direction ,
depend®ntheangle between andthesurfacenor
mal , aswell asa roughnesgparameter This is true
for all widely usedchoicesof distribution functions,in-
cluding a Gaussiardistribution of  or of the surface
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Figure1l: Thelocal geometryof re ection at a rough
surface.

height, as well as the distribution by Beckmann[3].
Sincetheroughnesss generallyassumedo beconstant
for a given surface, this is againa univariatefunction

Finally, whenusingthe geometryterm proposed
by Smith [27], which describesthe shadaving and
masking of light for surfaceswith a Gaussianmi-
cro facetdistribution, this termis a bivariatefunction

Thecontritution of asinglepoint-or directionallight
sourcewith intensity to theintensityof the surfaceis
givenas . Theterm

canbe split into two bivariateparts
and , Which are
then storedin two independen-dimensionalookup
tables.

Regular 2D texture mappingcan be usedto imple-
mentthe lookup processlif all vectorsarenormalized,
thetexturecoordinatesresimpledot productdetween
the surface normal, the viewing and light directions,
and the micro facetnormal. Thesevectorsand their
dot productscanbe computedn softwareandassigned
astexture coordinateso eachvertex of the object.

Theinterpolationof thesetexture coordinatescross
a polygon correspondgo a linear interpolationof the
vectorswithout renormalization. Sincethe re ection
modelitselfis highly nonlineaythisis muchbetterthan
simple Gouraudshading put not asgoodasevaluating
theilluminationin every pixel (Phongshading).Thein-
terpolationof normalswithoutrenormalizations com-
monly known asfastPhongshading

This methodfor looking up the illumination in two
separat@-dimensionatexturesrequireseitherasingle
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renderingpasswith two simultaneougextures,or two

separateenderingpassewith onetexture eachin or-

derto renderspecularre ections on an object. If two

passesireusedtheirresultsaremultiplied usingalpha
blending.A third renderingoasswith hardwarelighting

(or athird simultaneousexture)is appliedfor addinga
diffuseterm.

If the light and viewing directionsare assumedo
be constant,that is, if a directionallight and an or-
thographiccameraareassumedihe computatiorof the
texture coordinatesaneven be donein hardware. To
this end, light and viewing direction as well as the
halfway vectorbetweenthemare usedasrow vectors
in thetexture matrix for thetwo textures:

(2)

3)

Figure 2 shaws a torusrenderedwith two different
roughnessettingsusingthis technique.

Wewouldlik e to notethatthe useof texturesfor rep-
resentingthe lighting modelintroducesan approxima-
tion error: while theterm is boundedyy theinter
val , theseconderm exhibitsasingu-
larity for grazingviewing directiong ). Since
graphicshardwaretypically usesa x ed-pointrepresen-
tation of textures,thetexture valuesareclampedto the
range . Whentheseclampedvaluesare usedfor
the illumination processareasaroundthe grazingan-
glescanberenderedoo dark, especiallyif the surface
is very shiry. This artifact canbe reducedby dividing
the valuesstoredin the texture by a constantwhich is
later multiplied backonto the nal result. In practice,
however, theseartifactsarehardlynoticeable.

The samemethodscan be appliedto all kinds of
variationsof the Torrance-Sparm model,usingdiffer-
ent distribution functionsand geometryterms, or the
approximationgproposedn [24]. With varying num-
bersof termsandrenderingpassesit is alsopossible
to comeup with similar factorizationsor all kinds of
other models. For example the Phong, Blinn-Phong
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Figure2: A torusrenderedwith the proposedhardware multi-passmethodusingthe Torrance-Sparm re ection
model(Gaussiareightdistribution andgeometrytermby [27]) anddifferentsettingdor thesurfaceroughnesskor

theseémagesthetoruswastessellatednto

and CosinelLobe modelscanall be renderedn a sin-

gle passwith a singletexture, which caneven already
accounfor anambientandadiffusetermin additionto

thespeculaone.

1.1.1 Anisotr opy

Although the treatmentof anisotropic materials is
someavhat hardey similar factorizationtechniquesan
be applied here. For anisotropicmodels, the micro
facetdistribution function andthe geometricakattenu-
ation factor also dependon the angle betweenthe
facetnormal and a referencedirectionin the tangent
plane.Thisreferencalirectionis givenin theform of a
tangentvector .

For example,the elliptical Gaussiarmodel [31] in-
troducesananisotropidacetdistribution functionspec-
i ed astheproductof two independenGaussiarfunc-
tions,onein thedirectionof , andonein thedirection
of thebinormal . Thismakes abivariatefunction
in theangles and . Consequentiythe texture coor

polygons.

dinatescanbe computedn softwarein muchthe same
way as describedabove for isotropic materials. This
alsoholdsfor the otheranisotropianodelsin computer
graphicditerature.

Sinceanisotropicmodelsdependon both a normal
andatangenipervertex, thetexture coordinateg€annot
be generatedvith the help of a texture matrix, evenif
light andviewing directionsareassumedo beconstant.
Thisis dueto thefactthattheanisotropidermcanusu-
ally not be factoredinto a term that only dependson
the surface normal, and one that only dependson the
tangent.

Oneexceptionto thisrule is themodelby Banks[2],
which is mentionedhere despitethe fact thatit is an
ad-hocmodelwhichis notbasedon physicalconsider
ations. Banksde nesthere ection off an anisotropic
surfaceas

(4)

where istheprojectionof thelight vector intothe



planeperpendiculato the tangentvector . This vec-
tor is thenusedasa shadingnormalfor a Blinn-Phong
lighting modelwith diffuseandspecularcoefcients
and , andsurfaceroughness. In [28], it hasbeen
pointedout thatthis Phongtermis really only a func-
tion of thetwo anglesbetweerthetangentandthelight
direction,aswell asthetangentandtheviewing direc-
tion. This fact was usedfor the illumination of lines
in [28].

Applied to anisotropicre ection models this means
that this Phong term can be looked up from a 2-
dimensionaltexture, if the tangent is specied asa
texturecoordinateandthetexture matrixis setup asin
Equation3. The additionalterm in Equation4 is
computedoy hardwarelighting with a directionallight
sourceanda purely diffusematerial,sothatthe Banks
modelcan be renderedwith onetexture and one pass
perlight source.Figure3 shavs imagesrenderedwvith
thisre ection model.

Figure 3: Disk and sphereilluminated with isotropic

re ection (left), anisotropiae ection with circularfea-
tures(center) andradialfeatureqright).

1.1.2 Measured or Simulated Data

As mentionedabove, the idea of factorizing BRDFs
into low-dimensionalparts that can be sampledand
storedastexturesnot only appliesto analyticalre ec-
tion models but alsoto BRDFsgivenin atakularform.
Different numericalmethodshave beenpresentedor
factorizingthesetatular BRDFs[12, 18]. The discu-
sion of theseis beyond the scopeof this course,how-
ever.

The advantageof the analyticalfactorizationis that
it is very ef cient to adjustparametersf there ection
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model, so this canbe doneinteractvely. The numeri-
cal methodgake too long for that. On the otherhand,
thebig adwantageof thenumericaimethodss thatarbi-
trary BRDFsresultingfrom measurementsr physical
simulationscanbe used.Figure4, for example,shavs
ateapotwith aBRDF thatlooksbluefrom onesideand
redfrom another This BRDF hasbeengeneratedising
asimulationof micrgeometry[8].

Figure4: A teapotwith asimulatedBRDF.

1.2 Global Illumination
ment Maps

using Environ-

The presentedechniquedor applying alternatve re-
ection modelsto local illumination computationgan
signi cantly increasethe realismof syntheticimages.
However, true photorealismis only possibleif global
effectsarealsoconsideredSincetexturemappingiech-
niquesfor diffuseillumination are widely known and
applied,we concentrateon non-difuse global illumi-

nation,in particularmirror- andglossyre ection.

We describenereanapproactbasedn ervironment
maps, as presentedby Heidrich and Seidel [9], be-
causethey offer a good compromisebetweenrender
ing quality and storagerequirements. With erviron-
mentmaps,2-dimensionatexturesinsteadof the full
4-dimensionaladianceeld [19] canbe usedto store
theillumination.

1.3 View-independent Environment Maps

Thetechniquesiescribedn the following assumehat
environmentmapscanbe reusedfor differentviewing
positionsin differentframes,oncethey have beengen-
erated.lt is thereforenecessaryo choosearepresenta-
tion for environmentmapswhich is valid for arbitrary
viewing positions. This includesboth cube maps[6]



andparabolicmaps[9], bothof which aresupportecn
all modernplatforms.

1.4 Mirror and Diffuse Terms with Envi-
ronment Maps

Once an ervironment map is given in a view-
independenparameterizationif canbe usedto adda
mirror re ection termto an object. Using multi-pass
renderingandeitheralphablendingor anaccumulation
buffer [7], it is possibleto adda diffuse globalillumi-
nationterm throughthe useof a precomputedexture.
Two methodsexist for the generatiorof sucha texture.
Oneway is, that a globalillumination algorithmsuch
asRadiosityis usedto computethe diffuseglobalillu-
minationin every surfacepoint.

Thesecondapproachs purelyimage-basedindwas
proposedy Greend6]. Theervironmentmapusedfor
the mirror term containsinformationaboutthe incom-
ing radiance , Where isthepointfor whichthe
environmentmapis valid, and thedirectionof thein-
cominglight. Thisinformationcanbe usedto pre Iter
the ervironmentmapto representhe diffusere ection
of anobjectfor all possiblesurfacenormals.Lik e regu-
lar environmentmaps this textureis only valid for one
pointin spaceput canbe usedasanapproximatiorfor
nearbypoints.

1.5 Fresnel Term

A regular ervironment map without pre ltering de-
scribesthe incomingillumination in a point in space.
If this informationis directly usedasthe outgoingil-
lumination,aswith regularenvironmentmapping,only
metallic surfacescanbe modeled. This is becausdor
metallic surfaces(surfaceswith a high index of refrac-
tion) the Fresnetermis almostone,independensof the
anglebetweerlight directionandsurfacenormal. Thus,
for a perfectlysmooth(i.e. mirroring) surface,incom-
ing light is re ectedin the mirror directionwith a con-
stantre ectance.

For non-metallicnaterialymaterialsvith asmallin-
dex of refraction),however, there ectancestronglyde-
pendson the angleof the incominglight. Mirror re-
ections on thesematerialsshouldbe weightedby the
Fresneltermfor the anglebetweenthe normalandthe
viewing direction .

Similar to the techniquedor local illumination pre-
sentedin Sectionl, the Fresnelterm for the
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mirrordirection canbestoredn atexturemap.Since
hereonly the Fresnetermis required,a 1-dimensional
texturemapsufces for this purpose.This Fresneterm
is renderedo the framehuffer's alphachannein a sep-
araterenderingpass.Themirror partis thenmultiplied
with thistermin a secondpassandathird passs used
to addthediffusepart. Thisyieldsanoutgoingradiance
of , Where is the contrikution of
themirror term,while  isthecontribution dueto dif-
fusere ections.

In additionto simply addingthe diffuse partto the
Fresnel-weightedirror re ection, we canalsousethe
Fresnetermfor blendingbetweerdiffuseandspecular:

. Thisallows usto simulate
diffuse surfaceswith a transparentoating: the mirror
termdescribeshere ection off the coating.Only light
notre ected by the coatinghits the underlyingsurface
andis therere ecteddiffusely

Figure5 shavsimagesgeneratedisingthesewo ap-
proaches. In the top row, the diffuse term is simply
addedto the Fresnel-weightednirror term (the glossy
re ection is zero). For arefractive index of 1.5 (left),
which approximatelycorresponddo glass,the object
is only specularfor grazingviewing angles,while for
a high index of refraction(200, right image),which is
typical for metals the whole objectis highly specular

Thebottomrow of Figure5 shawvs two imagesgen-
eratedwith the secondapproach. For a low index of
refraction thespeculatermis againhigh only for graz-
ing angles but in contrastto theimageabove, the dif-
fuse partfadesout for theseangles. For a high index
of refraction,which, aspointedout above, corresponds
to metal,thediffusepartis practicallyzeroeverywhere,
sothatthe objectis a perfectmirror for all directions.

1.6 Precomputed Glossy Re ection and
Transmission

We would now like to extendthe conceptof erviron-
mentmapsto glossyre ections. The ideais similar
to the diffuse pre Itering proposedoy Greeng[6] and
the approachby Voorhiesand Foran[30] to useervi-
ronmentmapsto generatePhonghighlights from di-
rectionallight sources. Thesetwo ideascanbe com-
binedto precomputean ervironmentmap containing
theglossyre ection of anobjectwith aPhongmaterial.
With this conceptgeffectssimilar to the onespresented
by Debevec[5] arepossiblein realtime.



Figure5: Toprow: FresneWweightedmirror term. Secondow: Fresnelweightedmirror termplusdiffuseillumina-
tion. Third row: Fresneblendingbetweermirror anddiffuseterm. Theindicesof refractionare(from left to right)
1.5,5, and200. Bottomrow: a pre Itered versionof the mapwith aroughnes®sf 0.01,andapplicationof this map

to are ective sphereandtorus.



As shavn in [15], the PhongBRDF is givenby

—

where , and arethere ected light- and viewing
directions respecitiely.

Thus, the specularglobal illumination using the
Phongmodelis

(6)

which is only afunctionof there ection vector and
the ervironmentmapcontainingtheincomingradiance

. Thereforejt is possibleto take amapcontaining

, andgenerata ltered mapcontainingtheoutgo-
ing radiancdor a glossyPhongmaterial.Sincethis |-
teringis relatively expensve, it canon mostplatforms
notberedonefor every framein aninteractve applica-
tion. On specialgraphicshardware that supportscon-
volution operations however, it canbe performedon
the y , asdescribedy Kautzetal. [13].

Thebottomrow of Figure5 shavs sucha pre Itered

map aswell asapplicationsof this map for re ection
and transmision. If the original environmentmap is
given in a high-dynamicrangeformat, thenthis pre-
Itering techniqueallows for effectssimilarto theones
describedy Debevec|[5].

2 Shadow Mapping

After discussingmodelsfor local illumination in the
previous chapterwe now turnto globaleffects. In this
chaptemwe dealwith algorithmsfor generatinghadaws
in hardware-basedenderings.

Shadwvs are probablythe visually mostimportant
global effect. This fact hasresultedin a lot of re-
searchon how to generatethem in hardware-based
systems. Thus, interactve shadavs are in principle
a solved problem. However, currentgraphicshard-
ware rarely directly supportsshadws, and, asa con-
sequencdewer applicationghanonemight expectac-
tually usethe developedmethods.

In contrasto theanalyticapproactshadev volumes,
shadwv maps[33] area sampling-basedthethod.First,
the sceneis renderedfrom the position of the light
sourceusingavirtual imageplane(seeFigure6). The
depthimagestoredin the -buffer is thenusedto test
whetherapointis in shadev or not.

point
light source

virtual
image plane
with

depth image

occluder

=]~

receiver

Figure6: Shadev mapsusethe -buffer of animageof
thescenaenderedrom thelight source.

To this end, eachfragmentas seenfrom the cam-
eraneedsto be projectedonto the depthimageof the
light source.lf thedistanceof thefragmentto thelight
sourceis equalto the depthstoredfor the respectie
pixel, thenthefragments lit. If thefragments further
away, isisin shad.

A hardware multi-passimplementatiorof this prin-
ciple hasbeenproposedn [25]. The rst stepis the
acquisitionof the shadav mapby renderingthe scene
from thelight sourceposition.For walkthroughsthisis
apreprocessingtep.for dynamicscenest needgo be
performedeachframe. Then,for eachframe,thescene
is renderedwithout the illumination contritution from
thelight source In asecondenderingpasstheshadev
mapis speci ed asa projectve texture,anda speci ¢
hardware extensionis usedto map eachpixel into the
local coordinatespaceof the light sourceand perform
thedepthcomparisonPixelspassinghis depthtestare
marked in the stencilbuffer. Finally, the illumination
contrikution of the light sourceis addedto thellit re-
gionsby athird renderingpass.

The adwantageof the shadev mapalgorithmis that
it is ageneramethodfor computingall shadws in the
sceneandthatit is very fast, sincethe representation
of the shadws is independenbdf the scenecomple-
ity. Onthedown side,thereareartifactsdueto thedis-
cretesamplingandthe quantizationof the depth. One
benet of the shadav map algorithm s that the ren-
deringquality scaleswith the available hardware. The
methodcould be implementedon fairly low end sys-
tems, but for high end systemsa higherresolutionor
deeper -huffer couldbe chosensothatthe quality in-



creaseswith the available texture memory Unfortu-
nately the necessanhardware extensionsto perform
the depthcomparisoron a perfragmentbasisare cur
rently only availablehae until recentlyonly beenavail-
able on two high-endsystemsthe RealityEngine[1]
andthen niteReality [20].

2.1 Shadow Maps Using the Alpha Test

Insteadof relying on a dedicatedshadev map exten-
sion, it is also possibleto useprojectve texturesand
the alphatest. Basically this methodis similar to the
methoddescribedn [25], but it ef ciently takesadwan-
tageof automatidexture coordinategeneratiorandthe
alphatestto generateshadav maskson a perpixel ba-
sis. This methodtakes one renderingpassmore than
requiredwith theappropriatehardwareextension.

In contrasto traditionalshada mapswhich usethe
contentof a -buffer for thedepthcomparisonwe use
a depthmapwith alinear mappingof the valuesin
light sourcecoordinates. This allows us to compute
the depthvaluesvia automatictexture coordinategen-
erationinsteadof a perpixel division. Moreover, this
choiceimprovesthe quality of the depthcomparison,
becausd¢he depthrangeis sampleduniformly, while a

-buffer representslose points with higher accurag
thanfar points.

As before theentirescends renderedrom thelight
sourcepositionin a rst pass.Automatictexture coor
dinategenerations usedto setthetexture coordinateof
eachvertex to the depthasseenfrom thelight source,
anda 1-dimensionalexture is usedto de ne a linear
mappingof this depthto alphavalues. Sincethe al-
phavaluesarerestrictedto therange , hearand
far planeshave to be selectedwhosedepthsare then
mappedo alphavalues0 and1, respectiely. There-
sult of this is animagein which the red, green,and
bluechannel$have arbitraryvalues but thealphachan-
nel storesthe depthinformation of the sceneas seen
from thelight source.Thisimagecanlaterbeusedasa
texture.

For all object points visible from the camera,the
shadov mapalgorithmnow requiresa comparisonof
the point's depthwith respecto the light sourcewith
the correspondinglepthvalue from the shadav map.
The rst of thesetwo valuescanbe obtainedoy apply-
ing the samel-dimensionatexture that was usedfor
generatinghe shadev map. The secondvalueis ob-
tainedsimply by usingthe shadev mapasa projective
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texture. In orderto comparethe two values,we can
subtracthemfrom eachother andcomparethe result
to zero.

With multi-texturing, this comparisoncan be im-
plementedin a single renderingpass. Both the 1-
dimensionatexture andthe shadev maparespeci ed
assimultaneousextures,andthetextureblendingfunc-
tion is usedto implementthe difference. The result-
ing valueis ateachfragmentthatis lit by thelight
sourceand for fragmentghatareshadeved. Then,
analphatestis employedto compareheresultsto zero.
Pixels passingthe alphatestare marked in the stencil
buffer, sothatthelit regionscanthenberenderedn a
nal renderingpass.

Without supportfor multi-texturing, the samealgo-
rithm is much more expensve. First, two separate
passesrerequiredfor applyingthe texture maps,and
alphablendingis usedfor the difference. Now, the
frameluffer containsan valueof ateachpixel that
is lit by thelight sourceand for shadaved pixels.
In the next stepit is thennecessaryo set to for
all the shadaved pixels. This will allow usto render
thelit geometryandsimply multiply eachfragmentby

of thecorrespondingixel in theframeluffer (the
value of would be for shadaved and for lit
regions).In orderto dothis, we have to copy theframe-
buffer ontoitself, therebyscaling by , where is
the numberof bitsin the channel.This ensureghat

,thesmallestvalue , will bemappedo . Due
to the automaticclampingto the intenal , all
largervalueswill alsobe mappedo , while zeroval-
uesremainzero. In additionto requiringan expensve
frameluffer copy, this algorithm also needsan alpha
channeln theframeluffer (“destinationalpha”),which
might notbe availableon somesystems.

Figure7 shavsanengineblockwheretheshadaev re-
gionshave beendeterminedisingthis approachSince
thescenas renderedhtleastthreetimesfor everyframe
(four timesif the light sourceor ary of the objects
move), therenderingimesfor this methodstronglyde-
pendonthecompleity of thevisible geometryin every
frame,but not at all on the complity of the geometry
castingthe shadavs. Scenesof moderatecompleity
canbe renderedat high frame rateseven on low end
systemsTheimagesn Figure7 areactuallytheresults
of texture-basedrolume renderingusing 3D texturing
hardware (see[32] for the detailsof the illumination
process).



Figure 7: An engineblock generatedrom a volume
datasetwith andwithout shadavs. The shadavs have
been computedwith our algorithm for alpha-coded
shadov maps. The Phongre ection modelis usedfor
theunshadwed parts.

3 Bump Mapping Algorithms

Bump maps have becomea popular approachfor
addingvisual compleity to a scenewithout increas-
ing the geometriccompleity. They have beenused
in software renderingsystemsfor quite a while [4],
but hardwareimplementation$iave only occurredrela-
tively recently and several differentmethodsare pos-
sible, dependingon the level of hardware support
(e.0.[23, 22,9, 14)).

The original approachto bump mapping[4] de nes
surface detail as a height value at every point on a
smoothbasesurface. Fromthis texture-mappedheight
value, one can computea perpixel normal by taking
the partial derivatives of the heightvalues. Sincethis
is a fairly expensve operation,mostrecenthardware
implementation$22, 9, 14] precomputehenormalfor
every surfacepointin an of ine processand storeit
directlyin atexturemap.

The bump mappingschemethat has becomemost
popular for interactve applicationsrecently is de-
scribedin detail in a technicalreportby Kilgard [14].
First, the light andthe viewing vectorat every vertex
of the geometryis computedandtransformednto the
local coordinateframe at that vertex (“tangentspace”,
sed22)). In theoriginalversion thisis asoftwarestep,
which cannow, however alsobe donedirectly in hard-
ware [16]. Then,theselocal vectorsare interpolated
acrosshe surfaceusing Gouraudshadingandthe per
pixel bump mapnormalsarelooked up from a texture
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map. A simplere ection model containinga diffuse
anda Phongcomponentanthenbeimplementedasa
numberof dot productsfollowed by successie squar
ing (for the Phongexponent). Theseoperationsmap
easilyto theregistercombinerfacility presenin mod-
ernhardvware[21].

3.1 Shadows for Bump Maps

Thebasicapproacho bumpmappingasoutlinedabore
canbe extendedto approximatethe shadws that the
bumpscastonto eachother Notethatapproachetike
shadov mapsdo notwork for bumpmapsbecauselur

ing the renderingphasethe geometryis not available;
only perpixel normalsare. Shadwing algorithmsfor

bumpmapsthereforeencodehevisibility of every sur

face point for every possiblelight direction. This is

simpli ed by thefactthatbumpmapsarederivedfrom

height elds (i.e. terrains),which allows usto usethe
notionof a horizon In aterrain,a distantlight source
locatedin acertaindirectionis visible from agivensur

facepointif andonly if it is locatedabove the horizon
for thatsurfacepoint. Thus,it is sufcient to encodehe
horizonfor all height eld pointsanddirections. This
approachs calledhorizonmapping rst presentedy
Max [17].

Thequestionis, how this horizoninformationcanbe
representeguchthat it consumedittle memory and
suchthatthe testof whethera given light directionis
above or below the horizonfor ary pointin the bump
mapcanbe doneefciently in hardware. We describe
hereamethodproposedy Heidrichetal. [8].

We startwith a bump map given as a height eld,
asin the original formulation by Blinn [4]. We then
selecta numberof randomdirections , and
shootraysfrom all height eld points into eachof the
directions . Fortheshadwing algorithmwewill only
recorda booleanvaluefor eachof theserays,namely
whethertheray hits anothepointin theheight eld, or
not. In Section3.2wewill describenow to useasimilar
preprocessingtepfor computingindirectillumination
in bumpmaps.

Now let us considerall the raysshotfrom a single
surface point We project all the unit vectorsfor
the samplingdirections into thetangentplane,
i.e.wedropthe coordinateof in thelocal coordi-
nateframe. Thenwe t anellipsecontainingasmary
of those2D pointsthat correspondo unshadwed di-
rectionsaspossiblewithoutcontainingtoo mary shad-



oweddirections.Thisellipseis uniquelydeterminedy
its (2D) centemoint , adirection describing
the direction of the major axis (the minor axisis then
simply ), andtwo radii and , onefor
the extentalongeachaxis.

Figure 8: For the shadw testwe precomputeZD el-
lipsesat eachpoint of the height eld, by tting them
to the projectionsof the scatteringdirectionsinto the
tangenplane.

For the tting processwe bagin with theellipserep-
resentedby the eigemwectorsof the covariancematrix
of all pointscorrespondindgo unshadwed directions.
We then optimize the radii with a local optimization
method. As an optimizationcriterion we try to max-
imize the numberof light directionsinsidethe ellipse
while atthe same&ime minimizing the numberof shad-
oweddirectionsinsideit.

Oncewe have computedthis ellipse for eachgrid
pointin theheight eld, theshadwv testis simple. The
light direction is alsoprojectednto thetangentplane,
andit is checled whetherthe resulting2D pointis in-
sidetheellipse(correspondingpo alit point) or not(cor
respondingo a shadaed point).

Both the projectionandthe in-ellipsetestcanmath-
ematicallybe expressedrery easily First,the2D coor
dinates and have to betransformednto the coor
dinatesystemde ned by the axesof theellipse:

(7)
(8
Afterwards,thetest
— 9)

hasto be performed.
To mapthesecomputation$o graphicshardvare,we
representhe six degreesof freedomfor the ellipsesas

2 RGB textures. Thenthe requiredoperationsto im-
plementEquations? through9 aresimpledot products
aswell asadditionsandmultiplications. This is possi-
bleusingtheOpenGLimagingsubsef26], availableon
mostcontemporaryworkstations put also usingsome
vendorspeci ¢ extensions,suchas the register com-
biner extensionfrom NVIDIA [21]. Dependingonthe
exactgraphicshardware available, the implementation
detailswill have to vary slightly. Thesedetailsfor dif-
ferentplatformsaredescribedn atechnicakeport[11].

Figure9 shavs someresultsof this shadaving algo-
rithm.

Figure9: A simple bump mapwith andwithout shad-
ows

3.2 Indirect lllumination in Bump Maps

Finally, we would like to discussa methodfor com-
putingtheindirectlight in bumpmaps[8], i.e. thelight
thatbouncesaroundmultiple timesin thebumpsbefore
hitting thecamera.

As in the caseof bump map shadevs, we start by
choosinga setof randomdirections , andshoot-
ing rays from al points on the height eld into all
directions . Thistime, however, we do not only store
abooleanvaluefor every ray, but ratherthe 2D coordi-
natesof theintersectiorof thatray with the height eld
(if ary). Thatis, for every direction , we storea 2D
map that,for everypoint , holdsthe2D coordinates
of thepoint visiblefrom in direction

Using this precomputedvisiblity information, we
canthenintegrate over the light arriving from all di-
rections.For every point in the height eld, we sum
uptheindirectilluminationarriving from ary of thedi-
rections , asdepictedn FigurelO.

If we assumehatboththelight andthe viewing di-
rectionvary slowly acrossthe height eld (this corre-
spondgo the assumptiorthatthe bumpsarerelatively
small comparedto the distancefrom both the viewer
andthelight source)thentheonly stronglyvaryingpa-
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Figure 10: With the precomputediisibility, the differ-
ent pathsfor the illumination in all surtacepointsare
composeaf pieceswith identicaldirections.

rametersarethe surfacenormals.More speci cally, for
the radianceleaving a grid point  in direction , the
importantvarying parametersare the normal , the
point visible from in direction , and
thenormal in thatpoint.

In particular the radiancein direction causedoy
light arriving from direction andscatteredncein di-
rection is given by thefollowing formula.

(10)

Usually theBRDFis writtenasa4D functionof thein-
comingandthe outgoingdirection,both givenrelative
to alocal coordinatdramewherethelocal suriacenor
mal coincideswith the -axis. In aheight eld setting,
however, the viewing andlight directionsaregivenin
someglobal coordinatesystemthatis not alignedwith
the local coordinateframe, sothatit is rst necessary
to perform a transformationbetweenthe two frames.
To emphasizé¢hisfact,we have denotedhe BRDF asa
functionof theincomingandoutgoingdirectionaswell
asthe surfacenormal. If we planto useananisotropic
BRDFonthemicrogeometryjevel, wewouldalsohave
toincludeareferencdangentvector

Note that the term in parenthesiss simply the di-
rectillumination of a height eld with viewing direc-
tion , with light arriving from . If we precompute
this termfor all grid pointsin the height eld, we ob-
tainatexture  containingthe directillumination for
eachsurfacepoint. This texture canbe generatedis-
ing a bump mappingstepwherean orthographiccam-
erapointsdown onto the height eld, but is used
astheviewing directionfor shadingpurposes.

Oncewe have , the secondre ection is just an-
otherbump mappingstepwith asthe viewing direc-
tionand asthelight direction.Thistime, theincom-
ing radianceis not determinedby the intensity of the
light sourceput ratherby thecontentof the  texture.

For eachsurfacepoint we look up the corresponding
visible point . Theoutgoingradianceat
which is storedin the texture as , is atthe same
time theincomingradianceat

Thus,we have reduceccomputingtheonce-scattered
light in eachpoint of the height eld to two succes-
sive bump mappingoperationswherethe secondone
requiresanadditionalindirectionto look up theillumi-
nation. We can easily extend this techniqueto longer
paths,andalsoaddin thedirecttermat eachscattering
point. Thisis illustratedin the Figure11.

Direct lllum. Indirect lllum.

Yoy §o-H,

Direct lllum. l
F———» +

“H2 2743

Indirect lllum.

Direct I[lum. l Indirect [llum.
F———» +
“H3 n:
Direct l/lum. ¢
— + —»

Figurel1l: Extendingthe dependentestscatteringal-
gorithm to multiple scattering. Eachbox indicatesa
texturethatis generatedalvith regularbump mapping.

For the total illumination in a height eld, we sum
up the contritutions for several suchpaths(some40-
100in mostof our scenes).This way, we computethe
illuminationin the completeheight eld atonce,using
two SIMD-style operationson the whole height eld
texture: bump mappingfor directillumination, using
two given directionsfor incoming and outgoinglight,
aswell asalookupof theindirectilluminationin atex-
ture mapusingthe precomputedisibility datain form
of thetextures

3.2.1 Use of Graphics Hardware

In recentgraphicshardware, both on the workstation
andon the consumerevel, several new featureshave
beenintroducedthat we can make use of. In par
ticular, we assumea standardOpenGL-like graphics
pipeline[26] with someextensionsasdescribedn the
following.

Firstly, we assumethe hardware hassomeway of
renderingbump maps. This can either be supported
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throughspeci ¢ extensions(e.g.[21]), or throughthe
OpenGLimagingsubsef{26], asdescribedy Heidrich
andSeidel[9]. Any kind of bumpmappingschemaewill

besufcient for our purposeshut thekind of re ection
modelavailablein this bump mappingstepwill deter
mine what re ection modelwe can useto illuminate
our hight eld.

Secondly we will needa way of interpretingthe
componentsstoredin one texture or imageastexture
coordinatespointing into anothertexture. One way
of supportingthis is the so-called pixel texture ex-
tension[10, 9], which performsthis operationduring
transferof imagednto theframebuffer, andis currently
only availableon somehigh-endSGI machines Alter-
natively, we canusedependentexture lookups a vari-
ant of multi-texturing, that hasrecentlybecomeavail-
ableon somenewer PC graphicsboards.With depen-
denttexturing, we canmaptwo or moretexturessimul-
taneoushontoanobject,wherethetexture coordinates
of thesecondextureareobtainedrom thecomponents
of the rst texture. This is exactly the featurewe are
looking for. In casewe have hardware that supports
neitherof thetwo, it is quite simple,althoughnot very
fast, to implementthe pixel texture extensionin soft-
ware:theframeluffer is readout to mainmemory and
eachpixel is replacedoy avaluelooked up from a tex-
ture, usingthe previous contentsof the pixel astexture
coordinates.

Using thesetwo features,dependentexturing and
bump mapping,the implementationof the dependent
testmethodasdescribedabore is simple. As depicted
in Figure 10, the scatteringof light via two points
and in the height eld rst requiresusto compute
the directilluminationin . If we do this for all grid
pointswe obtainatexture  containingthe re ected
light causedby the direct illumination in eachpoint.
This texture is generatedisingthe bump mapping
mechanisnthe hardwareprovides. Typically, the hard-
ware will supportonly diffuse and Phongre ections,
but if it supportsmoregeneralmodels,thenthesecan
alsobeusedfor our scatteringmplementation.

The secondre ection in s alsoa bump mapping
step(althoughwith differentviewing- andlight direc-
tions), but this time the direct illumination from the
light sourcehasto be replacedby a perpixel radi-
ancevalue correspondingo the re ected radianceof
the point  visible from in the scatteringdirection.
We achieve this by bump mappingthe surfacewith a
light intensityof , andby afterwardsapplyinga pixel-

wisemultiplicationof thevaluelookedupfrom  with
the help of dependentexturing. Figure12 shavs how
to conceptuallysetup amulti-texturing systemwith de-
pendentexturesto achiese this result.

q
L|
Ly —

Figure 12: For computingthe indirect light with the
help of graphicshardvare, we conceptuallyrequirea
multi-texturing systenwith dependentexturelookups.
This gure illustrateshow this systemhasto be setup.
Boxes indicateone of the two textures, while incom-
ing arraws signaltexture coordinatesndoutgoingones
mearntheresultingcolor values.

The rst textureisthe thatcorrespondso thescat-
tering direction . For eachpoint it yields , the
point visible from in direction . The secondtex-
ture  containghere ecteddirectlight in eachpoint,
which actsas an incoming radianceat Figure 13

shaws someresultsof the method.

Figurel13: A bumpmapwith andwithoutindirectillu-
mination

By usingthis hardwareapproachye treatthegraph-
ics boardasa SIMD-like machinewhich performsthe
desiredoperations,and computesone light path for
eachof the grid pointsat once. This useof hardware
dramaticallyincreaseghe performanceover the soft-
wareversionto analmostinteractve rate.

4 Conclusion

In this part, we have reviewed someof the morecom-
plex shadingalgorithmsthatutilize graphicshardvare.
While theindividual methodsarecertainlyquite differ-
ent,therearesomefeatureghatoccurin all examples:
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The most expensve operations(i.e. visibility
computations,ltering of ervironmentmapsetc.)
arenot performedonthe y , but aredonein apre-
computingstep.

Theresultsof the precomputatiorarerepresented
in a sampled(takular) form that allows usto use
texture mappingto apply the informationin the
actualshaders.

The shaderdhemseles are often relatively sim-
ple dueto the amountof precomputation.They
mostlyhave thejob of combiningtheprecomputed
texturesin various e xible ways.

The texturesneedto be parameterizedn sucha
way thatthe texture coordinatesre easyandef -
cientto generateideally directly in hardware.
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