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Abstract

Quite a few techniqueshave beenproposedbn how to
implementmore complex and realistic shadingmodels
with graphicshardware[5, 7], making them useful for
VR applications.

Still, thesetechniquesarerarely used,probablydueto
two reasonscomplex implementationissuesandunintu-
itive parameterfor theusedshadingnodels.We propose
to useasimpletechniquecalled"NDF shading".It allows
an artist to handcraftshadingmodels; shapeand color
of highlightsare simply storedin a bitmap. Anisotropic
shadingnodelscanalsobecreated.

Key words: Hardware Acceleation, ShadingModels,
Texture Mapping Frame-Bufer Tricks.

1 Intr oduction

With fast3D graphicsbecomingmore and more avail-
ableeven on low end platforms,the focusis beginning
to shift towardshigher quality rendering. The standard
Phongmodel[8], whichis supportedy OpenGL,is nei-
ther physically plausiblenor visually interesting. Dif-
ferentmethodshave beenproposedon how to incorpo-
rate more advancedlocal illumination [5, 7]. But these
methodseither use analyticalmodels,which have non-
intuitive parameter®r needmeasurednaterialdescrip-
tions,which arehardto get.

We proposea methodthat allows to basically“paint”
the shadingmodel into a bitmap. This gives usersa
greaterfreedomin generatingnterestingshadingmod-
els. The proposedechniguecanbeimplementedn ary
graphicshardwareandrunsatinteractve rates.More ad-
vancedfeaturessuchasmultitexturing, canbe exploited
if present. Parts of the usedshadingmodel, which is
basedn amicrofacetmodel[11], canbeomitted,if high
frameratesareimportant. Eventheninterestingshading
modelscanbecreated.

2 Prior Work

In thepasta varietyof differentBRDF modelshave been
proposedOneof the rst wastheneitherphysicallycor-
rectnor empiricalPhongmodel[8], whichis still widely
useddueto its simplicity. Blinn [3] improvedthe physi-
cal correctnes®f this modelby handlingenegy conser
vation andthe Helmholtzreciprocity Quite a few mod-
els basedon micro-facetshave beenproposede.g.the
Torrance-Sparne model[11], which assumes surface
to consistsof vertical v-grooves, which was enhanced
by Cook and Torrance[4], or the Ward model [12],
which assumesa micro-facetdistribution accordingto
ananisotropicGaussiarfunction. The Bank's model[2]
handlesanisotropicre ections by assumingsmall bers
alongthegiventangent.

Hardware basedrenderingmethodsusually use the
Blinn-Phongmodel,becausef mathematicasimplicity.
However, Heidrichetal. [5] recentlyshavedhow to han-
dle morecomplex BRDF modelsby factoringthe Banks
model and the Cook-TorranceModel analytically and
storingthe factorsin texture maps. The original model
canthenbe reconstructedisingtexture mapping. Kautz
and McCool reparameterize@RDFs [7] and then de-
composedhem numerically Again the original model
is reconstructedising texture mapping. Both methods
assumesmoothly varying normalsand tangents which
meansthey can not be combinedwith bump mapping,
nor canthe parametersf there ectancemodelvary.

We will use a modi ed version of the Torrance-
Sparrav model,whichis alreadyfairly simpleandwhich
canbemadeevensimpler, if speeds important(the sim-
pli cation wasproposedn adifferentcontext by Kautzet
al. [6]). This modelcaneasilybe mappedontoa variety
of graphicshardware.In the next sectionwe will explain
the theory behindthis model, beforewe go on to some
implementatiorissues After thatwe will discusshow to
usethis modelandshow afew results.
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Tablel: Importanttermsusedin the paper

3 Micr ofacetShadingModels

Microfacet-basede ectancemodelsassumehat a sur
faceis madeof mary small, at, andperfectlyspecular
patchegFresnete ectors),so-callednicrofacetysed4]
for a moredetaileddiscussion).Thesemicrofacetsonly
re ect light in the speculardirectionwith respectto its
own normalfty, . Theoverallappearancef thesurfaceis
governedby the distribution of the orientationof micro-
facets.

We follow thede nition of Torrance-Sparne'smicro-
facetmodel,which canbe generallywritten as:
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wherep representthedistribution of microfacetsG rep-
resentsthe self-shadwing and maskingof the micro-
facetsF is the Fresnelterm. We will now explain each
of thesetermsin moredetail.

fr(f\;o) = 1)

3.1 Normal Distrib ution Function
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Figurel: Microfacet-basedurfaces. hy, is the normal
of amicrofaceth is thenormalof the surface,and¢ and
1 are exemplarylocal viewing and light directions. On
theright you canseea projectionof anormaldistribution
functionp(fin), which is de ned over the hemisphere,
ontoa 2D texture.

Thedistribution of microfacetis usuallyrepresenteds
aprobabilitydensityfunctionp(hy, ), alsocalledthe nor-
mal distribution function (NDF); seeFigure 1. Analyti-
calmodelssuchasthe Torrance-Sparne modelassume
certaindistribution, usuallya Gaussiardistribution. Do-
ing this alreadylimits the appearancef the surface. We
will notrestrictourselhesto acertainsetof analyticaldis-
tributions, we ratherallow the userto createonewith a
paintprogram seeright sideof Figurel.

3.2 Shadoving and Masking

The shadeving and maskingterm describeswvhich per
centageof the microfacetsareeitherin shadav (seeFig-
ure 2) or are masled away, i.e. cant be seenfrom the
currentviewing position.
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&

Figure2: Notall microfacetge ect light (or canbeseen)
from all directions,sincethey arein shadev (or masked
away).

Many different shadeving and maskingterms have
been proposed[1, 10, 11]. The most general by
Ashikhminetal. [1] doesnotassume certainmicrofacet
distribution, it ratherusesit directly. The othermodels
usuallyassume Gaussiamistribution of microfacetsIn
our experimentave foundthatthe differencesrehardto
tell, especiallyfor localillumination. We thereforechose
to usetheoriginal Torrance-Sparmw term,becausé can
easilybeevaluatedpervertex:
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3.3 FresnelTerm

The amountof light re ected andrefractedat a surface
depend®ntheangleandthewavelengthof theincoming
light aswell ason the materialof the surface. Theseef-

fectsaresummarizedy the FresnetermF . Theoriginal

formulasarerathercomple, but asimpleapproximation
exists[9]:
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This formulaonly requireshe parameter§ , which cor-
respondo the color of re ected white light with orthog-
onalincidence For dielectrics(lik e plastic,porcelain,...)



thesevaluesareusually1l, meaningthata speculathigh-
light hasthe color of thelight source.In contrasto this,
metalschangethe color of a highlight, e.g. gold hasa
goldish highlight whenthe light incidentsorthogonally
to the surface. At moregrazinganglesall thesemateri-
als changetheir highlight color to the color of the light
source.

Wesamplef  atonly threewavelengthdor red,green,
andblue,i.e.weonly needf, ; f4, andf .

4 Implementation

Since VR applicationsrun on a wide variety of differ-

enthardwarewith differentcapabilitieswe will describe
how the above describedshadingmodel can be imple-

mentedn ageneralway.

4.1 Rendering Equation

The equationwe needto computefor local illumination
(i.e.for pointlight sourcer for parallellight) is thefol-
lowing.
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all thetermsusedareexplainedin Tablel.
All thatis left,isto nd awayto computethisequation
usinggraphicshardware.

4.2 Mapping onto graphics hardware

As hasbeenproposedefore[5], partsof mary compu-
tationscan be sampledand put into texture maps,or if
the computationsare simple they canbe computedper
Vertex.

We have to decidenow which partsof this equation
can be put into texture maps, and which parts can be
computedpervertex. Of course pervertex computation
shouldonly be usedfor termsthatvary smoothly or one
will get artifacts due to undersampling. Furthermore,
only bivariatetermscanbe put into texture maps,since
we cannotassumethat higherdimensionaltexturing is
available (e.g. 3D texturing). In addition, we needto
considerthe dynamicrangeof all the componentssince
graphicshardware usually only dealswith quantitiesin
the[0; 1] range.We alsotake the differentkinds of hard-
wareinto accounte.g.is multitexturing availableor not,
etc.

Dynamic Range
The following two componentsnay have valuesoutside
the[0; 1] range: L (f) canbe arbitrarily high, becauset

representshebrightnes®f thelight sourceandfor some
anglesS(f* ¥) becomedargerthan1.

Rendering
We foundthatit makesmostsenseo computeS(f’ ¢) per
verte, sincethis will avoid clampingof intermediatee-
sultsto [0; 1], andto put p(fi) into a 2D texturemap. The
multiplication caneasilybe donewith the graphicshard-
ware,just setthe resultof the pervertex computatioras
the color andmodulateit with thetexture. If high frame
ratesareimportant,thentheright partof S(f\; ¥) canalso
be omitted, effectively usingonly p(f). The per vertex
computationimplies that OpenGLdisplaylists can't be
usedarymore. This is not ascritical asonemight guess,
sincethemoreef cient vertex arrayscanstill beused.
Theambientanddiffusepartof therenderingequation
is donein a separatgpass,wherewe rely on OpenGL
lighting, and which we add to the specularpart using
blending.

Using AdvancedHardware

If we have moreadvancedhardware,suchasa GeForce
3, all the pervertex computationcanbe donein a vertex
shader As multitexturing is available,the ambient,dif-
fuseandspecularmpartcaneven be computedn asingle
pass.

5 Resultsand Discussion

First we would like to explain how to usethe proposed
model. Thenwe will shaw somemoreresultsanddiscuss
the method.

5.1 Usage

Therearequiteafew parameterthatcanbevariedin the
proposednodel. The ambientand diffuseterm are the
sameasin the Phongmodel. The specularterm is the
mostinterestingpart.

The normal distribution function is de ned over the
hemispherewhich we simply projectontoa at texture.
In Figure 3 you can seean example of suchan NDF
texture p(fi). The highlight can simply be paintedinto
that 2D texture. As the examplesuggestsit canalsobe
anisotropic.

In Figure 3 you seea teapotwith our shadingmodel
lit from two differentdirections. The gure shows dif-
ferent combinationsof shadingwith the Fresneland/or
shadaeving term. The Fresnelcoefcient wassettof =
(1:0; 0:57;0:57). In the uppermiddle (Fresnel+ shad-
owing) you can seethat the color of highlight changes
with the light direction,becomingwhiter at grazingan-
gles,which is whatwe expect. In the lower middle row
(only shadeving) the highlight remainswhite, which is
againwhat we expect, sinceno Fresnelterm was used.
Thebottomrow (only Fresnel)displaysaninterestingef-



fect, at orthogonaldirection the highlight is white, be-
causethe light sourceis so bright, that the term S(f* ¢)
saturateso (1; 1; 1), whereasat grazinganglesthe fore-
shorteningermn  {'is so smallthatit compensatethe
effect the Fresnelterm should have, namely male the
highlightwhite. In conclusionit makesmostsenseo use
the Fresnelandshadaving termtogetherto omit both of
them completely or to usethe shadeving term without
theFresneterm.

Figure 3: Top: diffusetexture and NDF texture, upper
middle: teapotwith shadeving and Fresnellower mid-

dle: teapotwith only shadeving, bottom: teapotwith

only Fresnel.

5.2 Moreresults

Herewe would like to shav a few moreresultsthatcan
be achievedwith this technique.In Figure4 you cansee
a pieceof cloth which wasrenderedusing a red diffuse
texture map and the shovn NDF. No Fresnelterm was

used.

Figure4: Velvetcloth. Left: NDF texture. Right: cloth
with diffusetexturefrom Figure3 plusNDF andshadov-
ing term.

In Figure5, we usedanNDF thatnot only includesthe
actualhighlight (starshapedn this case),but alsoa di-
rectionaldiffuseterm,i.e.thegreensurroundinghehigh-
light. It is differentfrom a standardiiffuseterm,because
it dependson the halfway vectorinsteadof the light di-
rection. If combinedwith arealdiffuseterm,in this case
herea red diffusetexture, theninterestingeffectscanbe
achieved, suchas color changesat certainangles(here
from greento red).

Figure5: Cloth with star shapechighlight. Left: NDF
texture. Right: cloth with diffusetexture from Figure 3
plus NDF, shadoving andFresneterm.

Figure6 showvs ananisotropicsilk like material. Only
theNDF wasusedfor shading Neverthelessheresulting
shadindookslike asilk cloth.

5.3 Discussion

Asyouhaveseerin theaboreexamplesit is fairly simple
to createimpressie looking materials.The mainadwan-



Figure 6: Anisotropic Silk. Left: NDF texture. Right:
clothwith NDF only.

tageis that basicallyarny userwho knows how to usea
paintprogramcanmalke useof this technique.

6 Conclusionsand Futur e Work

We have presentedh techniqueto incorporatemore ad-
vancedshadinginto VR systems. It allows the userto
createhis/herown shadingmodel. Interestingmaterials
(e.g.velvet, silk, brushedaluminum)canbe easily cre-
ated.

Thetechniquecanbeimplementedn avarietyof sys-
tems. If speedis important,partsof the shadingmodel
cansimply be omitted.

This methodstill only supportdocal shading.Glossy
re ections of the surroundingervironment have to be
doneusingothermethods.We would lik e to investigate
thosein thefuture.
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