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Abstract

In this partof thecoursewe will review someexamples
of shadingalgorithmsthatwe mightwantto implement
in areal-timeor interactve system. This will help us
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
appropriatenodelcanbe choserfor 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

berepresentednalytically in which caseit is calleda
re ection model),orit canberepresenteth atatularor
sampledorm asa four-dimensionakrray(two dimen-
sionseachfor theincomingandoutgoingdirection).
The problemwith both representationgs that they
cannotdirectly be usedin hardware rendering: the
interestinganalytical models are mathematicallytoo
comple for hardwareimplementationsandthetakular
form consumesoo muchmemory(a four-dimensional
table can easily consumedozensof MB). A differ-
ent approachhasbeenproposedby Heidrich and Sei-
del[9]. It turnsoutthat mostlighting modelsin com-
puter graphicscan be factoredinto independentom-
ponentshatonly dependon oneor two angles.These
canthenbeindependentlgamplecandstoredaslower-
dimensionaltablesthat consumemuch less memory
KautzandMcCool [12] describedch methodfor factor
izing BRDFsgivenin takular form into lower dimen-
sionalpartsthatcanberenderedn asimilarfashion.
As anexamplefor thetreatmenbf analyticalmodels,
considerthe oneby TorranceandSparrav [29]:

w=_1 6D . (1)

|
(T cos cos

wheref [ istheBRDF, istheanglebetweerthesur
facenormaln andthevectorT pointingtowardsthelight
sourcewhile istheanglebetweem andtheviewing
directionv. Thegeometryis depictedn Figurel.

For a x edindex of refraction,the Fresnelterm F
in Equationl only depend®ntheangle betweerthe
light directiont andthe micro facetnormalti, whichis
the halfway vectorbetweeriandv. Thus,the Fresnel
termcanbeseenasa univariatefunctionF (cos ).

The micro facetdistribution function D, which de-

nes the percentagef facetsorientedin direction,
depend®ntheangle betweerii andthe surfacenor
mal r, aswell asa roughnesparameter This is true
for all widely usedchoicesof distribution functions,in-
cluding a Gaussiardistribution of  or of the surface
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Figure 1. 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 again a univariatefunction
D(cos ).

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

Thecontritutionof asinglepoint-or directionallight
sourcewith intensityl; to theintensityof thesurfaceis
givenasl, = f ('l ¥)cos |j. Thetermf,(x;T!
¥) cos canbesplit into two bivariatepartsF (cos )
D(cos ) andG(cos ;cos )=( cos ), which are
thenstoredin two independen-dimensionalookup
tables.

Regular 2D texture mappingcan be usedto imple-
mentthe lookup processlf all vectorsarenormalized,
thetexturecoordinatesresimpledot productsbetween
the surface normal, the viewing and light directions,
and the micro facetnormal. Thesevectorsand their
dot productscanbe computedn softwareandassigned
astexture coordinate$o eachvertex of theobject.

Theinterpolationof thesetexture coordinatescross
a polygon correspondgo a linear interpolationof the
vectorswithout renormalization. Sincethe re ection
modelitselfis highly nonlinearthisis muchbetterthan
simpleGouraudshading put not asgoodasevaluating
theilluminationin everypixel (Phongshading).Thein-
terpolationof normalswithout renormalizatioris com-
monly known asfastPhongshading

This methodfor looking up the illumination in two
separat@-dimensionatexturesrequireseitherasingle

renderingpasswith two simultaneougextures,or two

separateenderingpassesvith onetexture eachin or-

derto renderspecularre ections on an object. If two

passesreused their resultsaremultiplied usingalpha
blending.A third renderingpasswith 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-
thographiccameraareassumedhe computatiorof the
texture coordinatesaneven be donein hardware. To
this end, light and viewing direction as well as the
halfway vector betweenthemare usedasrow vectors
in thetexture matrix for thetwo textures:

32 3 2 3
0O O O cos Ny coS
hy hy h, 0 Z gnyé_gcos Z
g 0O 0 O 0 n, °© 0 (2)
0O 0 O 1 1 1
3 2 3 2 3
Ix ly I O Ny cos
Vx Vy Vg Oégnyzzgcosé
g 0O 0 0 O n, 0 (3)
0O 0 0 1 1 1

Figure 2 shavs a torusrenderedwith two different
roughnessettingsusingthis technique.

Wewouldlik e to notethatthe useof texturesfor rep-
resentingthe lighting modelintroducesan approxima-
tion error: while thetermF D is boundedy theinter
val[0; 1], thesecondermG=( cos ) exhibitsasingu-
larity for grazingviewing directiong(cos ! 0). Since
graphicshardvaretypically usesa x ed-pointrepresen-
tation of textures,thetexturevaluesareclampedo the
range[0; 1]. Whentheseclampedvaluesare usedfor
the illumination processareasaroundthe grazingan-
glescanberenderedoo dark, especiallyif the surface
is very shiry. This artifactcanbe reducedby dividing
the valuesstoredin the texture by a constantwhich is
later multiplied backonto the nal result. In practice,
however, theseartifactsarehardly noticeable.

The samemethodscan be appliedto all kinds of
variationsof the Torrance-Sparme model,usingdiffer-
ent distribution functionsand geometryterms, or the
approximationgroposedn [24]. With varying num-
bersof termsand renderingpassesit is alsopossible
to comeup with similar factorizationdor all kinds of
other models. For examplethe Phong, Blinn-Phong
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Figure2: A torusrenderedwith the proposedhardware multi-passmethodusingthe Torrance-Sparm re ection
model(Gaussiarmeightdistributionandgeometrytermby [27]) anddifferentsettingsor the surfaceroughnesskor
theseémagesthetoruswastessellatednto 200 200polygons.

and CosinelLobe modelscanall be renderedn a sin-

gle passwith a singletexture, which caneven already
accounfor anambientandadiffusetermin additionto

thespeculaione.

1.1.1 Anisotr opy

Although the treatmentof anisotropic materials is
somevhat harder similar factorizationtechniquescan
be applied here. For anisotropicmodels, the micro
facetdistribution function and the geometricalattenu-
ation factor also dependon the angle betweenthe
facetnormal and a referencedirectionin the tangent
plane.Thisreferencalirectionis givenin theform of a
tangentvectort.

For example,the elliptical Gaussiarmodel[31] in-
troducesananisotropidacetdistribution functionspec-
i ed astheproductof two independenGaussiarfunc-
tions,onein thedirectionof t,; andonein thedirection
of thebinormalr t. ThismakesD abivariatefunction
in theangles and . Consequentlythe texture coor

dinatescanbe computedn softwarein muchthesame
way as describedabove for isotropic materials. This

alsoholdsfor theotheranisotropianodelsin computer
graphicditerature.

Sinceanisotropicmodelsdependon both a normal
andatangentervertex, thetexturecoordinatesannot
be generatedvith the help of a texture matrix, even if
light andviewing directionsareassumedio beconstant.
Thisis dueto thefactthattheanisotropidermcanusu-
ally not be factoredinto a term that only dependson
the surfacenormal, and onethat only dependson the
tangent.

Oneexceptionto thisrule is themodelby Banks[2],
which is mentionedheredespitethe fact that it is an
ad-hocmodelwhichis not basedon physicalconsider
ations. Banksde nes the re ection off an anisotropic
surfaceas

lo=cos (kgmqti + kshAGhi™") I;;  (4)

wherenVis theprojectionof thelight vectortinto the
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planeperpendiculato the tangentvectort. This vec-
tor is thenusedasa shadingnormalfor a Blinn-Phong
lighting modelwith diffuseandspeculacoefcients kq
andks, andsurfaceroughness. In [28], it hasbeen
pointedout thatthis Phongtermis really only a func-
tion of thetwo angleshetweerthetangentandthelight
direction,aswell asthetangentandthe viewing 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 tangentt is speci ed asa
texturecoordinateandthetexturematrixis setup asin
Equation3. Theadditionaltermcos in Equation4 is
computedoy hardwarelighting with a directionallight
sourceanda purely diffusematerial,sothatthe Banks
modelcan be renderedwith onetexture and one pass
perlight source.Figure3 shavs imagesrenderedwith
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
factorizingthesetalular 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

model, so this canbe doneinteractvely. The numeri-
cal methodgake too long for that. On the otherhand,
thebig advantageof thenumericaimethodss thatarbi-
trary BRDFsresultingfrom measurementsr physical
simulationscanbe used.Figure4, for example,shovs
ateapotwith aBRDFthatlooksbluefrom 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 computationsan
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

Thetechniqueglescribedn the following assumehat
ervironmentmapscanbe reusedfor differentviewing
positionsin differentframes,oncethey have beengen-
erated.lt is thereforenecessaryo choosearepresenta-
tion for ervironmentmapswhich is valid for arbitrary
viewing positions. This includesboth cube maps[6]
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andparabolicmaps[9], bothof which aresupportedn
all modernplatforms.

1.4 Mirror and Diffuse Terms with Envi-
ronment Maps

Once an ervironment map is given in a view-
independenparameterizationit canbe usedto adda
mirror re ection termto an object. Using multi-pass
renderingandeitheralphablendingor anaccumulation
buffer [7], it is possibleto adda diffuseglobalillumi-
nationterm throughthe useof a precomputedexture.
Two methodsexist for the generatiorof suchatexture.
Oneway is, that a global illumination algorithm such
asRadiosityis usedto computethe diffuseglobalillu-
minationin every surfacepoint.

Thesecondapproachs purelyimage-basedindwas
proposedy Greend6]. Theervironmentmapusedfor
the mirror term containsinformationaboutthe incom-
ing radianceL; (x;T), wherex is thepointfor whichthe
ervironmentmapis valid, andT"the directionof thein-
cominglight. Thisinformationcanbe usedto pre Iter
the ervironmentmapto representhe diffusere ection
of anaobjectfor all possiblesurfacenormals.Lik e regu-
lar environmentmaps this textureis only valid for one
pointin spaceput canbeusedasanapproximatiorfor
nearbypoints.

1.5 Fresnel Term

A regular ervironment map without pre Itering 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 Fresnekermis almostone,independentf the
anglebetweerlight directionandsuriacenormal. Thus,
for a perfectlysmooth(i.e. mirroring) surface,incom-
ing light is re ectedin the mirror directionwith a con-
stantre ectance.

For non-metallicnaterial{materialswvith asmallin-
dex of refraction),however, there ectancestronglyde-
pendson the angle of the incominglight. Mirror re-
ections on thesematerialsshouldbe weightedby the
Fresnettermfor the anglebetweernthe normalandthe
viewing directionv.

Similar to the techniquedor local illumination pre-
sentedin Sectionl, the Fresnelterm F (cos ) for the

mirror directionty, canbestoredn atexturemap.Since
hereonly the Fresnekermis required,a 1-dimensional
texturemapsufces for this purpose This Fresneterm
is renderedo the frameluffer's alphachannein asep-
araterenderingpass.Themirror partis thenmultiplied
with thistermin a secondhassandathird passis used
to addthediffusepart. Thisyieldsanoutgoingradiance
ofLo= F Lm+ Lqg, whereLn, isthecontrikution of
themirror term,while L 4 is the contrikution dueto dif-
fusere ections.

In additionto simply addingthe diffuse partto the
Fresnel-weightedirror re ection, we canalsousethe
Fresnetermfor blendingbetweerdiffuseandspecular:
Lo=F Lm+ (1 F)Lg. Thisallowsusto 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 shovsimageggeneratedisingthesewo ap-
proaches. In the top row, the diffuse termis simply
addedto the Fresnel-weightednirror term (the glossy
re ection is zero). For a refractve 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 thewhole objectis highly specular

Thebottomrow of Figure5 shavs two imagesgen-
eratedwith the secondapproach.For a low index of
refraction thespeculatermis againhighonly for graz-
ing angles,but in contrastto theimageabove, the dif-
fuse part fadesout 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-
ment mapsto 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 ideascan be com-
binedto precomputean ervironmentmap containing
theglossyre ection of anobjectwith aPhongmaterial.
With this concepteffectssimilar to the onespresented
by Debevec[5] arepossiblen realtime.
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Figure5: Toprow: Fresnelweightedmirror term. Secondow: FresnelWweightedmirror termplusdiffuseillumina-
tion. Third row: Fresneblendingbetweemirror anddiffuseterm. Theindicesof refractionare(from left to right)
1.5,5,and200. Bottomrow: apre Itered versionof the mapwith aroughnessf 0.01,andapplicationof this map

to are ective sphereandtorus.
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As showvn in [15], the PhongBRDF is givenby

e jw 1=r e jTi 1=r
| = = .
fr(M! v) = ks cos Ks cos (5)

whererq, andt, arethe re ected light- and viewing
directions respectiely.
Thus, the specularglobal illumination using the
Phongmodelis
Z

Lo(fv) = ks it LM d (M;  (6)

(R)

which s only afunctionof there ection vectorr, and
the ervironmentmapcontainingtheincomingradiance
Li(T). Thereforejt is possibleto take amapcontaining
L;(T), andgenerate ltered mapcontainingtheoutgo-
ing radiancdor a glossyPhongmaterial.Sincethis |-
teringis relatively expensve, it canon mostplatforms
not beredonefor every framein aninteractve applica-
tion. On specialgraphicshardwarethat supportscon-
volution operationshowever, it can be performedon
the y, asdescribedy Kautzetal. [13].

Thebottomrow of Figure5 shavs suchapre Itered
map aswell asapplicationsof this mapfor re ection
and transmision. If the original ervironmentmap is
givenin a high-dynamicrangeformat, thenthis pre-
Itering techniqueallows for effectssimilarto theones
describedy Deberec[5].

2 Shadow Mapping

After discussingmodelsfor local illumination in the
previous chapteywe now turnto globaleffects. In this
chaptewe dealwith algorithmsfor generatinghadavs
in hardware-basedenderings.

Shadavs are probably the visually mostimportant
global effect. This fact hasresultedin a lot of re-
searchon how to generatethem in hardware-based
systems. Thus, interactve shadevs are in principle
a solved problem. However, currentgraphicshard-
ware rarely directly supportsshadavs, and, asa con-
sequencegewer applicationghanonemight expectac-
tually usethedevelopedmethods.

In contrasto theanalyticapproactshadaev volumes,
shadev maps[33] area sampling-basethethod.First,
the sceneis renderedfrom the position of the light
sourceusinga virtual imageplane(seeFigure6). The
depthimagestoredin the z-buffer is thenusedto test
whetherapointis in shadaev or not.

point
light source

virtual
image plane
with

depth image

occluder

=]~

receiver

Figure6: Shadav mapsusethez-buffer of animageof
thescenaenderedrom thelight source.

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

A hardware multi-passimplementatiorof this prin-
ciple hasbeenproposedn [25]. The rst stepis the
acquisitionof the shadev mapby renderingthe scene
from thelight sourceposition.For walkthroughsthisis
apreprocessingtep,.for dynamicscenest needso be
performedeachframe. Then,for eachframe,thescene
is renderedwithout the illumination contrikbution from
thelight source.ln asecondenderingpasstheshadov
mapis speci ed asa projective texture, anda speci ¢
hardware extensionis usedto map eachpixel into the
local coordinatespaceof the light sourceandperform
thedepthcomparisonPixels passinghis depthtestare
marked in the stencil buffer. Finally, the illumination
contrikution of the light sourceis addedto the lit re-
gionsby athird renderingpass.

The advantageof the shadev mapalgorithmis that
it is ageneraimethodfor computingall shadevsin the
sceneandthatit is very fast, sincethe representation
of the shadavs is independenbf the scenecomple-
ity. Onthedown side,thereareartifactsdueto the dis-
cretesamplingandthe quantizationof the depth. One
bene t of the shadav map algorithm s that the ren-
deringquality scaleswith the availablehardware. The
methodcould be implementedon fairly low end sys-
tems, but for high end systemsa higherresolutionor
deepeiz-buffer couldbe chosensothatthe quality in-
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creaseswith the available texture memory Unfortu-
nately the necessanhardvare extensionsto perform
the depthcomparisoron a perfragmentbasisare cur
rently only availablehae until recentlyonly beenavail-
able on two high-endsystems the RealityEngine[1]
andtheIn niteReality [20].

2.1 Shadow Maps Using the Alpha Test

Insteadof relying on a dedicatedshadev map exten-
sion, it is also possibleto use projectie texturesand
the alphatest. Basically this methodis similar to the
methoddescribedn [25], butit ef ciently takesadwvan-
tageof automatiaexture coordinategeneratiorandthe
alphatestto generateshadev maskson a perpixel ba-
sis. This methodtakes one renderingpassmore than
requiredwith the appropriatéhardwareextension.

In contrasto traditionalshadev mapswhichusethe
contentf az-buffer for the depthcomparisonwe use
a depthmapwith a linear mappingof the z valuesin
light sourcecoordinates. This allows us to compute
the depthvaluesvia automatictexture coordinategen-
erationinsteadof a perpixel division. Moreover, this
choiceimproves the quality of the depthcomparison,
becausd¢he depthrangeis sampleduniformly, while a
z-buffer representslose points with higher accurag
thanfar points.

As before theentirescends renderedrom thelight
sourcepositionin a rst pass.Automatictexture coor
dinategeneratioris usedto setthetexturecoordinateof
eachvertex to the depthasseenfrom the light source,
anda 1-dimensionatexture is usedto de ne a linear
mappingof this depthto alphavalues. Sincethe al-
phavaluesarerestrictedto therange[0: : : 1], nearand
far planeshave to be selectedwhosedepthsare then
mappedo alphavaluesO and1, respectrely. There-
sult of this is an imagein which the red, green,and
bluechannelsave 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 map algorithm now requiresa comparisonof
the point's depthwith respecto the light sourcewith
the correspondinglepthvalue from the shadav map.
The rst of thesetwo valuescanbe obtainedby apply-
ing the samel-dimensionakexture that was usedfor
generatinghe shadev map. The secondvalueis ob-
tainedsimply by usingthe shadev mapasa projective

texture. In orderto comparethe two values,we can
subtractthemfrom 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 0 at eachfragmentthatis lit by thelight
sourceand> Ofor fragmentghatareshadeved. Then,
analphatestis employedto compargheresultsto 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
framehuffer containsan  valueof 0 at eachpixel that
is lit by thelight sourceand> 0 for shadaved pixels.
In the next stepit is thennecessaryo set to 1 for
all the shadaeved pixels. This will allow usto render
thelit geometryandsimply multiply eachfragmentby
1 of thecorrespondingixel in theframehuffer (the
valueof 1 would be 0 for shadeved and 1 for lit
regions).In orderto dothis, we haveto copy theframe-
buffer ontoitself, therebyscaling by 2", wheren is
the numberof bitsin the channel. This ensureghat
1=2", thesmallestvalue> 0, will bemappedo 1. Due
to the automaticclampingto the intenal [0::: 1], all
largervalueswill alsobe mappedo 1, while zeroval-
uesremainzero. In additionto requiringan expensve
framehuffer copy, this algorithm also needsan alpha
channelin theframeluffer (“destinationalpha”),which
might not be availableon somesystems.

Figure7 shavsanengineblockwheretheshadaev re-
gionshave beendeterminedisingthis approachSince
thescenas renderedtleastthreetimesfor everyframe
(four timesif the light sourceor ary of the objects
move), therenderingimesfor this methodstronglyde-
pendonthecompl«ity of thevisible geometryin every
frame,but notatall onthe compleity of thegeometry
castingthe shadavs. Scenesof moderatecompleity
can be renderedat high frame rateseven on low end
systemsTheimagesn Figure7 areactuallytheresults
of texture-based/olumerenderingusing 3D texturing
hardware (see[32] for the detailsof the illumination
process).
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Figure 7: An engineblock generatedrom a volume

datasetwith andwithout shadevs. The shadwvs 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 scene without increas-
ing the geometriccomplity. They have beenused
in software renderingsystemsfor quite a while [4],
but hardwareimplementationsiave only occurredela-
tively recently and several different methodsare pos-
sible, dependingon the level of hardware support
(e.q.[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] precomputehe normalfor
every surfacepoint in an of ine processand storeit
directly in 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”,
seg[22]). In theoriginal version thisis asoftwarestep,
which cannow, however alsobe donedirectly in hard-
ware [16]. Then,theselocal vectorsare interpolated
acrossthe surfaceusing Gouraudshadingandthe per
pixel bump mapnormalsarelooked up from a texture

map. A simplere ection model containinga diffuse
anda Phongcomponentanthenbeimplementedasa
numberof dot productsfollowed by successie squar
ing (for the Phongexponent). Theseoperationsmap
easilyto theregistercombinerfacility presenin mod-
ernhardware[21].

3.1 Shadows for Bump Maps

Thebasicapproacho bumpmappingasoutlinedabore

can be extendedto approximatethe shadaevs that the
bumpscastonto eachother Notethatapproachetike

shadev mapsdo notwork for bumpmapsbecauselur

ing the renderingphasethe geometryis not available;
only perpixel normalsare. Shadaing 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
representecgsuchthat it consumedittle memory and
suchthatthe testof whethera given light directionis
above or belov the horizonfor ary pointin the bump
mapcanbe doneef ciently in hardware. We describe
herea methodproposedy Heidrichetal. [8].

We startwith a bump map given as a height eld,
asin the original formulation by Blinn [4]. We then
selecta numberof randomdirectionsD = fd;g, and
shootraysfrom all height eld pointsp into eachof the
directionsd;. Fortheshadaving algorithmwewill only
recorda booleanvaluefor eachof theserays, namely
whethertheray hits anothempointin theheight eld, or
not. In Section3.2wewill describenow to useasimilar
preprocessingtepfor computingindirectillumination
in bumpmaps.

Now let us considerall the rays shotfrom a single
surface point p. We projectall the unit vectorsfor
the samplingdirectionsd; 2 D into thetangentplane,
i.e. we dropthe z coordinateof d; in thelocal coordi-
nateframe. Thenwe t anellipsecontainingasmary
of those2D pointsthat correspondo unshadwed di-
rectionsaspossiblewithout containingtoo mary shad-
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oweddirections.Thisellipseis uniquelydeterminedy

its (2D) centerpointc, adirection(ax; ay) " describing
the direction of the major axis (the minor axisis then
simply ( ay; ax)'T), andtwo radii r; andr,, onefor

theextentalongeachaxis.

Figure 8: For the shadev testwe precompute2D el-
lipsesat eachpoint of the height eld, by tting them
to the projectionsof the scatteringdirectionsinto the
tangenplane.

For the tting processwe begin with theellipserep-
resentedby the eigemvectorsof the covariancematrix
of all pointscorrespondingo unshadwed directions.
We then optimize the radii with a local optimization
method. As an optimizationcriterion we try to max-
imize the numberof light directionsinside the ellipse
while atthe sametime minimizing the numberof shad-
oweddirectionsinsideit.

Oncewe have computedthis ellipse for eachgrid
pointin theheight eld, theshadav testis simple.The
light directionTis alsoprojectednto thetangenfplane,
andit is checled whetherthe resulting2D pointis in-
sidetheellipse(correspondingo alit point)or not(cor-
respondingo a shadevedpoint).

Both the projectionandthein-ellipsetestcanmath-
ematicallybe expressedrery easily First,the2D coor
dinatesly andly have to be transformednto the coor
dinatesystemde ned by theaxesof theellipse:

[ .
0 .— X .
IX - h ay j Iy Cy I (7)
o C .
0:=h W XX 8
y a0 o (8)
Afterwards,thetest
0y2 10)2

2 2
rs rs

hasto be performed.
To mapthesecomputationso graphicshardware,we
representhe six deggreesof freedomfor the ellipsesas

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

Figure9 shonvs someresultsof this shadaving algo-
rithm.

Figure9: A simplebump 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
thatbouncesroundmultiple timesin thebumpsbefore
hitting thecamera.

As in the caseof bump map shadavs, we start by
choosinga setof randomdirectionsd; 2 D, andshoot-
ing rays from al pointsp on the height eld into all
directionsd; . Thistime, however, we do not only store
abooleanvaluefor every ray, but ratherthe 2D coordi-
natesof theintersectiorof thatray with theheight eld
(if any). Thatis, for every directiond;, we storea 2D
map$S; that,for everypointp, holdsthe2D coordinates
of thepointq visible from p in directiond;.

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

If we assumehatboththelight andthe viewing di-
rectionvary slowly acrossthe height eld (this corre-
spondgo the assumptiorthatthe bumpsarerelatvely
small comparedo 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 surfacepointsare
composef pieceswith identicaldirections.

rametersarethesurfacenormals.More speci cally, for
the radianceleaving a grid point p in directionv, the
importantvarying parametersare the normal 1, the
point q := Sj[p] visible from p in direction &, and
thenormalng in thatpoint.

In particular the radiancein directionv causedby
light arriving from directiont andscatteredncein di-
rection @ is givenby thefollowing formula.

Lo(p;¥) =fr(Rp; O, ¥)mpjdii

fr(Rg; T, di)mgitt Li(a;T) @ (10)
Usually theBRDFis writtenasa4D functionof thein-
comingandthe outgoingdirection,both givenrelative
to alocal coordinatdramewherethelocal surfacenor
mal coincideswith the z-axis. In aheight eld setting,
however, the viewing andlight directionsare givenin
someglobal coordinatesystemthatis not alignedwith
the local coordinateframe, sothatit is rst necessary
to perform a transformationbetweenthe two frames.
To emphasizé¢hisfact,we have denotedheBRDF asa
functionof theincomingandoutgoingdirectionaswell
asthesurfacenormal. If we planto useananisotropic
BRDFonthemicrogeometrylevel, wewouldalsohave
to includeareferencdangentvector

Note that the term in parenthesiss simply the di-
rectillumination of a height eld with viewing direc-
tion di, with light arriving from T. If we precompute
this termfor all grid pointsin the height eld, we ob-
tain a texture L 4 containingthe directillumination for
eachsurfacepoint. This texture canbe generatedis-
ing a bump mappingstepwherean orthographiccam-
erapointsdown onto the height eld, but d&; is used
astheviewing directionfor shadingpurposes.

Oncewe have L4, the secondre ection is just an-
otherbump mappingstepwith ¥ asthe viewing direc-
tion andd; asthelight direction. Thistime, theincom-
ing radianceis not determinedby the intensity of the
light source put ratherby the contentof theL 4 texture.

For eachsurfacepointp we look up the corresponding
visible pointg = Sj[p]. The outgoingradianceat q,
which is storedin the texture asL g4[q], is at the same
time theincomingradianceatp.

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

Direct lllum. Indirect lllum.

Ch i, H,

Direct lllum. l
——» + —|
2 2, Us

Indirect llum.

l Indirect lllum.
F———» +

3 n:

Direct I[lum.

Direct lllum. l

Figure 11: Extendingthe dependentestscatteringal-
gorithm to multiple scattering. Eachbox indicatesa
texturethatis generatealith 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
illumination in the completeheight eld atonce,using
two SIMD-style operationson the whole height eld
texture: bump mappingfor direct illumination, using
two given directionsfor incomingand outgoinglight,
aswell asalookupof theindirectilluminationin atex-
ture mapusingthe precomputedisibility datain form
of thetexturess;.

3.2.1 Use of Graphics Hardware

In recentgraphicshardware, both on the workstation
and on the consumetevel, several nen 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 has someway 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 bumpmappingschemewill

besufcient for our purposesbut thekind of re ection
modelavailablein this bump mappingstepwill deter
mine what re ection modelwe can useto illuminate
ourhight 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 imagesnto theframebuffer, andis currently
only availableon somehigh-endSGI machines Alter-
natiely, we canusedependentexture lookups a vari-
ant of multi-texturing, that hasrecentlybecomeavail-
ableon somenewer PC graphicsboards. With depen-
denttexturing, we canmaptwo or moretexturessimul-
taneouslyontoanobject,wherethetexturecoordinates
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:the frameluffer is readoutto mainmemory and
eachpixel is replacedvy a valuelooked 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 pointsp
andq in the height eld rst requiresusto compute
the directillumination in q. If we do this for all grid
pointswe obtaina texture L 4 containingthe re ected
light causedby the direct illumination in eachpoint.
This texture L 4 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 p is 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 g visible from p in the scatteringdirection.
We achieve this by bump mappingthe surfacewith a
light intensityof 1, andby afterwardsapplyinga pixel-

wisemultiplicationof thevaluelookedupfrom L 4 with
the help of dependentexturing. Figure12 shavs how
to conceptuallysetup a multi-texturing systemwith de-
pendentexturesto achieve thisresult.

q
L|
Ly —

Figure 12: For computingthe indirect light with the
help of graphicshardvare, we conceptuallyrequirea
multi-texturing systemwith dependentexturelookups.
This gure illustrateshow this systemhasto be setup.
Boxes indicate one of the two textures, while incom-
ing arrows signaltexturecoordinatesndoutgoingones
meantheresultingcolor values.

The rst textureis theS; thatcorrespondto thescat-
tering directiond;. For eachpoint p it yields q, the
point visible from p in directiond;. The secondtex-
tureL 4 containghere ecteddirectlight in eachpoint,
which actsas an incoming radianceat p. Figure 13
shavs someresultsof the method.

P ~ -~ -
Ala A Ata Ao
A ‘}.4:{\ - ;‘ 4:‘\‘4
Al : ‘-Aﬁ;s afa a%a

Figure13: A bumpmapwith andwithoutindirectillu-
mination

By usingthis hardwareapproachyetreatthegraph-
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 graphicshardware.
While theindividual methodsarecertainlyquite differ-
ent,therearesomefeatureshatoccurin all examples:
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The most expensve operations(i.e. visibility
computations,ltering of ervironmentmapsetc.)
arenotperformedonthe y , butaredonein apre-
computingstep.

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

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

The texturesneedto be parameterizedn sucha
way thatthetexture coordinatesreeasyandef -
cientto generateideally directly in hardware.
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