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Abstract

Mary researcherfave beenarguing that geometry bump maps,
andBRDFspresenghierarchyof detailthatshouldbeexploitedfor
ef cient renderingpurposes.n practicehowever, this is often not
possibledueto inconsistencie theillumination for thesediffer-
entlevels of detail. For example,while bump maprenderingoften
only considerglirectilluminationandno shadavs, geometry-based
renderingand BRDFswill mostly alsorespectshadaing effects,
andin mary caseseven indirectillumination causedby scattered
light.

In this paper we presentan approacHor overcomingthesein-
consistenciesieintroduceaninexpensve methodfor consistently
illuminating height elds and bump maps,as well as simulating
BRDFsbasedon precomputedisibility information. With this in-
formationwe canachiere aconsistentlluminationacrosshelevels
of detail.

The methodwe proposeoffers signi cant performanceoene ts
over existing algorithmsfor computingthelight scatteringn height
elds andfor computinga sampledBRDF representatiomising a
virtual goniore ectometer The performancecan be further im-
proved by utilizing graphicshardware, which thenalsoallows for
interactie display

Finally, our methodalsoapproximateshe changesn illumina-
tion whenthe height eld, bump map, or BRDF is appliedto a
surfacewith adifferentcurvature.

CR Categories: 1.3.1 [Computer Graphics]: Hardware
Architecture—Graphicgrocessors;l.3.3 [Computer Graphics]:
Picture/lImageGeneration—Bitmagand frame buffer operations;
1.3.7 [Computer Graphics]: Three-DimensionalGraphics and
Realism—ColorShading Shadwing and Texture

Keywords: lllumination Effects,MonteCarloTechniquesGraph-
icsHardware,FrameBuffer Tricks, Re ectance& ShadingModels,
Texture Mapping

1 Introduction

Geometry bump maps and bidirectional re ectance distribution
functions (BRDFs) are often consideredlifferent levels of detail
for the samesurfacestructure. Although therehasbeena consid-
erableamountof work on generatingsmoothtransitionsbetween
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theselevels[19, 1], the fundamentaproblemof inconsistenillu-
minationalgorithmsfor therepresentationstill remains.

For example,bothsimulatedandmeasure®RDFstypically re-
spectotonly directillumination, but alsoshadawing andmasking
effectsof the micro geometry aswell asindirectillumination re-
sultingfrom light that scattersdetweerthe micro surfaces.Geom-
etry basedrepresentationssuallyconsiderdirectillumination and
shadaving/maskingbut theindirectilluminationis oftenneglected
for performanceeasonsSimilarly, techniquesor shadaving [19]
andmasking[1] in bump mapshave beendeveloped,but mostap-
plicationsdo not usethem;techniquedor light scatteringn bump
mapshave notbeenavailablesofar. Theimportanceof thisindirect,
scatteredight to the overall appearances illustratedin Figurel.

(a) without scattering

(b) with scattering

Figurel: Indirectlight in height elds canhave a strongimpacton
theoverall appearance.

With the adwent of new, inexpensie computergraphicshard-
ware that supportsboth bump mapping(see[23], [22], and [10]
for somepossibleimplementationsand renderingwith arbitrary
BRDFs[15, 10], somenewly gainedinterestin makingthe transi-
tions consistenhasevolved. In this paperwe introducea single,
ef cient, but high-qualitymethodfor illuminating height eld ge-
ometry and bump maps,aswell asfor precomputingBRDFsand
evenhigherdimensionabatastructuresThe methodis suitablefor
bothray-tracingandhardware-accelerategendering.

Ouralgorithmis basedn precomputatiomndreuseof visibility
informationin height elds, simulateshothshadaing andindirect
illumination, andis ableto approximateheillumination asthe un-
derlyingbasegeometrychangesThusit is capableof consistently
illuminating height eld geometry bump maps,andBRDFs. The
maincontrikutionsof this paperare:

An algorithm for efcient computationof indirect light in
height elds, basedn precomputedisibility information.

An efcient representatiorfor shadaving and maskingin
bumpmaps.

Hardware-acceleratedersionsof the above algorithms,us-
ing ageneralizatiorof Monte Carlo algorithmsknown asthe
“Method of Dependentests”.

Techniquego approximatehe changesn illumination when
theheight eld is appliedto acurvedsurface.



Application of all methodsto simulateBRDFs and render
otherhigh dimensionabatastructuresuchaslight elds and
bidirectionaltexturefunctions(BTFs).

Throughouthis papemwewill only dealwith height eld geom-
etry, whichalsomeanghatthesimulatedBRDFscanonly originate
from height elds. Furthermorewe assumedhatthe bumpheights
arerelatively small comparedo their distancefrom light sources
and other objects,so that the only occlusionsoccurringwithin a
hight eld arecausedy partsof the sameheight eld, but notby
ary othergeometryin thescene.

Theremaindeof this papelis organizedasfollows: In Section2
webrie y discusgelatedwork. Then,we introduceour datastruc-
turesfor precomputedisibility andtheir applicationsto comput-
ing indirect illumination in Section3. We also describehow to
male useof graphicshardware for further performanceamprove-
mentsandinteractie viewing (Section3.3),andintroducenew data
structuregor shadaving andmaskingin Sectiord. Wethendiscuss
how to adaptboththe scatteringandthe shadev datastructurego
varyingbasegeometry(Section5), and nally concludewith some
resultsanda discussior{Section6).

2 Related Work

Articlesthatdiscusenhancingheoriginalbumpmapalgorithm[2]
represensomeof thework mostcloselyrelatedto ours. For exam-
ple, Max [19] shawvs how to computethe self-shadwing of bump
mapswith a so-called*horizon map”. This horizonmapdescribes
the horizonfor a small numberof directions(8 in the original pa-
per)ateachpointin theheight eld. Duringrenderingtheshadov
testthensimply determinesvhetherthe light directionis above or
belaw the (interpolatedhorizon. Stevart [26, 27] introduceda hi-
erarchicalapproachto determinethe visibility in terrainsboth for
occlusionculling andshading.More recently Stevart useda simi-
lar ideato simulatethe shadaving in cloth [28].

For the shadwing part of our paper we usea conceptsimilar
to theoriginal horizonmap,but in a differentrepresentatioof the
horizonthat allows for a highly ef cient shadev test, which can
alsobe performedwith graphicshardware. In addition,we discuss
how the datastructurecanbe adaptedo differentcurvaturesof the
underlyingbasegeometry

Maskingis in asense dualproblemto shadaing: whereshad-
owing meansthat a light ray doesnot hit a speci ¢ surfacepoint
becauset is occludedby someportion of the height eld, mask-
ing meanghatthe viewing ray doesnot hit the point for the same
reason. In order to incorporatemaskingin bump maps, Becler
and Max [1] introducedredistribution bump mapping which ad-
juststhedistribution of normalsin the bump mapwith the viewing
angle. Anotherpossibility is to blendin coarseapproximationof
theheight eld asadisplacemeninap. In ourimplementationye
take thislatterapproachalthoughusingtheresultsfrom Beclerand
Max shouldalsobe possible.Furthermorewe canreusethe hori-
zondatastructureswhichwe alsoapplyfor shadaving, to compute
BRDFs.

Sofar, therehasbeenlittle work on computingthe indirectil-
luminationin height elds andbump maps. Although Mostefaoui
etal. [20] do integratethe indirectillumination at micro geometry
scaleinto a globalillumination simulation, their methodrelieson
both precomputedlata(BTFs) anda full geometricdescriptionof
thefeatureslt doesnotaddresshe problemof precomputinghese
BTFs,or of computingtheilluminationin bumpmaps.

Several approachegor simulatingBRDFs have beenproposed
in the past. The methodby Cabralet al. [3] is basedon horizon
maps,while Becler and Max [1] usethe normaldistribution in a
bump map. Our methodis most closely relatedto the one from
Westinetal. [31], whichis basednray-tracing.At the sametime,

we borrav theideaof usingprecomputedisibility informationin

bump mapsfrom Cabralet al. [3], althoughour datastructuresare
morecomprehenske thansimplehorizonmapsin orderto account
for indirectillumination.

For the hardware-acceleratedariantsof our algorithmswe re-
quire someway of renderingbump mappedsurfaces. Any of the
recentlypublishedalgorithms(e.g. [10, 22, 23]) will be sufcient.
Mathematicallythe hardwareimplementatiorof indirectillumina-
tion usesa generalizatiorof Monte Carlointegrationknown asthe
Methodof Dependentestg7]. This methodwhichis describedn
moredetailin Section3.1, usesthe samerandomsamplingpattern
for estimatinganintegral atall differentpoints(theindirectillumi-
nationin all differentpointsof a height eld, in our case).Several
otherhardware-basedlgorithmshave implicitly usedthe Method
of Dependentestsin the past,for examplemostalgorithmsusing
the accumulatiorbuffer [9] or the InstantRadiosityalgorithm by
Keller[16]. Anotherexampleis thetransilluminationrmethod[29],
analgorithmfor globalillumination computationswhich is based
onpropagatindight from all surfacesn onedirection.Our method
improvesonthis by usingprecomputedisibility thatcanbereused
for mary light pathsandallows for the useof graphicshardware.

While our algorithmsyield a signi cant performanceémprove-
mentfor thegeneratiorof singleimagesthey areevenmoreattrac-
tive for the computatiorof higherdimensionablatastructuresuch
asBRDFs,light elds [18, 8], volumerepresentation21], andspa-
tially variantBRDFsor bidirectionaltexture functions(BTFs, [5]),
becausehis allows for a reuseof the precomputedisibility infor-
mation. Thus,the costly precomputatiorf visibility canbe amokr
tizedover alargeramountof reusesFor the samereasorour meth-
odsareevenmoreattractie if appliedto periodicheight elds.

3 Light Scattering in Height Fields

To computethe indirectillumination in a height eld, we have to
solve anintegral equationcalledthe Renderingequation[13]. This
requiresintegratingover the incidentillumination in eachpoint of
the height eld, which can,for example,be achiezed with Monte
Carlo ray-tracing. The mostexpensve part of this integrationis
typically the visibility computationwhich determineghe surface
visible from a given surfacepointin a certaindirection. This is the
partthat dependon the compleity of the scenewhile the com-
putationof the local interactionof the light with the surfacehasa
constantime compleity.

In the caseof small-scaleheight elds that describethe irreg-
ularities of a surface,we canmale two simplifying assumptions.
Mostimportantly we only dealwith caseswvherethe visibility in-
side the height eld is completelydeterminedby the height eld
itself, andnot by ary externalgeometry This is equivalentto re-
questinghatno externalgeometrypenetratethecorvex hull of the
height eld, whichis areasonablassumptiorfor thekind of small
surfacestructureghatwe aretargeting. It allows usto precompute
thevisibility information,andafterwardscombineit to a variety of
differentpaths sothatthe costof its computatiorcanbeamortized
over alargernumberof light paths.

Secondlyin the casewherewe wantto useour methodto com-
pute a BRDF, we requestthat the height eld geometryis small
comparedo the remainderof the scene andthereforeary incom-
ing directlight canbe assumedgarallel. This is necessargimply
becausehe BRDF by de nition is afunctionof exactlyoneincom-
ing directionand exactly one outgoingdirection. This assumption
is not necessaryor the otherlevels of detail, i.e. bump mapsand
displacementnaps.

The visibility restrictionrequestghat no othergeometryin the
scenewill actasanoccludembetweertwo pointsin theheight eld.
If we now assumehe height eld is attachedto a specic, x ed
basegeometrywe can,for agivenpointp ontheheight eld, and



a given direction d, precomputewhetherthe ray originating at p
in directiond hits someother portion of the height eld, or not.
Furthermorejf it doesintersectwith the height eld, we canpre-
computethe intersectionpoint and storeit in a database. Since
this intersectionpoint is somepoint in the sameheight eld, it is
unambiguouslyharacterizethy a 2D texture coordinate.

Figure2: Oneof thescatteringexturesS; for thetriangularheight
eld ontheright.

Now imaginehaving asetD of N uniformly distributeddirec-
tions, and having precomputedhe visible surface point for every

directiond@ 2 D andfor every grid point in the height eld tex-

ture. If theheight eld is periodic,this hasto betakeninto account
for determiningthis visibility information. Also, for the moment
we assumehatthe height eld is appliedto a speci ¢ basegeom-
etry, typically a at surface. Section5 dealswith anadaptatiorto

varyingbasegeometries.

We storethis precomputedataasasetof N texturemapsS; ; for
eachdirectiond; 2 D thereis one2D texturewith two components
representinghe 2D coordinatef the visible point. Eachof these
texturesis parameterizethe sameway the height eld is, i.e. the
2D texturecoordinateslirectly correspondo height eld positions
p. Thetexturevaluealsocorresponds$o a pointin the height eld
andrepresentshe surfacepoint g thatis visible from p in direc-

tion d; . Note again,thatthesevisibility texturesareonly valid for
a given, prede nedbasegeometryto which the height eld is at-
tached.Section5 will describehow thisinformationcanbeusedto
illuminatethe height eld whenit is attachedo othergeometries.
By chainingtogethetthisvisibility information,we cannow gen-
eratea multitudeof differentlight pathsfor computingtheindirect
illumination in the height eld. Thisway; it is possibleto imple-
mentvariantsof mary existing Monte Carlo algorithms,usingthe
precomputediatastructuresnsteadof on-the- y visibility compu-
tations.Below, for example,we outline a simplepathtracingalgo-
rithm that computegthe illumination at a given surface point, but
ignoresindirectlight from geometryotherthanthe height eld:

radiance( p, ¥ ) f

L:= direct illumination( p);
i:=  random number in [1:::N];
if(t q:= Si[p] is valid height field coord.) f

L:= L + f;(p;w; i) cosE(di;np))
radiance( g, & );

g
return L;

In this algorithm, R, is the bump map normalin point p, and

fr(p;¥; a) is the BRDF of the height eld in thatpoint. The di-
rectilluminationin eachpointis computedusinga bump mapping
technique.

Of coursethe visibility information for direction S; is only
known at discreteheight eld grid positions. At other points, we

canonly exactly reconstructhedirectillumination, while theindi-
rectlight hasto be interpolated.For example,we cansimply use
the visibility information of the closestgrid point asSi[p]. This
nearest-neighbaeconstructiorof thevisibility informationcorre-
spondgo aquantizatiorof texturecoordinatessothatthesealways
point to grid pointsof the height eld. For higherquality, we can
alsochooseabilinearinterpolationof theindirectilluminationfrom
surroundinggrid points.In ourimplementationye usethe nearest-
neighborapproacHor all secondaryntersectionsy simply quan-
tizing the texture coordinategncodedn thevisibility texturessS;.
Ontheotherhand,we usetheinterpolationmethodfor all primary
intersectiongo avoid blocking artifacts. Figure 1b shavs a result
of this method.For morecomplex examples seeSection6.

The simple algorithm above ignoresshadwing, but with the
techniquedescribedn Section4, which is similar to the onein-
troducedby Max [19], shadavs canalsobeincluded.

Using similar methods,other Monte Carlo algorithmslike dis-
tribution ray-tracing[4] canalsobe built on top of this visibility
information. Theadwantageof usingprecomputedisibility for the
light scatteringn height elds, asdescribedn this section,is that
the visibility informationis reusedfor differentpaths. Therefore,
the costof computingit canbe amortizedover several uses.

3.1 The Method of Dependent Tests

As mentionedhbore, we have to solve the Renderingequation[13]
in orderto determinethe indirect illumination in a height eld.
Basedntheprecomputedisibility information,we solvetheRen-
deringEquationby Monte Carlointegrationof theincidentillumi-
nationat ary givensurfacepoint, andobtainthere ected radiance
for thatpointanda givenviewing direction.

In general,however, we do not only want to computethe re-
ected light for asinglepointontheheight eld, buttypically for a
large numberof points. With standardMonte Carlointegration,we
would usedifferent, statisticallyindependensamplepatternsfor
eachof the surfacepointswe areinterestedn.

TheMethodof DependentTesty[7] is ageneralizatiorof Monte
Carlotechniqueshatuseshe samesamplingpatternfor all surface
points. More speci cally, we choosethe samesetof directionsfor
samplingthe incidentlight at all surfacepoints. For example,as
depictedin Figure3, for all pointsp in the height eld, we collect
illumination from the samedirectiond; .

As pointedout by Keller [17], thereareseveralinstancesn the
computegraphicditerature wherethe Methodof DependenTests
hasbeenappliedimplicitly [9, 16]. For example,oneof the stan-
dardalgorithmsfor the accumulatiorbuffer [9] is a depth-of- eld
effect, which usesidentical samplingpatternsof the lensaperture
for all pixels. It hasbeenshovn by Sobol[25] thatthe Method of
Dependentestsis anunbiasedsariantof Monte Carlointegration.
Recently hierarchicalversionsof the Method of Dependenfests
have beenproposed11, 17], but we do not currentlymake useof
theseresults.

3.2 Dependent Test Implementation of Light Scat-
tering in Height Fields

Basedon the Method of DependenfTests,we canrewrite Monte
Carloalgorithmsasa sequencef SIMD operationghatoperateon
thegrid cellsof theheight eld. Considetthelight pathin Figure3.
Light hitsthe height eld from directionT;, scattersateachpointin
direction & 2 D, andleavesthe surfacein the directionof the
viewer v.

Sinceall thesevectorsare constantacrossthe height eld, the
only varyingparameterarethe surfacenormals.More speci cally,
for theradiancdeaving agrid pointp in directionv, theimportant
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Figure3: With the Methodof Dependeniests.the differentpaths
for the illumination in all surface points are composecdbf pieces
with identicaldirections.

varyingparameterarethenormalfp, thepointq := S;[p] visible
from p in directiond;, andthenormalfg in thatpoint.

In particular theradiancen directionv causedy light arriving
from directionT andscattereancein direction d; is givenby the
following formula.

Lo(p;¥) =fr(Rp; 0i;¥) < Ap; & >
fo(R:T @) < Ag;T> Li(g;D @ (D)

Usually the BRDF is written as a 4D function of the incoming
and the outgoingdirection, both given relative to a local coordi-
nateframewherethelocal surfacenormalcoincideswith thez-axis.
In aheight eld setting,however, the viewing andlight directions
aregivenin someglobal coordinatesystemthatis notalignedwith
the local coordinateframe, so thatit is rst necessaryo perform
atransformatiorbetweerthe two frames. To emphasizehis fact,
we have denotedthe BRDF asa function of theincomingandout-
goingdirectionaswell asthe surfacenormal. If we planto usean
anisotropiBRDF onthemicrogeometryjevel, we would alsohave
to includeareferencaangentvector

Notethatthetermin parenthesigs simply thedirectillumination

of a height eld with viewing direction &, with light arriving

fromT. If we precomputehis termfor all grid pointsin the height
eld, we obtainatextureL 4 containingthe directillumination for
eachsurface point. This texture can be generatedusing a bump
mappingstepwherean orthographiaccameragpointsdovn ontothe
height eld, but @ is usedasthe viewing directionfor shading
purposes.

Oncewe have L g, the secondre ection is just anotherbump

mappingstepwith ¥ asthe viewing directionand & asthe light

direction. This time, the incoming radianceis not determinedby

the intensity of the light source,but ratherby the contentof the

L 4 texture. For eachsurfacepoint p we look up the corresponding
visible pointg = Si[p]. The outgoingradianceat q, which is

storedin the texture asL4[q], is at the sametime the incoming

radianceatp.

Thus, we have reducedcomputingthe once-scatteredight in
eachpoint of the height eld to two successie bump mappingop-
erations,wherethe secondone requiresan additionalindirection
to look up theillumination. We caneasilyextendthis techniqueo
longerpaths andalsoaddin thedirecttermateachscatteringpoint.
Thisis illustratedin the Figure4.

For thetotalilluminationin a height eld, we sumup the contri-
butionsfor severalsuchpaths(some40-100in mostof our scenes).
Thisway, we computetheilluminationin the completeheight eld
atonce,usingtwo SIMD-styleoperationonthewholeheight eld
texture: bump mappingfor directillumination, usingtwo givendi-
rectionsfor incoming and outgoinglight, aswell as a lookup of
the indirectillumination in a texture map using the precomputed
visibility datain form of thetexturesS;.

This is in itself a performanceimpraovementover the regular
Monte Carloalgorithmspresentedbefore becaus¢heillumination

Direct [llum Indirect lllum.
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2 203
Direct I/lum. l Indirect [llum.
(NN 4, .Y
- U3 n-
.
.
.
Direct l/lum. l
Yy —

Figure4: Extendingthe dependentestscatteringalgorithmto mul-
tiple scattering.Eachbox indicatesa texture thatis generateavith
regularbumpmapping.

in onegrid cell will contrituteto mary otherpointson the surface
in the nal imagevialight scattering!In contrasto standardMonte
Carlo,our dependentestapproactavoids recomputinghis contri-
bution for eachindividual pixel.

Whatremainsto be doneis an ef cient testof whethera given

pointliesin shadav with respecto thelight directiont. While it is
possibleto interpolatethis information directly from the visibility
databases;, we canalso nd a moreefcient, althoughapproxi-
materepresentatiorthatwill be describedn Section4.

3.3 Use of Graphics Hardware

In additionto the abose-mentionecerformancémprovementsve
getfrom the implementatiorof the Method of Dependenfestsin
software, we canalso utilize graphicshardware for an additional
performancegain. In recentgraphicshardware, both on the work-
stationandon the consumetevel, several new featureshave been
introducedthat we can make useof. In particular we assumea
standarddpenGL-like graphicspipeline[24] with someextensions
asdescribedn thefollowing.

Firstly, we assumethe hardware has someway of rendering
bump maps. This can eitherbe supportedhroughspeci c exten-
sions(e.g.[22]), or throughthe OpenGLimaging subsef24], as
describedy HeidrichandSeidel[10]. Any kind of bumpmapping
schemaewill besufcient for our purposesbhut thekind of re ection
modelavailablein this bumpmappingstepwill determinevhatre-
ection modelwe canuseto illuminate our hight eld.

Secondly we will heeda way of interpretingthe components
storedin onetexture or imageastexture coordinategointing into
anothertexture. Oneway of supportingthis is the so-calledpixel
texture extension[12, 10], which performsthis operationduring
transferof imagesinto theframebuffer, andis currentlyonly avail-
able on somehigh-endSGI machines. Alternatively, we canuse
dependentexture lookups a variantof multi-texturing, thathasre-
cently beenannouncedy several vendorsfor the next generation
of consumeievel hardware (the Matrox G400 offers a restricted
versionof this today). With dependentexturing, we canmaptwo
or moretexturessimultaneouslyonto an object, wherethe texture
coordinate®f thesecondextureareobtainedrom thecomponents
of the rst texture. Thisis exactly thefeaturewe arelooking for. In
casewe have hardwarethat supportsneitherof the two, it is quite
simple,althoughnotveryfast,to implementhepixel textureexten-
sionin software: the framehuffer is readout to mainmemory and
eachpixelis replacedy avaluelookedup from atexture,usingthe



previous contentsof the pixel astexture coordinates.

Using thesetwo features,dependentexturing and bump map-
ping, theimplementatiorof thedependentestmethodasdescribed
above is simple. As mentionedn Section3.2 anddepictedin Fig-
ure 3, the scatteringof light via two pointsp andq in the height
eld rst requiresusto computethedirectilluminationin q. If we
do this for all grid pointswe obtainatextureL 4 containingthere-
ected light causedby the directillumination in eachpoint. This
texture L4 is generatedising the bump mappingmechanisnthe
hardware provides. Typically, the hardwarewill supportonly dif-
fuseandPhongre ections, but if it supportanoregeneraimodels,
thenthesecanalsobe usedfor our scatteringmplementation.

Theseconde ection in p is alsoabumpmappingstep(although
with differentviewing- andlight directions) but thistime thedirect
illumination from thelight sourcehasto bereplacedy a perpixel
radiancevaluecorrespondingo the re ected radianceof the point
g visible from p in the scatteringdirection. We achieve this by
bump mappingthe surfacewith a light intensity of 1, and by af-
terwardsapplying a pixel-wise multiplication of the value looked
up from L4 with the help of dependentexturing. Figure5 shavs
how to conceptuallysetup amulti-texturing systemwith dependent

texturesto achieve thisresult.
E L,
L
Ly

Figure5: For computingtheindirectlight with the helpof graphics
hardvare, we conceptuallyrequire a multi-texturing systemwith
dependentexture lookups. This gure illustrateshow this system
hasto be setup. Boxes indicate one of the two textures, while
incomingarraws signaltexturecoordinategndoutgoingonesmean
theresultingcolor values.

The rst textureis the S; that correspondso the scatteringdi-
rectiond;. For eachpointp it yields q, the point visible from p
in directiond; . ThesecondexturelL 4 containsthere ected direct
light in eachpoint, which actsasanincomingradianceatp.

By usingthis hardwareapproachyve treatthe graphicshoardas
a SIMD-like machinewhich performsthe desiredoperationsand
computesone light path for eachof the grid points at once. As
shavn in Section6, this useof hardwaredramaticallyincreaseshe
performancever the softwareversionto analmostinteractve rate.

4 Approximate Bump Map Shadows

As mentionedn Section3.1,we cansimply usescatteringnforma-
tion storedin S; for determiningthe shadavs castin a height eld.
For example,to determineif a given grid point p lies in shadev
for somelight direction,we couldsimply nd the closestdirection
d 2 D, andusetexture S; to determinewhetherp seesanother

pointof theheight eld in directiond; .

For a higherquality test,we can precomputea triangulationof
all pointspointsontheunit spherecorrespondingo theunit vectors
di (sincethesetof directionsis the samefor all surfacepoints,this
is just one triangle meshfor all points on the height eld). The
sameriangulationwill laterbeusedn Sections for otherpurposes.
Basedon this meshwe caneasilydeterminghethreedirectionsd;
that are closestto ary given light direction, and then interpolate
thosedirections' visibility values. This yields a visibility factor
between0 and 1 de ning a smoothtransitionbetweenlight and
shadav.

Althoughthis approactworks,we have alsoimplementedimore
approximatemethodthatis bettersuitedfor hardwareimplementa-
tion andmuchfaster

We startby projectingall the unit vectorsfor the samplingdi-
rectionsdi 2 D of the upperhemispherever the shadingnormal
into thetangentplane,i.e. we dropthe z coordinateof @; in thelo-
cal coordinateframe. Thenwe t anellipsecontainingasmary of
those2D pointsthat correspondo unshadwed directionsas pos-
sible, without containingtoo mary shadeved directions. This el-
lipseis uniquelydeterminedy its (2D) centerpoint ¢, a direction
(ax;ay)" describinghedirectionof themajoraxis(theminor axis
is thensimply ( ay;ax)"), andtwo radii r; andr,, onefor the
extentalongeachaxis.

Figure6: For the shadw testwe precompute2D ellipsesat each
point of the height eld, by tting themto the projectionsof the
scatteringdirectionsinto thetangeniplane.

For the tting processwe begin with the ellipserepresentethy
the eigervectorsof the covariancematrix of all pointscorrespond-
ing to unshadwed directions. We then optimize the radii with a
local optimizationmethod. As an optimizationcriterionwe try to
maximizethe numberof light directionsinsidethe ellipsewhile at
the sametime minimizing the numberof shadeved directionsin-
sideit.

Oncewe have computedthis ellipse for eachgrid pointin the
height eld, theshadav testis simple. Thelight directionT is also
projectedinto the tangentplane,andit is checled whetherthere-
sulting2D pointisinsidetheellipse(correspondingo alit point) or
not (correspondingo a shadaved point). This approachis similar
to the onedescribedby Max [19] usinghorizonmaps. Only here
the horizon mapis replacedby a map of ellipses,eachuniquely
determinecby 6 parameters.

Boththeprojectionandthein-ellipsetestcanmathematicallype
expressedrery easily First,the2D coordinate$, andl, havetobe
transformednto the coordinatesystemde ned by the axes of the
ellipse:

a I [
IO = < X : X X >: 2
: iy o @
0 ._ ay |>( Cx
ly = < ax D @)
Afterwards,thetest

7 )*

1
rz rs

0 (4)

hasto be performed.

To mapthesecomputationdo graphicshardware, we represent
thesix degreesof freedomfor theellipsesas2 RGB textures.Then
the requiredoperationsto implementEquations2 through4 are
simpledot productsaswell asadditionsandmultiplications. Both
Westermanret al. [30] and Heidrich and Seidel[10] have shavn
how suchoperationscan be implementedon graphicshardware.
This is possibleusingthe OpenGLimagingsubsef24], available



on most contemporaryworkstations,but also using somevendor
speci ¢ extensionssuchasthe register combinerextensionfrom
NVIDIA [22]. Dependingon the exact graphicshardware avail-
able, the implementatiordetailswill have to vary slightly. Thus,
they areomittedfrom this paper andwe refertheinterestedeader
to ourtechnicalreport[14].

5 Varying the Base Geometry

Sofar we have only consideredhe casewherethe height eld is
attachedo abasegeometryof a x ed,previously knonn cunature,
typically aplanarobject.However, if we planto usethesameneight
eld for differentgeometricobjects,the valleys in a height eld
widen up or narrav down dependingon the local cunatureof the
object,andtheheight eld canbelocally stretchedn anon-uniform
fashion.This affectsboththe castingof shadavs andthe scattering
of indirectlight. Fortheshadavs, it is obviousthatnarravervalleys
will causemore regions to be shadaved, while in wider valleys
moreregionsarelit.

For the scatteringpart, the oppositeis true. For a point on the
bottomof a narraw valley, a large proportionof the solid angleis
coveredby otherportionsof the height eld, andthereforetheim-
pactof indirectlight is strong.On the otherhand,in awide valley,
mostof thelight will bere ected backinto the environmentrather
thanremaininginsidethe height eld.

In thissectionwe discussadaptationsf thepreviously described
algorithmsanddatastructurego the casewherethe basegeometry
changesTo this end,we will assumehatthe cunatureof thisbase
geometryis small comparedo the featuresin the height eld. It
is thenareasonablessumptiorthatthe visibility doesnot change
asthe surfaceis bent. This meansthattwo pointsin the height

eld thataremutuallyvisible for a planarbasegeometryarealso

mutually visible in the curved case. Obviously, this assumption
breaksdown for extremecunaturesput it generallyholdsfor small

ones.

Firstlet us considerthe datastructuresandalgorithmsfor com-
puting scattered,ndirect light. Sincewe have assumedhat no
extreme changesin visibility occur the precomputedvisibility
datai.e. the texturesS; arestill valid asthe underlyinggeometry
changesHowever, asdepictedn Figure7, someparametersf the
illumination change. Firstly, thereis no longera x ed global di-
rectiond; correspondingo eachtexture Si. Rather the direction
changesisaparameteof the cunatureandof thedistancebetween
two mutually visible points,andbecomedifferentfor every point
on the surface. Secondlythe normal(andthereforethe anglesbe-
tweenthe normaland othervectors)changesas a function of the
sameparameters.

Figure7: Thedirectionsdi changeon a perpixel basisif the height
eld is appliedto a curved basegeometry The rateof changede-
pendson the distanceof two pointsfrom eachother

Thesechangesemove the coherencehat we usedto mapthe
algorithmto graphicshardware,sincenow all directionsneedto be
computedor eachindividualheight eld point.Thisrequiresopera-
tionsthatarecurrentlynot possiblewith graphicshardware.Onthe
otherhand,the aborementionecthangesre quite easyto account
for in asoftwarerenderer

However, thereis athird changedueto the cunature,which af-
fectsall our Monte Carloalgorithms.The setof directionsD used
to bea uniform samplingof thedirectionalspherefor the caseof a
given, x ed basegeometry Now, whenthe height eld is applied
to a geometrywith slightly changedcunatureor a non-uniformly
scaledone, the directionschangeas mentionedabore. The rate of
changedepend®on the distanceof the two mutuallyvisible points.
Thereforethedirectionsdo not changeuniformly, and,asa conse-
guencethe samplingof directionsis no longeruniform. In Monte
Carlo terms, this meansthat the importanceof the individual di-
rectionshaschangedandthatthis importancehasto betakeninto
accountfor the Monte Carlointegration. Differentlight pathscan
nolongerbesummedipwith equalweight,but have to beweighted
by theimportanceof therespectie path. Thisimportancehasto be
computedor everyindividual pointin the height eld.

This requiresusto develop an estimatefor the importanceof a
given sampledirection, which is explainedin the following. We
startby interpretingthe unit directionsd; 2 D for the original
geometryaspointson the unit sphereandgenerate triangulation
of these.Sincethe samplingof directionsis uniformin this planar
casetheareasf thetrianglefanssurroundingary directiond; will
be approximatelythe samefor all d;, seeFigure8.

Figure8: Whena height eld is appliedto a differentbasegeom-
etry, theimportanceof the individual directionschangeswhich is
indicatedby a changeof areaof the triangulatedunit directionson
thesphere.

Now, if wegraduallybendtheunderlyingsurface thepointscor
respondingto the directionswill slovly move eithertowardsthe
horizonor towardsthe zenith,dependingon the sign of the cuna-
ture we apply Note thata changein visibility meansthat during
this movementthe triangle meshfolds over at a given point. As
mentionedabove, we aregoingto ignorethis situation,andrestrict
oursehes to small cunatureswhich do not causesuch visibility
changes.

In this case,the sole effect of the moving points on the unit
sphereis that the areasof the triangle fans surroundingeachdi-
rectionchange(seeFigure8). This changeof areais an estimate
for the changein samplingrate,andthereforean estimatefor the
importanceof a particulardirectionin thecurved case.Thus,if we
apply a height eld to a curved surface,we weightall light paths
by the relative areaof the triangle fan surroundingthe chosendi-
rection.

Now thatwe have dealtwith theadaptatiorof thescatteringdata
structuresyve alsohave to take careof the shadaving. If we com-
putetheshadavs directlyfrom theS; , asdescribedatthebeginning
of Section4, thenno changesarerequired.However, if we areus-
ing the 2D ellipsesintroducedat the end of Section4, thenthese
ellipseshave to be adaptedo thelocal surfacecunature.

Startingfrom the updatedscatteringdirectionsd;, wecan t a
differentellipse for eachpoint andeachsurfacecurvature. How-
ever, precomputingandstoringthis informationfor alot of differ-
entcurvaturesis both memoryandtime consuming.We therefore
only precomputea total of ve differentellipses:the original one
for zerocunature,oneeachfor aslight positive anda slight nega-
tive cunaturein eachof the parametriadirections. Fromthis data
we canthengenerate linear approximationof the changef el-
lipseparametersinderary givencurvature.Again, this only works



reasonablyaslong asthe radii of cunaturearelarge comparedo
the height eld features(i.e. aslong asthe curvaturesare small),
but for large curvatureswe will runinto visibility changesanyway.

6 Results

We have implementedhe approacheslescribedn this paperboth
in software, and for two different kinds of graphicshardware.
Firstly, we usethe SGI Octane,which provides supportfor pixel
textures,but doesnot have adwancedfeaturedik e multi-texturing,

which would help us to reducethe numberof renderingpasses.

Onthis platformwe have implementedhe Phongre ection model
using the normal map approachdescribedby Heidrich and Sei-
del [10]. HeidrichandSeidelalsodescribewaysof incorporating
otherre ection modelsaswell asenvironmentmapsthroughthe
useof pixel textures.We have not madeuseof theseresults.

Secondly we have usedan NVIDIA GeForce 256 with DDR
RAM. This graphicsboardsupportamulti-texturing with very e x-
ible waysof combiningthe resultingcolorsfor eachfragment(via
NVIDIA'sregistercombinerextension[22]). Thisallows usto per
form bump mappingwith local illumination andthe Phongmodel
in onepass.andhelpsusto efciently implementthe shadev test.
However, the GeForcedoesnot supportdependentexturelookups,
sothatthescatteringhadto beimplementedssentiallyusingasoft-
wareversionof the pixel texture extension.

The rst testswe have performedaredesignedo shav whether
we canuseprecomputedisibility to consistentlyilluminategeom-
etry andbumpmaps,andalsoto simulateBRDFs. Figure9 shavs
somecurvedgeometryto whichthetriangularheight eld from Fig-
ure 2 hasbeenapplied. In this height eld, the facespointingin
onedirectionarered, andthe facespointingin the otherarewhite.
Thetop row of Figure9 shavs theresultsof applyingthegeometry
asa displacementnap. On the left side, which doesnot include
scatteringout shadaving andmasking the separatiorof the colors
becomesapparentsincethe top of the geometryis morereddish,
while the bottomis white. Due to color bleeding,the imagein-
cludingthe scatteringermontheright is morehomogeneousThe
bottomrow of the gure shavsthe geometrywith aBRDFthathas
beencomputedrom thesameheight eld usinggraphicshardware.
Boththeversionwith andthe onewithout scatteringshav thesame
kind of behaior asthegeometry-basetenderingwhichillustrates
thatourtechniquecanbeusedor smoothtransitionsbetweerevels
of detail.

Both for the renderingof the geometry-baseninageandfor the
generatiorof the BRDF, we rst hadto generatehevisibility data,
namelythetexturesS; andthe ellipsedatastructuredor the shad-
ows. Thetwo leftmostcolumnsof Tablel shav thetimingsfor this
precomputatiomphaseanda numberof differentheight elds. The
memoryrequirementgor the datastructuresarequite low: for the
scatteringn a32 32 height eld with 100 sampledirectionswe
generatel 00 two-componentextureswith a sizeof 32 32 2
Bytes,which amountgo lessthan2 MB of datafor thewholescat-
tering information. The shadaing datastructuresimply consists
of two three-componentextures,yielding32 32 6 = 6144
Bytes.

After the data structuresare precomputedwe can ef ciently
compute images with scattering (100 samples)and shadev-
ing/maskingfrom themusingeithera softwareor a hardwareren-
derer Thetimesfor computingthe scatteringtermsin the height

eld arelistedin thethird andfourth columnof Tablel.

Notethatthetimingsfor hardwarerenderingof small(32  32)
height elds includingaone-timescatteringarewell belov onesec-
ond. Thus,we cangeneratémagesof scatterecheight elds atin-
teractveframerates althoughnot quitefastenoughfor applications
like games.

I

Figure9: A comparisonof geometry(top) and BRDF (bottom).
Left side: withoutindirectlight, right side: with indirectlight.

HeightField Si | Shadews | SW | HW
Triangles(32 32 27 32| 10 0.48
Bricks (128 128 1029 194 | 12| 2.10
Bumps(32 32 109 65 8| 0.48

Table 1: Timings for precomputatiorand renderingof different
height elds in seconds.

However, we canusethehardwarealgorithmto computehigher
dimensionaldatastructures,suchaslight elds [8, 18] and both
spacevariant and spaceinvariant BRDFs. For example,we can
generata light eld consistingof 32 32imagesof aheight eld
includingscatteringermsin just about6-8 minutes.

As we move to BRDFs, a single BRDF sampleis the average
radiancdrom awholeimageof theheight eld. Thus,if we would
like to computea denseyegular meshof samplesor a BRDF, we
have to computea 4-dimensionabrrayof imagesandthenaverage
the radianceof eachimage. The BTF [5], on the otherhand,is
a 6-dimensionabatastructureobtainedby omitting the averaging
step,andstoringtheimagesdirectly. Theseoperationsanbecome
prohibitively expensve: evenfor relatively smallBRDFresolutions
suchas 16*, this would take about7-8 hours. However, asother
researcherbave pointedout before[3, 31], it is not necessaryo



computethis large numberof independensamples.SinceBRDFs
aretypically smoothfunctions, it is sufcient to computeseveral
hundredandomsamplesandprojectthoseinto ahierarchicabasis
suchassphericaharmonics.

Using our approachthis small numberof samplescanbe gen-
eratedwithin severalminutes.To furtherimprove the performance
slightly, we cancompletelygetrid of geometryfor the computation
of BRDF samplesandwork in texture space As describedn Sec-
tions 3.2 and 3.3, the Methodof Dependentestsalreadyoperates
in texture space. Only in the last step, whenwe want to display
theresult,we normally have to applythis texture to geometry For
the BRDF computationhowever, we areonly interestedn the av-
erageof the radiancedor the visible surfacepoints. Therefore,if
we manageto solve the maskingproblemby someother means,
we do nothaveto usegeometryatall. Themaskingproblemcanbe
solvedby usingthesamedatastructuresasusedfor theshadev test,
only with the viewing directioninsteadof the light direction. This
techniguewas rst proposedy Cabraletal. [3] for theirmethodof
shadaving bumpmaps.

Figure10: Threebump-mappedpheres.Bottom left: with shad-
ows only. Top: with shadevs andindirectlight bouncingoff other
partsof the bump map. Bottomright: with additionalindirectlight
looked up from anernvironmentmap.

Figure 10 shawvs somemore examplesfor our technique. The
bottomleft spheres renderedwith a bump mapusingonly direct
light andour shadev test. Thetop spherauseshe samebumpmap,
but alsoincludesindirectlight re ected from otherportionsof the
bump map up to a pathlengthof 4. Finally, in the bottomright
spherewe alsoincludeindirectillumination from otherpartsof the
scenewhich, in this case,is representedsan ervironmentmap,
similarly to the methoddescribedby Debevec [6]. This is imple-
mentedby queryingthe environmentmapevery time the visibility
texturesS; indicatethatnointersectioroccurswith the height eld
for thegivendirection.

Figure 11 demonstratethe effect of differentcurvaturesof the
underlyinggeometry that otherresearcherbave negglectedso far.
Note that the red facesreceve only indirectillumination through
scatteringfrom the white faces. We can clearly seethe reduced
scatteringin the casewherethe curved basegeometrycauseghe
valleys to widen up, and at the sametime we can seethat more
regionsareshadevedfor this case.

Finally, Figures12 and13 shav somemore complicatedexam-
ples. Figure 12 depictsa backyard scenein which every object
exceptfor the oor andthe bin hasbeenbump-mapped This im-
agetook 16.2minutesto renderin aresolutionof 640 400 pixels.

Figurell: Changesfindirectlight andshadavs asthecunatureof
the basegeometrychangesNote thatthe redfacesareexclusively
illuminatedindirectly via the light scatteredrom the white faces.

Thescenéhasbeerrenderedn softwarewith ourmethoddor shad-
owing andscattering Figure13 shavs animageof aterrainmodel
renderedvith hardwareacceleratiomndbumpshadesin realtime
( 20fps.onaGeForce256).

7 Conclusion

In this paper we have describedan ef cient methodfor illumi-
nating height elds and bump mapsbasedon precomputedvisi-
bility information. The algorithm simulatesboth self shadaving
of the height eld, aswell asindirect illumination bouncingoff
height eld facets.Thisallowsusto usegeometrybumpmaps.and
BRDFsasdifferentlevels of detail for a surfacestructure,andto
consistenthilluminatethesethreerepresentations.

Usingthe Methodof DependenTestswhichis ageneralization
of MonteCarlotechniquesit is possibleto mapthesemethodonto
graphicshardware. Thesetechniquesxploit the nev bump map-
ping featuresof recentgraphicsboards,aswell asdependentex-
ture mapping,which is currentlyavailableonly on somehigh-end
systemsbut will be a standardeatureof the commodityhardware
shippingatthe endof theyear

Boththe softwareandthe hardwareimplementatiorof ouralgo-
rithmscanbeusedto ef ciently precomputBRDFsandhigherdi-
mensionabatastructuresuchasBTFsor shift-variantBRDFs. Fi-
nally, we arealsoableto approximateheeffectsof differentcurva-
turesof theunderlyingbasegeometrywhichto someextentchange
shadaving andlight scatteringn a height eld, andthereforealso
affectsrepresentationk e the BRDF. This is the rst time in the
literaturethattheseeffectsaresimulated.

Thereis a potentialfor extendingthe techniquesdescribedin
this paperin several ways. First of all, we would like to be able
to dealwith othergeometrythanheight elds, sincematerialssuch
as cloth and porousmaterialscannotbe representedh this form.
In principleit shouldbe easyto extendour algorithmsto arbitrary
geometryhowever. In orderto utilize graphicshardware,we have
to nd anappropriate2D parameterizatiofor the objectsothatall
surfacepointscanbe representeéh atexture. The next stepcould
thenbeto extendthe methodto participatingmedia,for exampleto
simulatesub-surécescattering.lt would alsobe interestingto ex-
plore whetherit is usefulto apply the developedmethodsto com-
pute global illumination in macroscopicscenesalongthe lines of
thetransilluminatiormethod[29].

Finally, a hierarchicalversionof the Methodof DependenTests
has recently beenintroducedby Heinrich [11] and Keller [17].
Heinrich proved that this methodis optimal for a certainclassof
functionsful lling somesmoothnessriteria, andKeller extended
thiswork to otherclasse®f functions.It would beinterestingo see
if theseresultscanbe utilized to furtherimprove the performance
of ouralgorithm.
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Figure12: A morecomplex scenewhereall suracesarebump mappedijncluding shadeving andindirectlight.

Figurel3: A terrainmodelwith bump mapshadwing renderedn realtimewith graphicshardvare.



