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Figurel: Bumpmappedsphereatdifferentlevels of detailconsistentlygenerated@ndshadedvith the normaldistribution shavn on theleft.

Abstract

In this paperwe presenta methodthat automaticallysynthesizes
bump mapsat arbitrarylevels of detailin real-time. The only in-
put datawe requireis a normaldensityfunction; the bump mapis
generatechccordng to that function. It is alsousedto shadethe
generatedhumpmap.

Thetechnique allowsto infinitely zoominto thesurface because
more (consistentdetail canbe createdon the fly. The shadingof
sucha surfaceis consistentvhendisplayedat differentdistancedo
theviewer (assuminghatthe surfacestructures self-similar).

Thebumpmapgeneratiorandthe shadingalgorithmcanalsobe
usedseparately

CR Categories: 1.3.1 [Computer Graphics]: Hardware
Architecture—Graphicsprocessors;l.3.3 [Computer Graphics]:
Picture/ImageGeneration—Bitmapand frame buffer operatiors;
1.3.7 [Computer Graphics]: Three-Dimensioal Graphics and
Realism—ColorShading Shadaving and Texture

1 Introduction

Bumpmappingwasoriginally introducedby Blinn [3] in 1978.He
shavedhow wrinkled surfacescanbe simulatedby only perturbing
the normalvector without chandng the underlyingsurfaceitself.
The perturbednormalis thenusedfor the lighting calculationsin-
steadof theoriginal normal.

Currentgraphicshardware usually suppats bump mappingby
providing perpixel operationssuch as dot-produds accessible
througheitherOpenGLextensiors [18] or DirectX 8 [16]. These
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perpixel operationsareveryflexible andallow notonly bumpmaps
with diffuseandspectuar reflectionsusinga Lambertianreflection
modelor resp.the Blinn-Phongmodel[4, 12, 15], but even using
morecomple reflectionmodels[14].

Bump mapsare usually createdby artiststo createthe illusion
of certainsurfacesor surfacestructuresln mary caseshesebump
mapsjust containmore or lessrandombumpsto bettersimulate
roughmaterialsat close-upsThe perceved roughressof suchsur
facesshouldbe the samewhendisplayedat differentdistancego
the viewer. But shadingof thesebump mappedsurfacesis often
inconsistentacrossdifferent levels of detail, becausehe shading
modelatthecoarseslkevel of detaildoesnotcorrespon to thebump
mapat finer level of details.Or put the otherway round,the bump
mapis not consistentith the chosershadingmodel.

We presenta methodthat automaticallygeneratedbump maps
in real-time given only a shadingmodel. It performsconsistent
shadingunderthe assumptiorthat the wrinkled surfaceis fractal
andthatthereflectionmodelis basecn microfacets(i.e. mary tiny
specularsurfacepatches).This alsoallows to infinitely zoominto
the surface,becausamore (consistentYetail canbe createdon the
fly.

The basicideaof our methodis simple. Sincewe presumethat
the shadingmodelis basedon microfacets we cancreatea bump
mapthatis consistentvith the original shadingmodelby distribut-
ing bumpsaccordingto the normal densityfunction (NDF), which
describeghe probability distribution of differentmicrofacetorien-
tations.Whenthe viewer getscloserto the bumpmap,we cancre-
atemorewrinkles at higherfrequendeswhile maintainingthe nor-
maldistribution of theshadirg model;seeFigurel. Thecreationof
bumpsis governedby a noisefunction. Theshadings alwaysdone
with the original shadingmodel,whichis (almost)correct,because
the generatedietail is self-similar (fractal); no matterhow close
onezoomsin, the microfacetsalwayshave the samedistribution.

Consequetty, we aresynthesizindinerdetailfrom avery coarse
description. It is worth noting that this is differentfrom mostex-
isting texture synthesisnethod, wheredatais synthesizd atsame
level of detail. Our main contritutionsare

amethodthatinteractizely synthesizebumpmapsatarbitrary
levels of detailfrom a normaldensityfunction,and

arenderingalgorithmthat performsshadingof the generated
bump mapswith a reflectancenodelbasedon the samenor-
mal densityfunction.

Thesetwo partscanactuallybe usedindepemently.



In the following sectionwe will briefly review somerelated
work. In Section3 we will first give an overview of our method
andthendetailthe bump mapgeneratiorin Section4 andtheren-
deringalgorithmin Sectionb. After presentingsomeresultsin Sec-
tion 6 we shaw possibleextensiongSection7) andfinally conclude
(Section8).

2 Related Work

While bumpmappinghasbeenaroundfor awhile [3], implementa-
tionsusinggraphicshardwarehave beenpropose morerecently A
techniguecalledembossing5] usesa multipassmethodthatworks
ontraditionalgraphicshardware. However, dot-prodict bumpmap-
ping is preferrednowadays becaseit produce betterresultsand
is moreflexible, althoughit needshardware supportfor advanced
perpixel operations|t directly storesthe normalsof the surfacein
texturemaps[12, 30] andcanbeusedto renderdiffuseandspecuar
reflectionsfrom smallsurfacebumps.

Specialhardwarefor bump mappirg hasalsobeenpropasedor
evenimplemented?7, 17, 21]. OlanoandLastra[19] useda more
generalapprach, they have built graphicshardware that canrun
small shadingprogramsandhenceis capableof doing bump map-
ping.

Many reflectancemodels have beenintroducedin compuer
graphicsthe pastyears.We will only briefly mentionthosethatare
closelyrelatedto our work. Blinn [4] propcseda very simpleshad-
ing modelbasedon microfacetswhich is oftenusedin the context
of bumpmapping.It is amodificationof thecommonlyusedPhong
model[23] to make it visually moresatisfying. The Cook-Torrance
model[6] is alsobasedon microfacets,but addsa shadaving and
Fresnelterm to make it morerealistic. Ward [28] introducedan
anisotropicBRDF modelthatis basedon an anisotropicGaussian
microfacetdistribution. Ashikmin et al. [1] have recentlyintro-
ducedaway of generging reflectionmodelsfrom arbitrarynormal
distributions.

Recentlynew techniques have beendevelopal to incorporate
more complex BRDF modelsinto real-timerendering. For exam-
ple, the Banksmodel [2] andthe Cook-Torrancemodel [6] were
usedby Heidrich and Seidel[12]. More generalreflectancemod-
elswereusedfor hardware acceleratedhadingby KautzandMc-
Cool [13]. Thesemethodscannd be usedfor bump mapping,be-
causethey assumesmoothlyvarying surfacenormals. Kautz and
Seidelintroduceda method[14] thatcombinesoumpmappingwith
more comple analytic BRDFs, but did not addressthe issueof
mipmappingor filtering in general.

An effective way to do mipmappng of bumpmaps(in software)
wasintroducel by Fournier[8]. A similartechniqwe waspropcsed
by Olano and North [20]. Our methodtries to solve a different
problem,but performsconsistenshadirg for differentmipmaplev-
elsassuminghesurfacestructureis fractal.

Thereis also a host of work on texture synthesis both in the
computergraphicsand in the compuer vision literature. Com-
mon approabesincludefeaturematching(e.g.[10]), Markov ran-
dom fields (e.g.[29]), and physicalsimulationssuchas reaction-
diffusionmodels[31]. Thesealgorithmssynthesizeglobal patterns
thataremuchmorecomple thanthe simplefractal patternsve are
considering However, thesealgorithmsarefar from realtimesyn-
thesisandonly partly amenabléo level-of-detailrepresentations.

3 Overview

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

3.1 Microfacet-Based Reflectance Models

Microfacet-basedeflectancenodelsassumehata surfaceis made
of mary small,flat, andperfectlyspeculampatcheqFresnelreflec-
tors),so-calledmicrofacetqsee[6] for amoredetaileddiscussion).
Thesemicrofacetsonly reflectlight in the speculardirectionwith
respectoitsownnormal . Theoverallapparanceof thesurface
is goverred by the distribution of the orientationof microfacets,
givenasa probalility densityfunction , alsocalledthe nor-
mal densityfunction (NDF); seeFigure2.
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Figure2: Microfacet-basé surfaces.  is the normalof a micro-
facet, isthenormalofthesurface,and and areexemplarylocal
viewing andlight directions. On theright you canseea visualiza-
tion of a normaldensityfunction

This NDF canbe useddirectly for shadingpurposesgiven that
we arefar enoudh avay sothatwe cannotdiscernindividual micro-

facets.Thenormalizedhalf-way vector betweerthe eye vector
andthelight vector canbe usedto look up the fraction of micro-
facetsthatwill reflectlight towardsthe eye for the givenlight and
eye vector Thisvalue canbedirectly usedfor shadingasit is
donefor exampleby the Blinn-Phongmodel[4] orin [8, 20]. More
accuratemodels[27, 4, 6, 8, 1] includea self-shadwing/masking
termanda Fresnelterm. In our work we currentlydo notinclude
theseterms,simply for efficiency reasons.But inclusion of these
termsis possibleusinga combinationof [14] and[1].

3.2 Fractal Surfaces

We assumehe surfaceto be madeof fractalmicrofacets.A fractal
microfacetsurfacecanbe describedasa surfaceconsistingof mi-
crofacetsthat are not perfectly specularbut themseles consistof
microfacets which happento be distributedaccordingto the same
densityfunction, and so on. This implies that whenwe get close
enoughto the surfaceto seeindividual microfacetswe have to per
form shadingof the microfacetswith the reflectancemodelbased
on the NDF. Whenwe get even closerwe have to generatemore
microfacetdistributedaccordingto the NDF.

3.3 Algorithm Overview

Theproblemwe aretrying to solve is the following. Insteadof re-
quiringanartistto draw abumpmap,whichwould only bevalid for
onelevel of detail, we wantto synthesizea bump mapat arbitrary
levels of detail from a given reflectancemodel. The reflectance
model must be basedon microfacetsand the probalility density
function of themicrofacetdistribution mustbe given.

This densityfunction tells us what percentag®f microfacetsis
orientedin which way. So synthesizinga bump maprequiresthe
creationof a normal mapthatis consistenwith the densityfunc-
tion. Thenthis bump map,representedsa normalmap,hasto be
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Figure 3: Conceptubovervienv of our method. First, the objectis

renderedwith distance-dpendentfractal noise (2D Gaussiartis-

tributedrandomnumbers).Thenalookupis performecthatreturns
local surfacenormalsdefininga bumpmap;thelookuptableis gen-
eratedin sucha way thatthe normalsare distributedaccordingto

the NDF. Finally the NDF is usedto shadethe bump map.

shaded Sincewe assumehe surfaceto be fractal, shadingis done
with amicrofacetreflectionmodelbasedon the sameNDF.

We arenot explicitly creatingthe normalmap,we rathergener
ateit on-the-fly The generationof a normalmap accordingto a
probability densityfunction canbe seenasthe generdion of aran-
domvariablewith agivendensity Thisboils down to precompuiting
a lookup tablethattakesa two-dimensionh -distributedran-
domvectorasits inputandoutputsanormal(moredetailabot this
canbefoundin the next section).The lookuptableis geneatedin
suchaway thatnormalsaredistributedaccordingto the NDF.

Renderingis straightforvard then. A distance-depeadentnoise
textureis geneatedfor theobject,andthevaluesfrom thenoisetex-
ture andthe precompted tableare usedto look up normalsdefin-
ing abump map. Thenthe NDF-basedeflectionmodelis usedfor
shadingthis generatedhumpmap.

Differentlevels of detail dependingon the distanceto a surface
aregeneratedsfollows. Whenthe objectis seenfrom far away,
no individual bumps should be visible, i.e. the 2D noise texture
shouldcontainavector(depemsontherepresentationf the NDF)
thatlooks up the normal . Whengettingcloserto the sur
facemore detail will becomevisible, which canbe e.g.achieved
by smoothlyblendingin Perlinnoise[22]. The closeryou getthe
more octaves of Perlin noise shouldbe added resultingin more
detailwhenneeded

In Figure3 theindividual stepsarevisualized.

4 Bump Map Generation

As explainedin the previous section,we want to build a lookup
table that maps 2D randomvectorsto normalsaccordingto the
normal density function. This canbe seenasthe generationof a
randomvariablewith a given density This is a well-known prob-
lem[24], andis generallysolvedthefollowing way.
Given a two dimensionalprobalility density function (PDFP
anduniformly -distributedrandomnumbes ,

we first compue the marginal densityfunction:

andthenits cumulative distribution function (CDF):

Givena uniformly distributedrandan numker , we cancompute
anew randomnumber thatis distributedaccordingto in
thefollowing manner:

beingtheinverseCDF

Now it is necessaryo computethe following conditionalPDF for
agiven

andits cumudative distribution function:

which canthenbe usedto compue the othernew randomnumber:

beingtheinverseCDF

Therandomnumbers arealsoin
cordingto the PDF
Thisworksif theinitial randomnumbes areuniformly
-distributed. If the (indepemlent)initial randan numbers
and aredistributedaccordingto somedensityfunction ,we
first have to map themto uniformly distributed randomnumbers
andthenapply the computationfrom above. The mappingis done

thefollowing way:

, but distributedac-

where arethenew uniformly distributedrandomvariables,
is the cumudative distribution function of . Combining
bothmapping gives

We useseveraloctaresof Perlinnoiseto synthesizeaturbulence
function (i.e. fractal noise). Since both Perlin noise and the re-
sultingturbulencefunction areknown to producerandomnumbers

with a Gaussiardistribution [25], we have to do the addi-
tional mappingdescribedabove.

The abore compuationscanbe useddirectly to createa normal
mapaccordingto anormaldensityfunctionfrom our Gaussiardis-
tributedrandan numbers The NDF is two-dimensimal depenihg
on the x andy-coordirateof  , and hencethe sametechnique
canbe applied. Sincewe store our normal distribution functions
in a 2D hemisphericamap (directly usingthe x- andy-comporent
of the normals,seeright side of Figure 2), all the above compu-
tationsare donenumerically The actualdistribution of the
Perlin turbulenceis also compued numerically We assumethat
the Gaussiardistribution of the Perlinturbulenceremainsconstant
indepenéntof thenumkter of octaves,which is a valid approxima-
tion. The resultingrandomnumbes areexpandel to a
normaldescribingthe directionof a microfacet:




We generatea full lookup table with en-
triesfor mapping to . Thisis doneoncefor every nor-
mal densityfunction in a preprocessingtep. In additionwe are
deterministicallygeneating a tangentframefor every normal
which we alsostorein thelookup table. A completetangentframe
is neededfor anisotropicNDFs, as seenfor examplein Figure 1,
otherwisethe normalis sufficient. The lookup tableis thenused
duringrendering.

5 Rendering

In thissectionwe will detailhow therenderings dore. We will first
shav how this techniquecan be usedfor software rendering,and
thenhow the samemethodcanbeimplementeddn currentgraphics
hardware (usinganNVIDIA GeForce3).

5.1 Software

A softwarerenderel(e.g.raytracer)caneasilyimplementthis tech-
nique. Therenderingalgorithmfor a singleray works asfollows.

Whenthe ray hits the object,we compue the distance from the
eye to theintersectionpoint. If the distanceis above some(user

defined)threshold,thenthe objectis not closeenoud to discern
its surfacestructure hencewe just shadethe surfacewith the NDF

(i.e. no bump mappingat all). Alternatively, we could usea user

provided bumpmapwith anarbitrarynormaldistribution asthetop
level for macroscopideatures.

If the distanceis belov somethreshold,bumpsstartappearing
We thenevaluatea noisefunctionfor thatsurface— afractalnoise
function suchas Perlin turbulenceshoud be used. We adjustthe
numberof usedoctaresdepering on the distance , the closerthe
moreoctaveswe use.When&eranew octaveis addedjt shouldbe
blendedin smoothlyto avoid poppingartifacts. The noisefunction
hasto be evaluaedtwice (with differentsettings)o gettwo differ-

entrandomnumbers . Theseareusedto look up a (local)
microfacettangentframe (normal , tangent , andbinormal
) usingthetable ).

Thenwe computethe halfway vector betweertheviewing and
light vectorandexpressit in thelocal surfacetangen frame,which
mustbe provided by the objects model. Now boththe microfacet
tangenframeandthehalf-wayvector arein localcoordinatesel-
ative to thelocal surfaceframe. As statedbefore,we wantto shade
the microfacets(definedby thetangern frames ) with
the NDF and not the original surface. Sincethe NDF is indexed
with the half-way vectorin local coordinateswe have to project
the half-way vector into the microfacets tangentframeresulting
in . Now we canlookup the NDF and usethe stored
valuefor shadirg.

Seethe Section6 for resultsusingsoftwarerendering.

5.2 Hardware

In this sectionwe will describehow our bump map synthess
methodcanbeimplementedn currentgraphicshardware.

5.2.1 Dependent Texture Lookup

In orderto implementour techniquewe needdepenenttexturing,
afeaturenow suppatedon moderngraphicshardware. Dependeh
texturing allows the entriesof onetexture mapto be usedastexture
coordinategor alookupinto a secondexture map.

We implementedour techniqueon an NVIDIA GeForce 3, the
only currentlyavailablegraphicscardwith a fairly flexible depen-

denttexture lookup'. We will briefly outline how this works on
GeForce3 cards.

The depenént texture lookup is embedled in the texture
shadersanew stagen the pipelinewhich takesplacebeforemulti-
texturing,i.e.alsobeforeNVIDIAsregistercomhners. Thetexture
shadersredividedinto four stagesEvery stagetakesatexturemap
from the corresponihg texture unit asits input, aswell asthe tex-
turecoordnatesetfrom thattextureunit. Otherpotentialinputsare
the resultsfrom oneor two previous stages.Every stagerunsone
of about20 cannedprograns. The programsinclude normal tex-
turing, depemlenttexture lookup from the greenand blue channel
of aprevious stage computatiorof dot-prodicts,depemientlookup
into a 2D textureusingresultsof two dot-prodicts,andmary more.

Pleasenote that since the texture shadersonly support four
stages,we can perform shadingwith isotropic NDFs only. For
the hardware renderingwe storethe isotropic NDF
in a 1D texture. An additionalstagewould allow usto implement
anisotropiddistributionsaswell.

5.2.2 Rendering Algorith m

Thealgorithmconsistsf multiple parts:noisegenerationthe nor-
mallookupusing , andshadingwith the NDF. We explain
all threepartshere.

Ideally, the graphicshardwarewould supporta procedurahoise
function, for example using an implementationsimilar to the one
proposedby Hart et al. [9]. Sincethis is not (yet) the case,we
have two possibilitiesto texture an objectwith distance-depndent
noise.Thefirst possibility is to implementPerlinturbulencewith a
multipassalgorithm[5], whichis expensve. We choseto usealess
expensve way. We createa mipmapped texture containingPerlin
turbulencethat is appliedto the object. The finestmipmaplevel
containghe mostoctaves,every coarsemipmaplevel containsone
octave less. This is doneto fadeout the bumpy appearancef the
surfacewhenit is viewed from far away.

The single-passrendering algorithm uses NVIDIA's texture
shaderextension which provides the dependentexture lookup. It
works asfollows. We load the noisetexture into texture unit O (the
greenandblue comporentcontain  and ), the lookup texture

into texture unit 1, andthe NDF into texture unit 3. In
contrastto the software renderingmethod, the lookup table only
containsnormals , whichis becausehetextureshadersrelim-
ited to four stages.

We then set up the texture shaderas follows. Texture shader
stage0 performsstandardexture mappirg with the noisetexture.
Texture shaderstagel takesthe greenand blue comporent of the
noisetexture andlooks up resultingin a microfacetnor
mal . Thetexture coordindesfor texture unit 2 aresetto the
halfway vector (with respecto the surfacetangentframe). Tex-
ture shaderstage? is setto comptte the dot-prodict betweenthe
texture coordindes,i.e. , andtheresultfrom stagel, i.e.thenor-
mal . Thelasttexture shaderstagethenusesthe resultof this
dot-productto look up a 1D texture map containingthe isotropic
NDF (actuallythe texture shadergequirea lookup into a 2D tex-
ture,we simply setthe secondcoordinateto zero). Theresultfrom
thislookup is , whichis thendirectly usedto texturethe
surface.

If thetexture shadersupmrtedonemorestagejt would be pos-
sibleto implementshadingwith anisotropicNDFs. Othervendors
are expectedto incorporatea similar stage(requiredby DirectX
8 [16]), andhopefullyit will be moreflexible in the future, sothat
anisotropic\NDF shadirg canbeimplementecaswell.

1SGI Octanesalso supportdependat texturing (called Pixel-Textures)
but only via aframehuffer copy.



Figure5: Thesamagesveregenerate@t30HzonanAMD Athlon
1GHzandanNVIDIA GeForce3.

Anisotropicshadingwould alsobe possibleif we did thelookup

in adwance and directly storedthe normalsin texture

mapsfreeinga stagein the texture shaders.We decidednot to do
sosincebilinearfiltering of normalsoftenleadsto artifacts.

6 Results

We now would like to shav afew resultsgenerged with this tech-
nique.

In Figure4 you canseea teapotrenderedn software usingour
techniguewith an anisotropicNDF. On the left you can seethe
NDF, the three middle imagesshaowv rendering at different dis-
tances.Theimageon the right shavs whathappensf the normals
aredistributeduniformly andnotaccordingto the NDF.

In Figure 5 you canseetwo renderingsdonewith anisotropic
NDF using NVIDIA's GeForce 3. The teapotmodel consistsof
about17000triangles. Sincethe genaation of the bump mapand
the shadingcan be donein a single-passit was possibleto ren-
derabout30 framespersecond.Theresultingquality is very high.
In particular it is almostaliasingfree. The main reasonfor this
is thatthe indices arefiltered and the filtered indicesare
usedfor the lookup to geta normal. This avoids problemsof un-
normalizedand degeneatednormalsthat may occurwith normal
mapping Unfortunately it is somtimespossibleto seesomering-
ing in the shadingwhenthe objectis moved around. We are not
entirely surewhereit comesfrom, but it is probebly dueto quan-
tizationerrors(e.g.theindicesin the noise-tature arelimited to 8
bits by the hardware). It doesnot occurin the softwarerenderings.

All ourrenderingsveredone with theNDF only. As canbeseen
in theimages a diffusecomporent(althoughnot a Lambertiandif-
fusecomporent) canbeincorporateddirectly into the NDF. Alter-
natively, it is alsopossibleto adda separataliffusebump mapping
termthatis compuedcornventionally which hasthe adwvantage that
adiffusetexture canbe modulatedwith it.

We noticedthatsomecareshouldbe takenwhengeneratinghe
Perlinnoise.We never usedlow-frequeng noisegeneratedby only
afew octaves,becauseheresultingbumpsweremuchtoo large.

7 Extensions

Thistechniquecanbe easilyextendedin differentways.

First of all, the bump map synthesis and the bump map NDF
shadingcanbe usedseparately For example,the generatedump
map canbe usedwith someothershadingtechnique e.g.[14]. If
the bump map NDF shadingis usedseparatelyit canbe imple-
mentedin hardware for anisotropicNDFs and not only isotropic
NDFs,sincetwo additionaltexture stagesarefree. However, using
an arbitrary hand-craftecoump mapwill resultin inconsistencies
betweerthe bumpmapandtherefectionmodel.

Oftenit might be desirableto add more detail to a surfacethat
alreadyusesa bump map. It is easily possibleto do this with
our method. The original bump map just needsto be corverted
to a texture containingindicesfor the lookup table SO
that the original normalswill be looked up. This can be done
using the following compuation: and

, where is the normalfrom the
bumpmap, isthecumulatvedistributionof thenoisedensity
and arethemaginal, resp.conditionaldistributionfunctions see
Sectiord. Whenzoomirg closerto the surface,noisecanbeadded
to this index texture. This combinedindex texture is thenusedfor
thelookup. On a GeForce3 it is not possibleto easilyimplement
this extension,sincethe texture shadeistagedoesnot allow to add
two texturesbeforethey are usedfor a dependenlookup, future
hardwarewill hopefully allow moreflexibility in this stage.

Another extensionis to geneate an NDF for an existing bump
map andthenusethe NDF for shadirg of the bump map. Again
undertheassumgion of a fractal surface,this will prodwce consis-
tentshadingacrosddifferentlevels of detail. Of coursethis is still
notthe sameascorrectlymipmappinga bumpmapaspropose by
Fournier[8].

Sincemultitexturing is notusedby our algorithm,onecaneasily
addaFresneterm(atleastanapproxmationto it), andpotentially
alsoa shadaving/maskingtermdepenéhg on how comple it is.

8 Conclusion and Discussion

We have presented methodto automaticallygenerateletail in the
form of bumpmapsgivenonly a shadingmodel,i.e. anormalden-
sity function to be more precise. Our technige generatesnore
detailwhentheusergetscloserto a surfaceandmoreof thesurface
structurebecomesvisible. The algorithm assumesn underlying
fractalsurfacestructure.Underthis assumgion the shadingis con-
sistentacrosdifferentlevels of detail.

The techniqge can either be implementedn software or using
moderngraphicshardwareworkingin real-time.The hardwareim-
plementationis restrictedn two ways,the shadingworksonly with
isotropicNDFsandthe necessey noisegeneratioris not available
in hardware, so it wassimulatedby precompting noiseand stor
ing it in mipmaps.The disadwantageof doing sois that eitheryou
have to computea very large texture or repeatthe texture over the
surfacein orderto beableto zoomin closely;otherwiseindividual
microfacetscanbecomevisible breakingthe assumptiorof a frac-
tal surface. Hopefully procedual noisewill be availablein future
hardware, asit canbe usedin mary differentwaysto synthesize
detail and hene saving bandwidthfrom the hostto the graphics
card.

Recently techniqueshave been proposedto cast shadavs in
bumpmaps[11, 26] andto computescatteringn bumpmaps[11].
We have not consideed shadavs or scattering.



Figure4: Teapotwith automaticallygeneratedump mapusingthe NDF shavn on the left. On the far right the teapotwas renderedwith
uniformly distributednormals,i.e. not accordingto the NDF.
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