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Figure1: Bumpmappedsphereatdifferentlevelsof detailconsistentlygeneratedandshadedwith thenormaldistribution shown on theleft.

Abstract

In this paperwe presenta methodthat automaticallysynthesizes
bump mapsat arbitrarylevels of detail in real-time. The only in-
put datawe requireis a normaldensityfunction; thebumpmapis
generatedaccording to that function. It is alsousedto shadethe
generatedbumpmap.

Thetechniqueallowsto infinitely zoominto thesurface,because
more(consistent)detail canbe createdon the fly. The shadingof
suchasurfaceis consistentwhendisplayedatdifferentdistancesto
theviewer (assumingthatthesurfacestructureis self-similar).

Thebumpmapgenerationandtheshadingalgorithmcanalsobe
usedseparately.

CR Categories: I.3.1 [Computer Graphics]: Hardware
Architecture—Graphicsprocessors;I.3.3 [Computer Graphics]:
Picture/ImageGeneration—Bitmapand frame buffer operations;
I.3.7 [Computer Graphics]: Three-Dimensional Graphics and
Realism—Color, Shading,Shadowing andTexture

1 Intr oduction

Bumpmappingwasoriginally introducedby Blinn [3] in 1978.He
showedhow wrinkledsurfacescanbesimulatedby only perturbing
the normalvector, without changing the underlyingsurfaceitself.
Theperturbednormalis thenusedfor the lighting calculationsin-
steadof theoriginal normal.

Currentgraphicshardware usually supports bump mappingby
providing per-pixel operationssuch as dot-products accessible
througheitherOpenGLextensions [18] or DirectX 8 [16]. These�
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per-pixel operationsareveryflexible andallow notonly bumpmaps
with diffuseandspecular reflectionsusinga Lambertianreflection
modelor resp.the Blinn-Phongmodel [4, 12, 15], but even using
morecomplex reflectionmodels[14].

Bump mapsareusuallycreatedby artiststo createthe illusion
of certainsurfacesor surfacestructures.In many casesthesebump
mapsjust containmore or lessrandombumpsto bettersimulate
roughmaterialsat close-ups.Theperceived roughnessof suchsur-
facesshouldbe the samewhendisplayedat differentdistancesto
the viewer. But shadingof thesebump mappedsurfacesis often
inconsistentacrossdifferent levels of detail, becausethe shading
modelatthecoarsestlevelof detaildoesnotcorrespond to thebump
mapat finer level of details.Or put theotherway round,thebump
mapis not consistentwith thechosenshadingmodel.

We presenta methodthat automaticallygeneratesbump maps
in real-timegiven only a shadingmodel. It performsconsistent
shadingunderthe assumptionthat the wrinkled surfaceis fractal
andthatthereflectionmodelis basedonmicrofacets(i.e.many tiny
specularsurfacepatches).This alsoallows to infinitely zoominto
thesurface,becausemore(consistent)detailcanbecreatedon the
fly.

Thebasicideaof our methodis simple. Sincewe presumethat
the shadingmodel is basedon microfacets,we cancreatea bump
mapthatis consistentwith theoriginal shadingmodelby distribut-
ing bumpsaccordingto thenormaldensityfunction(NDF), which
describestheprobability distribution of differentmicrofacetorien-
tations.Whentheviewer getscloserto thebumpmap,we cancre-
atemorewrinklesat higherfrequencieswhile maintainingthenor-
maldistributionof theshading model;seeFigure1. Thecreationof
bumpsis governedby anoisefunction.Theshadingis alwaysdone
with theoriginalshadingmodel,which is (almost)correct,because
the generateddetail is self-similar (fractal); no matterhow close
onezoomsin, themicrofacetsalwayshave thesamedistribution.

Consequently, wearesynthesizingfinerdetailfrom averycoarse
description. It is worth noting that this is differentfrom mostex-
isting texturesynthesismethods,wheredatais synthesized atsame
level of detail.Our maincontributionsare� amethodthatinteractively synthesizesbumpmapsatarbitrary

levelsof detailfrom a normaldensityfunction,and� a renderingalgorithmthatperformsshadingof thegenerated
bumpmapswith a reflectancemodelbasedon the samenor-
maldensityfunction.

Thesetwo partscanactuallybeusedindependently.



In the following sectionwe will briefly review somerelated
work.� In Section3 we will first give an overview of our method
andthendetail thebumpmapgenerationin Section4 andtheren-
deringalgorithmin Section5. After presentingsomeresultsin Sec-
tion 6 weshow possibleextensions(Section7) andfinally conclude
(Section8).

2 Related Work

While bumpmappinghasbeenaroundfor awhile [3], implementa-
tionsusinggraphicshardwarehavebeenproposed morerecently. A
techniquecalledembossing[5] usesamultipassmethodthatworks
ontraditionalgraphicshardware.However, dot-product bumpmap-
ping is preferrednowadaysbecauseit produces betterresultsand
is moreflexible, althoughit needshardwaresupportfor advanced
per-pixel operations. It directly storesthenormalsof thesurfacein
texturemaps[12, 30] andcanbeusedto renderdiffuseandspecular
reflectionsfrom smallsurfacebumps.

Specialhardwarefor bump mapping hasalsobeenproposedor
even implemented[7, 17, 21]. OlanoandLastra[19] useda more
generalapproach, they have built graphicshardware that can run
smallshadingprogramsandhenceis capableof doingbumpmap-
ping.

Many reflectancemodels have been introduced in computer
graphicsthepastyears.We will only briefly mentionthosethatare
closelyrelatedto our work. Blinn [4] proposeda verysimpleshad-
ing modelbasedon microfacets,which is oftenusedin thecontext
of bumpmapping.It is amodificationof thecommonlyusedPhong
model[23] to make it visuallymoresatisfying.TheCook-Torrance
model[6] is alsobasedon microfacets,but addsa shadowing and
Fresnelterm to make it more realistic. Ward [28] introducedan
anisotropicBRDF modelthat is basedon an anisotropicGaussian
microfacetdistribution. Ashikmin et al. [1] have recently intro-
duceda way of generating reflectionmodelsfrom arbitrarynormal
distributions.

Recentlynew techniques have beendeveloped to incorporate
morecomplex BRDF modelsinto real-timerendering.For exam-
ple, the Banksmodel [2] and the Cook-Torrancemodel [6] were
usedby Heidrich andSeidel[12]. More generalreflectancemod-
elswereusedfor hardwareacceleratedshadingby KautzandMc-
Cool [13]. Thesemethodscannot be usedfor bump mapping,be-
causethey assumesmoothlyvarying surfacenormals. Kautz and
Seidelintroducedamethod[14] thatcombinesbumpmappingwith
more complex analytic BRDFs, but did not addressthe issueof
mipmappingor filtering in general.

An effectiveway to domipmapping of bumpmaps(in software)
wasintroduced by Fournier[8]. A similar technique wasproposed
by Olano and North [20]. Our methodtries to solve a different
problem,but performsconsistentshading for differentmipmaplev-
elsassumingthesurfacestructureis fractal.

There is also a host of work on texture synthesis,both in the
computergraphicsand in the computer vision literature. Com-
monapproachesincludefeaturematching(e.g.[10]), Markov ran-
dom fields (e.g. [29]), andphysicalsimulationssuchas reaction-
diffusionmodels[31]. Thesealgorithmssynthesizeglobalpatterns
thataremuchmorecomplex thanthesimplefractalpatternsweare
considering. However, thesealgorithmsarefar from realtimesyn-
thesisandonly partly amenableto level-of-detailrepresentations.

3 Overview

As our methodis basedon a fractalmicrofacetmodel,we first pro-
vide a summaryof suchmodelsbeforewe give anoverview of the
proposed algorithm.

3.1 Micr ofacet-Based Reflectance Models

Microfacet-basedreflectancemodelsassumethata surfaceis made
of many small,flat, andperfectlyspecularpatches(Fresnelreflec-
tors),so-calledmicrofacets(see[6] for amoredetaileddiscussion).
Thesemicrofacetsonly reflect light in the speculardirectionwith
respectto its own normal �� � . Theoverallappearanceof thesurface
is governed by the distribution of the orientationof microfacets,
givenasa probability densityfunction 	�
 �� �
� , alsocalledthenor-
maldensityfunction(NDF); seeFigure2.
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Figure2: Microfacet-based surfaces. �� � is thenormalof a micro-
facet, �� is thenormalof thesurface,and �� and �� areexemplarylocal
viewing andlight directions.On theright you canseea visualiza-
tion of a normaldensityfunction 	�
 �� �
� .

This NDF canbe useddirectly for shadingpurposes,given that
wearefarenough awaysothatwecannotdiscernindividualmicro-
facets.Thenormalizedhalf-way vector �� betweentheeye vector ��
andthe light vector �� canbeusedto look up thefractionof micro-
facetsthatwill reflectlight towardstheeye for thegiven light and
eyevector. Thisvalue	�
 �� � canbedirectlyusedfor shading,asit is
donefor exampleby theBlinn-Phongmodel[4] or in [8, 20]. More
accuratemodels[27, 4, 6, 8, 1] includea self-shadowing/masking
termanda Fresnelterm. In our work we currentlydo not include
theseterms,simply for efficiency reasons.But inclusionof these
termsis possibleusinga combinationof [14] and[1].

3.2 Fractal Surfaces

We assumethesurfaceto bemadeof fractalmicrofacets.A fractal
microfacetsurfacecanbe describedasa surfaceconsistingof mi-
crofacetsthat arenot perfectlyspecularbut themselvesconsistof
microfacets,which happento bedistributedaccordingto thesame
densityfunction, andso on. This implies that whenwe get close
enoughto thesurfaceto seeindividual microfacets,wehave to per-
form shadingof the microfacetswith the reflectancemodelbased
on the NDF. Whenwe get even closerwe have to generatemore
microfacetsdistributedaccordingto theNDF.

3.3 Algorithm Overview

Theproblemwe aretrying to solve is thefollowing. Insteadof re-
quiringanartistto draw abumpmap,whichwouldonly bevalid for
onelevel of detail,we want to synthesizea bump mapat arbitrary
levels of detail from a given reflectancemodel. The reflectance
model must be basedon microfacetsand the probability density
function 	�
 �� �
� of themicrofacetdistributionmustbegiven.

This densityfunction tells uswhat percentageof microfacetsis
orientedin which way. So synthesizinga bump maprequiresthe
creationof a normalmapthat is consistentwith the densityfunc-
tion. Thenthis bumpmap,representedasa normalmap,hasto be
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Figure3: Conceptual overview of our method.First, the object is
renderedwith distance-dependentfractal noise(2D Gaussiandis-
tributedrandomnumbers).Thena lookupis performedthatreturns
localsurfacenormalsdefiningabumpmap;thelookuptableis gen-
eratedin sucha way that the normalsaredistributedaccordingto
theNDF. Finally theNDF is usedto shadethebumpmap.

shaded.Sincewe assumethesurfaceto befractal,shadingis done
with amicrofacetreflectionmodelbasedon thesameNDF.

We arenot explicitly creatingthenormalmap,we rathergener-
ate it on-the-fly. The generationof a normalmapaccordingto a
probabilitydensityfunctioncanbeseenasthegeneration of a ran-
domvariablewith agivendensity. Thisboilsdown to precomputing
a lookup tablethat takesa two-dimensional, � � � � � -distributedran-
domvectorasits inputandoutputsanormal(moredetailabout this
canbefound in thenext section).Thelookup tableis generatedin
suchaway thatnormalsaredistributedaccordingto theNDF.

Renderingis straightforward then. A distance-dependentnoise
textureisgeneratedfor theobject,andthevaluesfrom thenoisetex-
tureandtheprecomputed tableareusedto look up normalsdefin-
ing a bumpmap.ThentheNDF-basedreflectionmodelis usedfor
shadingthis generatedbumpmap.

Differentlevelsof detaildependingon thedistanceto a surface
aregeneratedasfollows. Whenthe object is seenfrom far away,
no individual bumpsshouldbe visible, i.e. the 2D noise texture
shouldcontainavector(dependson therepresentationof theNDF)
that looks up the normal 
 � � � � � � . Whengettingcloserto the sur-
facemoredetail will becomevisible, which canbe e.g.achieved
by smoothlyblendingin Perlinnoise[22]. The closeryou get the
more octaves of Perlin noiseshouldbe added, resulting in more
detailwhenneeded.

In Figure3 theindividual stepsarevisualized.

4 Bump Map Generation

As explainedin the previous section,we want to build a lookup
table that maps2D randomvectorsto normalsaccordingto the
normaldensityfunction. This canbe seenas the generationof a
randomvariablewith a given density. This is a well-known prob-
lem [24], andis generallysolvedthefollowing way.

Given a two dimensionalprobability density function (PDF)� 
 ��� � � anduniformly � � � � � -distributedrandomnumbers 
 � � � � � � ,

wefirst compute themarginal densityfunction:� 
 � ���  "!$#% #
� 
 ��� � � & � �

andthenits cumulative distribution function(CDF):' 
 � �(�  "!$)% # � 
 � * � & � * +
Givena uniformly distributedrandom number � � , we cancompute
anew randomnumber� , thatis distributedaccordingto

� 
 ��� � � in
thefollowing manner:� , �  ' % � 
 � � � � ' % � beingtheinverseCDF+
Now it is necessaryto computethe following conditionalPDFfor
agiven � , : - 
 ��. � , �(�  � 
 � , � � �� 
 � , � �
andits cumulativedistribution function:/ 
 � . � , ���  "!$0% #

- 
 � * . � , � & � * �
which canthenbeusedto compute theothernew randomnumber:� , �  / % � 
 � � . � , � � / % �

beingtheinverseCDF+
Therandomnumbers
 � , � � , � arealsoin � � � � � , but distributedac-
cordingto thePDF

� 
 ��� � � .
This works if the initial randomnumbers 
 � � � � � � areuniformly� � � � � -distributed. If the (independent) initial random numbers� �

and � � aredistributedaccordingto somedensityfunction 1 
 � � , we
first have to map them to uniformly distributed randomnumbers
andthenapply thecomputationfrom above. Themappingis done
thefollowing way:� 2� �  "3 
 � � � �4� 2� �  "3 
 � � � �
where 
 � 2� � � 2� � arethenew uniformly distributedrandomvariables,3 
 � � is the cumulative distribution function of 1 
 � � . Combining
bothmappingsgives� , �  ' % � 
 3 
 � � � � �� , �  / % � 
 3 
 � � � . � , � +

Weuseseveraloctavesof Perlinnoiseto synthesizea turbulence
function (i.e. fractal noise). Sinceboth Perlin noiseand the re-
sultingturbulencefunctionareknown to producerandomnumbers
 � � � � � � with a Gaussiandistribution [25], we have to do theaddi-
tional mappingdescribedabove.

Theabove computationscanbeuseddirectly to createa normal
mapaccordingto anormaldensityfunctionfrom ourGaussiandis-
tributedrandom numbers.TheNDF is two-dimensional depending
on the x and y-coordinate of �� � , and hencethe sametechnique
canbe applied. Sincewe storeour normaldistribution functions
in a 2D hemisphericalmap(directly usingthex- andy-component
of the normals,seeright sideof Figure2), all the above compu-
tationsaredonenumerically. The actualdistribution 1 
 � � of the
Perlin turbulenceis also computed numerically. We assumethat
theGaussiandistribution of thePerlinturbulenceremainsconstant
independentof thenumber of octaves,which is a valid approxima-
tion. The resultingrandomnumbers 
 � , � � , � are expanded to a
normaldescribingthedirectionof a microfacet:

����" 65 7 � ,98$� � 7 � ,98:� � ; �<8=
 7 � ,>8:� � � 8:
 7 � ,98$� � � ?�@ +



We generatea full lookup table A<
 � � � � � � with 7 B CEDF7 B C en-
tries for mapping 
 � � � � � � to �� � . This is doneoncefor every nor-
mal densityfunction in a preprocessingstep. In addition we are
deterministicallygeneratinga tangentframefor every normal �� � ,
which we alsostorein thelookup table.A completetangentframe
is neededfor anisotropicNDFs, asseenfor examplein Figure1,
otherwisethe normal is sufficient. The lookup table is thenused
duringrendering.

5 Rendering

In thissectionwewill detailhow therenderingisdone. Wewill first
show how this techniquecanbe usedfor softwarerendering,and
thenhow thesamemethodcanbeimplementedoncurrentgraphics
hardware(usinganNVIDIA GeForce3).

5.1 Software

A softwarerenderer(e.g.raytracer)caneasilyimplementthis tech-
nique. The renderingalgorithmfor a singleray works asfollows.
Whenthe ray hits the object,we compute the distance& from the
eye to the intersectionpoint. If the distanceis above some(user-
defined)threshold,then the object is not closeenough to discern
its surfacestructure,hencewe just shadethesurfacewith theNDF
(i.e. no bump mappingat all). Alternatively, we could usea user-
providedbumpmapwith anarbitrarynormaldistributionasthetop
level for macroscopicfeatures.

If the distanceis below somethreshold,bumpsstartappearing.
Wethenevaluatea noisefunctionfor thatsurface— a fractalnoise
function suchasPerlin turbulenceshould be used. We adjustthe
numberof usedoctavesdepending on thedistance& , thecloserthe
moreoctavesweuse.Wheneveranew octave is added,it shouldbe
blendedin smoothlyto avoid poppingartifacts.Thenoisefunction
hasto beevaluatedtwice (with differentsettings)to gettwo differ-
ent randomnumbers 
 � � � � � � . Theseareusedto look up a (local)
microfacettangentframe(normal �� � , tangent �G � , and binormal�H � ) usingthetable A<
 � � � � � ).

Thenwecomputethehalfwayvector �� betweentheviewing and
light vectorandexpressit in thelocalsurfacetangent frame,which
mustbe provided by theobject’s model. Now both the microfacet
tangentframeandthehalf-wayvector �� arein localcoordinatesrel-
ative to thelocal surfaceframe.As statedbefore,we wantto shade
themicrofacets(definedby thetangent framesI �G � � �H � � ����>J ) with
the NDF andnot the original surface. Sincethe NDF is indexed
with the half-way vector in local coordinates,we have to project
thehalf-way vector �� into themicrofacet’s tangentframeresulting
in �� � . Now we can lookup the NDF 	�
 �� �
� and usethe stored
valuefor shading.

SeetheSection6 for resultsusingsoftwarerendering.

5.2 Hardware

In this section we will describehow our bump map synthesis
methodcanbeimplementedon currentgraphicshardware.

5.2.1 Dependent Texture Look up

In orderto implementour techniquewe needdependent texturing,
a featurenow supportedon moderngraphicshardware.Dependent
texturingallows theentriesof onetexturemapto beusedastexture
coordinatesfor a lookupinto a secondtexturemap.

We implementedour techniqueon an NVIDIA GeForce3, the
only currentlyavailablegraphicscardwith a fairly flexible depen-

dent texture lookup1. We will briefly outline how this works on
GeForce3 cards.

The dependent texture lookup is embedded in the texture
shaders,anew stagein thepipelinewhich takesplacebeforemulti-
texturing,i.e.alsobeforeNVIDIA’sregistercombiners.Thetexture
shadersaredividedinto four stages.Everystagetakesatexturemap
from thecorresponding textureunit asits input, aswell asthetex-
turecoordinatesetfrom thattextureunit. Otherpotentialinputsare
the resultsfrom oneor two previous stages.Every stagerunsone
of about20 cannedprograms. The programsincludenormal tex-
turing, dependenttexture lookup from the greenandblue channel
of apreviousstage,computationof dot-products,dependentlookup
into a2D textureusingresultsof two dot-products,andmany more.

Pleasenote that since the texture shadersonly support four
stages,we can perform shadingwith isotropic NDFs only. For
the hardware renderingwe storethe isotropicNDF 	 K 
 ����ML �� �>�
in a 1D texture. An additionalstagewould allow us to implement
anisotropicdistributionsaswell.

5.2.2 Rendering Algorith m

Thealgorithmconsistsof multiple parts:noisegeneration,thenor-
mal lookupusing A<
 � � � � � � , andshadingwith theNDF. Weexplain
all threepartshere.

Ideally, thegraphicshardwarewould supporta proceduralnoise
function, for exampleusingan implementationsimilar to the one
proposedby Hart et al. [9]. Sincethis is not (yet) the case,we
have two possibilitiesto textureanobjectwith distance-dependent
noise.Thefirst possibility is to implementPerlinturbulencewith a
multipassalgorithm[5], which is expensive. Wechoseto usea less
expensive way. We createa mipmapped texture containingPerlin
turbulencethat is appliedto the object. The finestmipmaplevel
containsthemostoctaves,everycoarsermipmaplevel containsone
octave less. This is doneto fadeout the bumpy appearanceof the
surfacewhenit is viewedfrom far away.

The single-passrendering algorithm uses NVIDIA’s texture
shaderextension, which provides the dependent texture lookup. It
worksasfollows. We loadthenoisetextureinto textureunit 0 (the
greenandblue component contain � � and � � ), the lookup textureA<
 � � � � � � into texture unit 1, and the NDF into texture unit 3. In
contrastto the software renderingmethod,the lookup table only
containsnormals �� � , which is becausethetextureshadersarelim-
ited to four stages.

We then set up the texture shaderas follows. Texture shader
stage0 performsstandardtexture mapping with the noisetexture.
Texture shaderstage1 takesthe greenandblue component of the
noisetextureandlooks up A<
 � � � � � � resultingin a microfacetnor-
mal �� � . The texture coordinatesfor texture unit 2 areset to the
halfway vector �� (with respectto thesurfacetangentframe). Tex-
ture shaderstage2 is set to compute the dot-product betweenthe
texturecoordinates,i.e. �� , andtheresultfrom stage1, i.e. thenor-
mal ���� . The last texture shaderstagethenusesthe resultof this
dot-productto look up a 1D texture mapcontainingthe isotropic
NDF (actuallythe texture shadersrequirea lookup into a 2D tex-
ture,we simply setthesecondcoordinateto zero).Theresultfrom
this lookup is 	�
 �� �EL �� �>� , which is thendirectlyusedto texturethe
surface.

If thetextureshaderssupportedonemorestage,it wouldbepos-
sible to implementshadingwith anisotropicNDFs. Othervendors
are expectedto incorporatea similar stage(requiredby DirectX
8 [16]), andhopefully it will bemoreflexible in thefuture,sothat
anisotropicNDF shading canbeimplementedaswell.

1SGI Octanesalsosupportdependent texturing (called Pixel-Textures)
but only via a framebuffer copy.



Figure5: Theseimagesweregeneratedat30HzonanAMD Athlon
1GHzandanNVIDIA GeForce3.

Anisotropicshadingwould alsobepossibleif wedid thelookupA<
 � � � � � � in advance and directly stored the normals in texture
mapsfreeinga stagein the texture shaders.We decidednot to do
sosincebilinearfiltering of normalsoftenleadsto artifacts.

6 Results

We now would like to show a few resultsgeneratedwith this tech-
nique.

In Figure4 you canseea teapotrenderedin softwareusingour
techniquewith an anisotropicNDF. On the left you can seethe
NDF, the three middle imagesshow renderings at different dis-
tances.Theimageon theright shows whathappensif thenormals
aredistributeduniformly andnot accordingto theNDF.

In Figure5 you canseetwo renderingsdonewith an isotropic
NDF using NVIDIA’s GeForce 3. The teapotmodel consistsof
about17000triangles.Sincethe generation of the bump mapand
the shadingcan be donein a single-pass,it was possibleto ren-
derabout30 framespersecond.Theresultingquality is very high.
In particular, it is almostaliasingfree. The main reasonfor this
is that the indices 
 � � � � � � arefiltered and the filtered indicesare
usedfor the lookup to get a normal. This avoids problemsof un-
normalizedanddegeneratednormalsthat may occurwith normal
mapping. Unfortunately, it is somtimespossibleto seesomering-
ing in the shadingwhenthe object is moved around. We arenot
entirely surewhereit comesfrom, but it is probably dueto quan-
tizationerrors(e.g.the indicesin thenoise-texturearelimited to 8
bits by thehardware).It doesnot occurin thesoftwarerenderings.

All our renderingsweredonewith theNDF only. As canbeseen
in theimages,adiffusecomponent(althoughnota Lambertiandif-
fusecomponent)canbe incorporateddirectly into theNDF. Alter-
natively, it is alsopossibleto adda separatediffusebumpmapping
termthatis computedconventionally, which hastheadvantage that
a diffusetexturecanbemodulatedwith it.

We noticedthatsomecareshouldbe takenwhengeneratingthe
Perlinnoise.Weneverusedlow-frequency noisegeneratedby only
a few octaves,becausetheresultingbumpsweremuchtoo large.

7 Extensions

This techniquecanbeeasilyextendedin differentways.
First of all, the bump map synthesis and the bump map NDF

shadingcanbe usedseparately. For example,the generatedbump
mapcanbe usedwith someothershadingtechnique, e.g.[14]. If
the bump map NDF shadingis usedseparately, it can be imple-
mentedin hardware for anisotropicNDFs and not only isotropic
NDFs,sincetwo additionaltexturestagesarefree.However, using
an arbitraryhand-craftedbump mapwill result in inconsistencies
betweenthebumpmapandtherefectionmodel.

Often it might be desirableto addmoredetail to a surfacethat
alreadyusesa bump map. It is easily possibleto do this with
our method. The original bump map just needsto be converted
to a texture containingindices for the lookup table A<
 � � � � � � so
that the original normalswill be looked up. This can be done
using the following computation: � �  N3 % � 
 ' 
 � ) � � and � �  3 % � 
 / 
 � 0 . � ) � � , where ��$ 
 � ) � � 0 � ��O � is thenormalfrom the
bumpmap,3 is thecumulativedistributionof thenoisedensity,

'
,

and
/

arethemarginal,resp.conditionaldistributionfunctions; see
Section4. Whenzooming closerto thesurface,noisecanbeadded
to this index texture. This combinedindex texture is thenusedfor
the lookup. On a GeForce3 it is not possibleto easilyimplement
this extension,sincethetextureshaderstagedoesnot allow to add
two texturesbeforethey areusedfor a dependent lookup, future
hardwarewill hopefully allow moreflexibility in thisstage.

Anotherextensionis to generatean NDF for an existing bump
mapandthenusethe NDF for shading of the bump map. Again
undertheassumption of a fractalsurface,this will produceconsis-
tentshadingacrossdifferentlevelsof detail. Of coursethis is still
not thesameascorrectlymipmappinga bumpmapasproposed by
Fournier[8].

Sincemultitexturing is notusedby ouralgorithm,onecaneasily
adda Fresnelterm(at leastanapproximationto it), andpotentially
alsoa shadowing/maskingtermdepending on how complex it is.

8 Conc lusion and Discussion

Wehave presenteda methodto automaticallygeneratedetail in the
form of bumpmapsgivenonly a shadingmodel,i.e. a normalden-
sity function to be more precise. Our technique generatesmore
detailwhentheusergetscloserto asurfaceandmoreof thesurface
structurebecomesvisible. The algorithm assumesan underlying
fractalsurfacestructure.Underthisassumption theshadingis con-
sistentacrossdifferentlevelsof detail.

The technique caneitherbe implementedin softwareor using
moderngraphicshardwareworking in real-time.Thehardwareim-
plementationis restrictedin two ways,theshadingworksonly with
isotropicNDFsandthenecessary noisegenerationis not available
in hardware,so it wassimulatedby precomputing noiseandstor-
ing it in mipmaps.Thedisadvantageof doingso is thateitheryou
have to computea very large textureor repeatthe textureover the
surfacein orderto beableto zoomin closely;otherwiseindividual
microfacetscanbecomevisible breakingtheassumptionof a frac-
tal surface. Hopefully procedural noisewill be availablein future
hardware,as it canbe usedin many differentways to synthesize
detail and hence saving bandwidthfrom the host to the graphics
card.

Recently techniqueshave been proposedto cast shadows in
bumpmaps[11, 26] andto computescatteringin bumpmaps[11].
Wehave not consideredshadows or scattering.



Figure4: Teapotwith automaticallygeneratedbump mapusingthe NDF shown on the left. On the far right the teapotwasrenderedwith
uniformly distributednormals,i.e.not accordingto theNDF.
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