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Abstract

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

Still, thesetechniquesarerarelyused,probablydueto
two reasons:complex implementationissues,andunintu-
itiveparametersfor theusedshadingmodels.Wepropose
to useasimpletechniquecalled"NDF shading".It allows
an artist to handcraftshadingmodels; shapeand color
of highlightsaresimply storedin a bitmap. Anisotropic
shadingmodelscanalsobecreated.
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Texture Mapping, Frame-Buffer Tricks.

1 Intr oduction

With fast 3D graphicsbecomingmore and more avail-
ableeven on low endplatforms,the focus is beginning
to shift towardshigherquality rendering. The standard
Phongmodel[8], which is supportedby OpenGL,is nei-
ther physically plausiblenor visually interesting. Dif-
ferentmethodshave beenproposedon how to incorpo-
ratemoreadvancedlocal illumination [5, 7]. But these
methodseither useanalyticalmodels,which have non-
intuitive parametersor needmeasuredmaterialdescrip-
tions,whicharehardto get.

We proposea methodthat allows to basically“paint”
the shadingmodel into a bitmap. This gives usersa
greaterfreedomin generatinginterestingshadingmod-
els. Theproposedtechniquecanbeimplementedon any
graphicshardwareandrunsat interactiverates.Moread-
vancedfeatures,suchasmultitexturing,canbeexploited
if present. Parts of the usedshadingmodel, which is
basedonamicrofacetmodel[11], canbeomitted,if high
frameratesareimportant.Eventheninterestingshading
modelscanbecreated.

2 Prior Work

In thepastavarietyof differentBRDFmodelshavebeen
proposed.Oneof the�rst wastheneitherphysicallycor-
rectnor empiricalPhongmodel[8], which is still widely
useddueto its simplicity. Blinn [3] improvedthephysi-
cal correctnessof this modelby handlingenergy conser-
vationandtheHelmholtzreciprocity. Quitea few mod-
els basedon micro-facetshave beenproposed,e.g. the
Torrance-Sparrow model [11], which assumesa surface
to consistsof vertical v-grooves, which was enhanced
by Cook and Torrance[4], or the Ward model [12],
which assumesa micro-facetdistribution accordingto
ananisotropicGaussianfunction. TheBank's model[2]
handlesanisotropicre�ections by assumingsmall �bers
alongthegiventangent.

Hardware basedrenderingmethodsusually use the
Blinn-Phongmodel,becauseof mathematicalsimplicity.
However, Heidrichetal. [5] recentlyshowedhow to han-
dle morecomplex BRDF modelsby factoringtheBanks
model and the Cook-TorranceModel analytically, and
storingthe factorsin texture maps. The original model
canthenbe reconstructedusingtexturemapping.Kautz
and McCool reparameterizedBRDFs [7] and then de-
composedthem numerically. Again the original model
is reconstructedusing texture mapping. Both methods
assumesmoothlyvarying normalsand tangents,which
meansthey can not be combinedwith bump mapping,
nor cantheparametersof there�ectancemodelvary.

We will use a modi�ed version of the Torrance-
Sparrow model,which is alreadyfairly simpleandwhich
canbemadeevensimpler, if speedis important(thesim-
pli�cation wasproposedin adifferentcontext by Kautzet
al. [6]). This modelcaneasilybemappedontoa variety
of graphicshardware.In thenext sectionwe will explain
the theorybehindthis model,beforewe go on to some
implementationissues.After thatwe will discusshow to
usethis modelandshow a few results.



n̂ localnormal
l̂ local light direction
v̂ local viewing direction
ĥ localhalfwayvector
p(ĥ) normaldistribution function
G(l̂ ; v̂) shadowing/maskingterm
F (ĥ � v̂) Fresnelterm
L i (l̂ ) incidentradiance
L o(l̂ ; v̂) outgoingradiance
ka ; kd; ks ambient,diffuse,andspecularcoef-

�cient

Table1: Importanttermsusedin thepaper.

3 Micr ofacetShadingModels

Microfacet-basedre�ectancemodelsassumethat a sur-
faceis madeof many small, �at, andperfectlyspecular
patches(Fresnelre�ectors),so-calledmicrofacets(see[4]
for a moredetaileddiscussion).Thesemicrofacetsonly
re�ect light in the speculardirectionwith respectto its
own normaln̂m . Theoverallappearanceof thesurfaceis
governedby thedistribution of theorientationof micro-
facets.

Wefollow thede�nition of Torrance-Sparrow'smicro-
facetmodel,whichcanbegenerallywrittenas:

f r (l̂ ; v̂) =
kd

�
+

ks

�
p(ĥ)G(l̂ ; v̂)F (ĥ � v̂)

(n̂ � l̂ )( n̂ � v̂)
; (1)

wherep representsthedistributionof microfacets,G rep-
resentsthe self-shadowing and maskingof the micro-
facets,F is theFresnelterm. We will now explain each
of thesetermsin moredetail.

3.1 Normal Distrib ution Function

normal density (NDF)
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Figure1: Microfacet-basedsurfaces. n̂m is the normal
of a microfacet,n̂ is thenormalof thesurface,andv̂ and
l̂ are exemplarylocal viewing and light directions. On
theright youcanseeaprojectionof anormaldistribution
function p(n̂m ), which is de�ned over the hemisphere,
ontoa 2D texture.

Thedistributionof microfacetis usuallyrepresentedas
a probabilitydensityfunctionp(n̂m ), alsocalledthenor-
mal distribution function (NDF); seeFigure1. Analyti-
calmodelssuchastheTorrance-Sparrow modelassumea
certaindistribution,usuallya Gaussiandistribution. Do-
ing this alreadylimits theappearanceof thesurface.We
will notrestrictourselvesto acertainsetof analyticaldis-
tributions,we ratherallow the userto createonewith a
paintprogram,seeright sideof Figure1.

3.2 Shadowing and Masking
The shadowing andmaskingterm describeswhich per-
centageof themicrofacetsareeitherin shadow (seeFig-
ure 2) or are masked away, i.e. can't be seenfrom the
currentviewing position.
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Figure2: Not all microfacetsre�ect light (or canbeseen)
from all directions,sincethey arein shadow (or masked
away).

Many different shadowing and masking terms have
been proposed [1, 10, 11]. The most general by
Ashikhminetal. [1] doesnotassumeacertainmicrofacet
distribution, it ratherusesit directly. The othermodels
usuallyassumeaGaussiandistributionof microfacets.In
ourexperimentswe foundthatthedifferencesarehardto
tell, especiallyfor local illumination. We thereforechose
to usetheoriginalTorrance-Sparrow term,becauseit can
easilybeevaluatedpervertex:

G(l̂ ; v̂) = min

(

1;
(n̂ � ĥ)( n̂ � v̂)

(ĥ � v̂)
;

(n̂ � ĥ)( n̂ � l̂ )

(ĥ � v̂)

)

: (2)

3.3 FresnelTerm
The amountof light re�ected andrefractedat a surface
dependsontheangleandthewavelengthof theincoming
light aswell ason thematerialof thesurface.Theseef-
fectsaresummarizedby theFresneltermF . Theoriginal
formulasarerathercomplex, but asimpleapproximation
exists[9]:

F� (ĥ � v̂) = f � + (1 � f � )(1 � (ĥ � v̂))5: (3)

This formulaonly requirestheparametersf � , whichcor-
respondto thecolor of re�ectedwhite light with orthog-
onalincidence.For dielectrics(likeplastic,porcelain,...)



thesevaluesareusually1, meaningthata specularhigh-
light hasthecolor of thelight source.In contrastto this,
metalschangethe color of a highlight, e.g. gold hasa
goldish highlight when the light incidentsorthogonally
to the surface. At moregrazinganglesall thesemateri-
als changetheir highlight color to the color of the light
source.

Wesamplef � atonly threewavelengthsfor red,green,
andblue,i.e.weonly needf r ; f g, andf b.

4 Implementation

SinceVR applicationsrun on a wide variety of differ-
enthardwarewith differentcapabilities,wewill describe
how the above describedshadingmodel can be imple-
mentedin a generalway.

4.1 Rendering Equation
Theequationwe needto computefor local illumination
(i.e. for point light sourcesor for parallellight) is thefol-
lowing.

L o(l̂ ; v̂) = ka +
kd

�
L i (l̂ )( n̂ � l̂ ) + (4)

ksS(l̂ ; v̂)p(ĥ)( n̂ � l̂ );

S(l̂ ; v̂) = L i (l̂ ) �
G(l̂ ; v̂)F (ĥ � v̂)

� (n̂ � l̂ )( n̂ � v̂)
; (5)

all thetermsusedareexplainedin Table1.
All thatis left, is to �nd awayto computethisequation

usinggraphicshardware.

4.2 Mapping onto graphicshardware
As hasbeenproposedbefore[5], partsof many compu-
tationscanbe sampledandput into texture maps,or if
the computationsare simple they can be computedper
vertex.

We have to decidenow which partsof this equation
can be put into texture maps,and which parts can be
computedper-vertex. Of course,per-vertex computation
shouldonly beusedfor termsthatvary smoothly, or one
will get artifacts due to undersampling. Furthermore,
only bivariatetermscanbe put into texture maps,since
we cannotassumethat higher-dimensionaltexturing is
available (e.g. 3D texturing). In addition, we needto
considerthedynamicrangeof all thecomponents,since
graphicshardwareusuallyonly dealswith quantitiesin
the[0; 1] range.We alsotake thedifferentkindsof hard-
wareinto account,e.g.is multitexturingavailableor not,
etc.

Dynamic Range
Thefollowing two componentsmayhave valuesoutside
the [0; 1] range:L i (l̂ ) canbearbitrarily high, becauseit

representsthebrightnessof thelight sourceandfor some
anglesS(l̂ ; v̂) becomeslargerthan1.

Rendering
Wefoundthatit makesmostsenseto computeS(l̂ ; v̂) per
vertex, sincethis will avoid clampingof intermediatere-
sultsto [0; 1], andto putp(ĥ) into a 2D texturemap.The
multiplicationcaneasilybedonewith thegraphicshard-
ware,just setthe resultof theper-vertex computationas
thecolor andmodulateit with thetexture. If high frame
ratesareimportant,thentheright partof S(l̂ ; v̂) canalso
be omitted,effectively usingonly p(ĥ). The per vertex
computationimplies that OpenGLdisplay lists can't be
usedanymore.This is not ascritical asonemight guess,
sincethemoreef�cient vertex arrayscanstill beused.

Theambientanddiffusepartof therenderingequation
is donein a separatepass,wherewe rely on OpenGL
lighting, and which we add to the specularpart using
blending.

Using AdvancedHardware
If we have moreadvancedhardware,suchasa GeForce
3, all theper-vertex computationcanbedonein a vertex
shader. As multitexturing is available,the ambient,dif-
fuseandspecularpart canevenbecomputedin a single
pass.

5 Resultsand Discussion

First we would like to explain how to usethe proposed
model.Thenwewill show somemoreresultsanddiscuss
themethod.

5.1 Usage
Therearequitea few parametersthatcanbevariedin the
proposedmodel. The ambientanddiffuseterm are the
sameas in the Phongmodel. The specularterm is the
mostinterestingpart.

The normal distribution function is de�ned over the
hemisphere,which we simply projectontoa �at texture.
In Figure 3 you can seean exampleof such an NDF
texture p(ĥ). The highlight cansimply be paintedinto
that2D texture. As theexamplesuggests,it canalsobe
anisotropic.

In Figure3 you seea teapotwith our shadingmodel
lit from two differentdirections. The �gure shows dif-
ferent combinationsof shadingwith the Fresneland/or
shadowing term. TheFresnelcoef�cient wassetto f � =
(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 shadowing) the highlight remainswhite, which is
againwhat we expect,sinceno Fresnelterm wasused.
Thebottomrow (only Fresnel)displaysaninterestingef-



fect, at orthogonaldirection the highlight is white, be-
causethe light sourceis so bright, that the term S(l̂ ; v̂)
saturatesto (1; 1; 1), whereasat grazinganglesthe fore-
shorteningterm n̂ � l̂ is so small that it compensatesthe
effect the Fresnelterm shouldhave, namely make the
highlightwhite. In conclusionit makesmostsenseto use
theFresnelandshadowing termtogether, to omit bothof
themcompletely, or to usethe shadowing term without
theFresnelterm.

Figure3: Top: diffuse texture andNDF texture, upper
middle: teapotwith shadowing andFresnel,lower mid-
dle: teapotwith only shadowing, bottom: teapotwith
only Fresnel.

5.2 Mor e results
Herewe would like to show a few moreresultsthat can
beachievedwith this technique.In Figure4 you cansee
a pieceof cloth which wasrenderedusinga red diffuse
texture map and the shown NDF. No Fresnelterm was

used.

Figure4: Velvet cloth. Left: NDF texture. Right: cloth
with diffusetexturefrom Figure3 plusNDF andshadow-
ing term.

In Figure5, weusedanNDF thatnotonly includesthe
actualhighlight (starshapedin this case),but alsoa di-
rectionaldiffuseterm,i.e.thegreensurroundingthehigh-
light. It is differentfrom astandarddiffuseterm,because
it dependson the halfway vectorinsteadof the light di-
rection.If combinedwith a realdiffuseterm,in this case
herea reddiffusetexture,theninterestingeffectscanbe
achieved, suchas color changesat certainangles(here
from greento red).

Figure5: Cloth with starshapedhighlight. Left: NDF
texture. Right: cloth with diffusetexture from Figure3
plusNDF, shadowing andFresnelterm.

Figure6 shows ananisotropicsilk like material.Only
theNDF wasusedfor shading.Neverthelesstheresulting
shadinglookslike asilk cloth.

5.3 Discussion
Asyouhaveseenin theaboveexamples,it is fairly simple
to createimpressive looking materials.Themainadvan-



Figure6: AnisotropicSilk. Left: NDF texture. Right:
clothwith NDF only.

tageis that basicallyany userwho knows how to usea
paintprogramcanmakeuseof this technique.

6 Conclusionsand Futur eWork

We have presenteda techniqueto incorporatemoread-
vancedshadinginto VR systems. It allows the userto
createhis/herown shadingmodel. Interestingmaterials
(e.g.velvet, silk, brushedaluminum)canbe easilycre-
ated.

Thetechniquecanbeimplementedonavarietyof sys-
tems. If speedis important,partsof the shadingmodel
cansimplybeomitted.

This methodstill only supportslocal shading.Glossy
re�ections of the surroundingenvironment have to be
doneusingothermethods.We would like to investigate
thosein thefuture.
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