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ABSTRACT

We proposeto rendergeometryusingan imagebasedrepresenta-
tion. Geometricinformationis encodedby a texture with depth
andrenderedy rasterizingthe boundingbox geometry For each
resultingfragment.a shadeccomputegheintersectiorof thecorre-
spondingray with thegeometryusingpre-computedhformationto
acceleratehe computation. Our methodis almostalways artifact
free even whenzoomedin or at grazingangles. We integrateour
algorithmwith reverseperspectie projectionto represent larger
classof shapesTheextratexturerequirements smallandtheren-
deringcostis outputsensitve, soour representatioganbe usedto
modelmary partsof a 3D scene.

CR Categories: |.3.1[Raytracing];l.3.1[Color, shadingshadev-
ing, andtexture];

Keywords: height eld, ray-tracing,GPU

1 INTRODUCTION

A large partof thebudgetin a gameis dedicatedo hire artiststhat
will modelvisually appealingervironments. This includescreat-
ing texturesand shaderqappeaance modelling) and populating
the world with enoughdetails(geometricmodelling). The textur-
ing andshadingcapacitief moderngraphicscardsallow for very
comple appearanceshereis virtually no limit otherthancreatv-
ity. On the otherhand,artistsmustrefrain from creatingtoo de-
tailed ervironmentsfor currentgraphicscard. This results,evenin
the mostrecentgames,in at looking surfaces polygonalizedsil-
houettesandnoticeably‘empty” ervironments.Severaltechniques
have beenproposedo overcomethislimitation. Bumpmapping2]
simulatesthe interactionof light with uneven surfaces,providing
a feeling of relief, but hasobvious errorsat grazingangles. It is
consequentlyimited to small scalerelief. Anothersolutionis to
concentratehe available geometricbudgetonto nearbypartsand
usecoarsetevel of details (LOD) for distantpartsor barely visi-
ble objects[14]. Onceagnin, this yieldsartifactsat obliqueangles.
For example,if distantbuildingsarerenderedy “ attening” all ar-
chitecturaldetailsinto a texture-mappedube,the viewer will see
embossegartssuchaswindow panesView-dependenevel of de-
tails adresghis problembut requiredatastructuresandalgorithms
thataretoo costly.

As an alternatve to geometry Image BasedRendering(IBR)
usesreference'views” of partsof the model, either statically or
dynamicallygeneratedto synthetizethe currentviews [10]. Most
methodsareintendedor automatiaeplacementf distantpartsand
arenot meantasa modellingtool. IBR caninvolve costlyandnon
trivial pre-processingnd,althoughvery ef cient resultshave been
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published[11], they thesemethodssuffer from artifacts(disocclu-
sion, ick ering) or limitations (memoryrequirementsintegration
with standardgyeometry)thatgamescannotafford. Following that
trend,recentworksintroducedthe ideathatgeometricdnformation
canbe storednot only with verticesandfacesbut alsowithin tex-
tureseitherusingtranspareng[5] or depthinformation[18, 19].

2 PREVIOUSWORK

The obsenation that detailsareinef ciently representedby mary
smalltriangleshasled to the useof displacemenimap$4]. Points
on a surfacearemoved alongtheir normalby anamountspeci ed
by atexturethatis mappedntothe surface.With the exceptionof
terrain,displacemeniapsaretypically usedfor addingsmallscale
detailsuchasbumps.

To renderdisplacemenmaps,the surfacecanbe adaptvely re-
tesselated16]. Anotherapproachs to rendera boundingvolume
and performa ray intersectionwith the local height eld over the
basesurface[9]. Wanget. al proposeddrecomputingof all such
intersectiondy samplingthe 5D spaceof rays[24]. Theresultis
compressedndencodedn away thatallows real-timetexturing of
arbitrarily curvedsurfaceswith self-shadwing andcomple light-
ing [25]. Evenwith compressionthe methodrequiresabout4 MB
texture memoryfor a 128x128pattern soit is aimedat visualizing
one objectand cannotbe appliedto all surfacesof a large scene.
Moreover, the methodis intendedfor mesostructureenderingas
thesamplingorocesgannotcapturdargevariationsin thedisplace-
ments. Kautz et al[13]. usesslicesthe height eld andusesalpha
testto rendereachslices.Policarpoetal.[19 performapproximate
ray/heighteld intersectiorusingabinarysearchTheresultis the-
oreticallyincorrectdespiteaninitial phaseto alleviate someof the
problematiccases.In practice,the methodworks very well with
visually appealingresultsandreal-timeperformancegor small to
mediumscalerelief. It canalsobeusedto computebetterre ection
andrefractionghanwith simpleervironmentmapping[22.

Insteadof nding what part of the displacedsurfaceis seenat
a given pixel location,Oliveiraet al.[18 determinewherethe ele-
mentsof the displacementapshouldprojecton screenBasedon
depth,they pre-warpthetexturefor the currentviewpointandmap
theresultto aboundingsurface. Thisguaranteesorrectparallaxef-
fects,automatichole lling with interpolationandproper ltering.
Themaindravbackof pre-warpingis thatit is notoutputsensitve:
whatever the screerspaceprojection the pre-warpingtraverseghe
wholetexture.

Anotheralternatve is parallaxmapping[12, optionallywith off-
setlimiting[26], wheretexture coordinatesareshiftedbasedn the
heightto produceapproximateparallax. The methodis not exact
butyieldsvisually pleasingesultsfor reliefslik e bricks,roughsur
facesgtc.

In several of theseworks, displacemenimapsare alsoextended
to storemore informationthana single depthvalue. Policarpoet
al. [19] usesdual-depthtexturesto to encodea front and a back
surfacedisplacedover abasepatch.Oliveiraetal. [18] use6 relief
texture on the faceof a cubeto rendercomplex objectssuchasa
statue. Parilov et al. [21] combinespre-warpingwith LDI sothat
they canrepresenbbjectswith a higherdepthcompleity suchas



trees.

3 RENDERING ALGORITHM

We start with a 3D model, place a boundingbox aroundit and
projectthe geometryon the bottomfaceto generatea texture with
depth Eachtexel storesa color and a normalizeddistance. We
de ne normalizedcoordinatedy mappingthe boundingbox to the
unit cubeof theprojection.

Renderings doneby draving the boundingbox. For eachfrag-
ment produced,we determinethe ray from the eye to the corre-
spondingpoint on the boundingbox and we intersectit with the
height eld. For thatwe walk alongtheray until it passedelav the
height eld!. The problemof ray/height eld intersectiorhasbeen
well studiedfor terrainrendering and mary solutionsand opti-
mizationdatastructureshave beenproposed.The problemhereis
thattheintersectiormustbe computedn afragmentshaderwhich
constrain®ur choiceof datastructuresndalgorithms.An increas-
ing amountof work hasalsobeendedicatedo genericray-tracing
on GPU[20, 3, 7] but they do not take advantageof the particular
casewe areconsidering.

3.1 Theheight eld representation

The height eld is de ned as the bi-linear interpolationof values
sampledat the centerof texels. Lines joining thesecentersare
calledcenterlineslines betweertexels arecalledborderlines An
important point is that the intersectionof the height eld with a
plane perpendicularto the groundis guaranteedo be piecavise
linearonly if the planealignswith a centerline.Otherwise thein-
tersectiorcanindeedcontaincurvedpartsasshavn on Fig. 1. This
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Figure 1: Bilinear interpolation yields curved height elds

pointwill beimportantlater

3.2 Binary search for intersection

In [19], the proposedsolutionto quickly nd anintersectionis a
binarysearchIn mostcasesthis method nds thecorrectintersec-
tion but thereis no guaranteat will. In particulay theray is sam-
pled independentlyof its tilt which amountsto slicing the height-
eld regularly alongthe vertical direction. To alleviate this, the
rayis rst walked by afew x ed-sizesteps.This doesreducethe
numberof falseintersectionsdut somewill alwaysremain. This
will particularlybethe caseif the height eld containslarge depth
discontinuitiesor narrav peaksandwhenit is viewed at a grazing
angle. Since[19] mostly demonstratetheir techniqueson small
scalerelief, this doesnot shav up. But for more generalheight-
elds, the artifactscanbe very noticeable(Fig. 11). They canbe
reduceddy increasinghe numberof stepsof the preliminarywalk,
but this reduceghe bene ts of the binary search.Moreover, using

1The height eld canalwaysbe choserto be 0 on its boundaryso every
ray enteringthe boundingbox startsabove the height eld.
2www.vterrain.org

x ed stepshasa fundamentalaw: it both missespotentialinfor-

mationandperformsredundantests(Fig. 2 (a)). To nd thecorrect
intersectionwe mustconsiderall texels coveredby the projection
of theray.

3.3 Rasterization-basedntersection

Theproblemof identifyingtheintersectionis actuallythatof raster
izing the projectionof therayin thetexture. We foundthe simplest
way to visit all texelsis a 2D versionof the algorithm proposed
in [1]. Thecurrentpositionon the ray is parameterizedy an ab-
scissa. Startingfrom the entrypointt = 0, we nd theabscissae
T:x andT:y of the next intersectionwith a horizontalor a vertical
centerling(Fig. 2 (b)). We movet to the minimumvalueandthen
updateT:x andT:y. This updatesimply requiresaddingto T:x or
T:y the differenceof abscissal:x or d:y betweentwo consecutie
intersectionswith horizontaland vertical borders. Thesed:x,d:y
valuesareconstantandarecomputedncebeforetheloop.
Thisapproactio walk theray givesmuchbetterresults(Fig. 11).
Neverthelessijt is not exact. The problemis that we assumehe
height eld varieslinearly along the ray betweentwo centerlines
which is not the caseas discussedn Section3.1. Thus,we can
miss intersectionsuchasthe one shavn on Figure3. The error

Figure 3: A and B are above the heighteld which does not vary
linearly along [AB]. Thus the rasterization-based approach will miss
the intersection with the saddle shape.

incurred, however, is usually very small except for pathological
height elds. Apart from this problem,the approactperformsthe
optimal numberof texture lookupsfor arbitrary height elds. The
shadeiis simpleandfast,but is not asfastasabinary search.The
latter requiresroughly logn stepswhile the former takesn steps.
Anotherproblemis thatwe musttraverseall texels alongthe ray.

This canbe expensie if theray traversesa large emptyregion be-
foreintersectingheheight eld. Thus,views atgrazingangleswith

large textureshave reducedperformance.

3.4 Pre-computedrobust binary search

Theconclusiorof thetwo previoussectionss thatthebinarysearch
is fastand texture independentbut the line rasterizations more
accuratef the only informationavailableis the height eld. Thus
we proposeto analyzethe height eld in a preprocesstepandto
storeextrainformationin the depthtexture. Similarideashasbeen
proposedy Donnelly[§, who useddistancdunctionsto accelerate
therenderingof displacemeninaps.

We de ne the safetyradiusasa functionr(x;y; q) which givesa
lower boundon the distanceto the secondntersectionjf ary, for
unblocled rays. In otherword, unblocled rays can have at most
oneintersectionwith the height eld in the neighboroodle ned by
r (Fig. 4).

The safetyradiusis usedto nd intersectionsn the following
manner Assumethe currentposition alongthe ray is (Xt; Vt;z)
andis above the height eld. Insteadof moving a x edamountdt,
we advancean amountcorrespondingo r(x;; yt; q). By property
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Figure 2: (a) Walking a ray by taking xed stepsyields redundant lookups and missedfeature, no matter the sampling rate, as can be seenby
considering a ray arbitrarily closeto a texel's center (b) In Amanatides and Woo[1], the ray is walked from one centerline to the next; no texel

is missedand the correct intersection is found.
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Figure 4: Thesafetyradiusr(x;y; q) indicatesa regionin which rayspass-
ing above pixel (x;y) with direction g can haveat mostoneintersection
with the height eld.

of the safetyradius,therecanbe at mostoneintersectiorbetween
positionst andt + dt. If the new positionis above the height eld,
thereis nointersectiorandwe keepadwancing.If it is below, there
is exactly oneintersectiorbetweert andt + dt andwerunabinary
searchto nd it. Figure5 shavsanexample.
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Figure 5: Exampleof robustbinary seach: fromleft, we walk alongthe
ray of amountscorrespondingto safetyradii (greensteps)as soonas we
passbelowthe height eld, we starta binary seach (purplesteps).

We encodea conserative discrete2D versionof the safetyra-
diusin a 2D texture. For atexel (i; j), the safetyradiusis now a
numberof pixelsn suchthatary ray, whoseprojectioncrosseghe
centerlineswithin the texel, hasat mostoneintersectionwith the

height eld within the2n  2n squarecenteredn (i; j). As seenin
Figure®6, this squards supportedy centerlines.
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Figure 6: Conservativesafety radius. For texel (i; j), the safety radius
is 2 meaning any ray crossingthe texel has at most one intersection
with the height eld in green square.

The intersectionalgorithmis asfollows. We rst determineif
the ray is more horizontalthanvertical by comparingd:x andd:y
whered is the directionof the ray. Supposehe ray is horizontal
(d:x> d:y). We walk backwardson theray to the rst intersection
with a vertical centerline. Thenwe fetch the safetyradiusr for
the correspondindexel. If it is nonzero,we advanceby r vertical
centerlinesWe keepdoingthis until we passhelav the height eld
atwhich pointwe run abinarysearch.

The caseof zeroradiusis special. It occurswhenthe height-
eld is locally non concae becausave canalways nd aray that
hastwo intersectionsvith thelocal peak(Fig. 7). Theproblemwith
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Figure 7: For texel A and B, the safety radiusis O aswe canclealy nd

rays intersecting the height eld twice arbitrarily closeto the texel's
centers. Setting a non zero radius will create incorrect silhouettes of
size e.

zeroradiusis thatwe cannolongeradvanceour positionontheray.
Therearetwo waysof dealingwith this. The rst oneis to move
“manually” to the next texel by performingup to two iterationsof
the exact algorithm. This solution yields exact computationsbut
the codefor theloop becomesnorecomple andthereis a perfor
mancepenalty The othersolutionis to clamptheradiusto 1. This



introducesan error alongthe silouhetteshut we canboundthe er
ror. It is givenby thelocal gradientof the height eld asshavn on
Figure7. We will give moredetailson this errorin next section.
3.5 Computation of the safetyradius

For a giventexel, we needto considerall raysthat passabove it.

For eachray, we computethe distanceto the secondintersection

with theheight eld andtake the minimum of thesedistancesNote
thatwe ignoreraysthatareblocked by the height eld befoe they
passabove the texel (Fig. 8). We hearily samplethe directionsof

Those unblacked raysintersed
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Figure 8: (left) blocked rays are ignored when computing the safety
radius (right) the safety radius is de ned by the extremal ray.

rays.For eachdirection,we computethe safetyradiusandkeepthe
maximumover all directions.For a givendirection,the problemis
restrictedo a2D slicein whichthesafetyradiusis obtainedy con-
sideringan extremalray. It is the “most horizontal”ray thatdoes
notintersectheheight eld beforetheconsideredexel andwhichis
tangentto the height eld afterthe texel with the point of tangeng
ataminimaldistancgFig. 8). Clearlyit is de ned by thetwo points
of tangeng. We determinethis ray by startingwith the tangentat
the consideredexel anditeratively moving the two tangentpoints
while maintainingthe tangeng. The algorithmis simple,fastand
canbeimplementedn the GPU. Our implementatiortakesabout
10sto computethe safetyradii for a128 128height eld.

Our approachis very closeto thatof [19]. We rst describethe
elementsnvolvedandanalysethe problemof ray/height eldinter
section. We thendescribeour approachfor fastaccuratantersec-
tion.

4 REVERSE PERSPECTIVE HEIGHTFIELDS

In the previous section,we did not specify the projectionusedto
atten the geometryinto a depthtexture. The most naturalpro-
jectionis anorthogonalone,resultingin a height eld that's easier
to understandHowever, the algorithmdoesnot actuallyplaceary
constrainton the kind of projectionused,aslong asaray in world
spaceis transformednto aline. This canbe usedto increasehe

expressienesf relief mapping.

If wetry to replacea building with anorthogonallyprojectedre-
lief texture,wewill notgetary informationaboutthefacadesThis
is awell known problemwith imagebasedendering:someinfor-
mationis not captured. Several methodshave beenproposedto
addresghis problem[1]. Reverseperspectie consistdn shooting
animagewith aninvertedfrustumsothatshortforteningof objects
workstheotherway. In cubisttextures,[8] proposedo useit to get
texturesthat capturedetailson the sidesof buildings. We incorpo-
ratedtheir approachn relief mapping.

Insteadof placingaboundingbox aroundthe geometrytheuser
manuallyde nesareversefrustumaroundthe objectandthis frus-
tum is usedfor projection (Fig. 9). The renderingalgorithm is
barelychangedinsteadof renderingthe boundingcube,we render
the frustum,andwe passthe correspondingperspectie projection

Orthogonal Rojection

Diffuse  Depth  Normal

Distorted Rrojection

Figure 9: Reverseperspective height eld (right) better captures the
shape of the van than orthogonal one (left).

matrix to thefrustumto theshadersThis matrixis usedto compute
thenormalizedcoordinate®f fragmentson the frustum,andof the

eye. The remainderof the algorithm being expressedn the unit

cubedoesnotchange.

4.1 Clipped frustum

Reverseperspectie height elds canreplacemorecomplex geome-
try. However, usingit naively incursaperformanceenalty Indeed,
thefrustumis typically muchlargerthantheboundingoox,somore
fragmentsarerasterizedBut for mary of thesefragmentsthe cor
respondingray doesnot actually intersectthe geometry This is
very simply addressedly cuttingthe boundingbox out of thefrus-
tum andrenderingit with the appropriatenormalizedcoordinates.
Thisis doneasa preprocessjoesnot changehe shadeatall, and
bringsthe performanceatesbackto thoseof the orthogonalpro-
jection.

4.2 Multiple height elds

Mostobjectsarenotglobally representablasheight elds,but very
oftenthey canbe quitefaithfully representedly the combinatiorof
severalheight elds. Oliveiraetal. usesb relief texturesmappedn
aboundingboxto replaceobjectdlik e statues[19]We usea similar
approachwith our reverseperspectie height eld exceptthat we
splitaboundingcubein 6 perspectie frustums.

Figure 10: (left) Using 6 reverse persegective height elds to repre-
sent an object (right) clipping the reverse persepective height elds
to reduce llrate.

4.3 Independentresolutions

Theintersectiorsearchdependonly on heights.Onceit is found,
coloris obtainedwith a colortexture lookup. Depthandcolor tex-



turescanthereforehave differentresolutions.In practice,we use
alargerresolutionfor color for rich visualappearancandsmaller
resolutionfor depthsothatrenderings fast.

4.4 Interaction with the Z-buffer

Sincewe renderthe boundingbox, the z-buffer containsthe depth
of fragments‘on the boundingbox”. Outputtingthe correctdepth
for the fragmentsis trivial asthis depthis known during the ray
walk. It just requiresaddinga line to the shader In mostcases,
however, this is not necessargndeven not desirable.Indeed,the
problema priori is that renderingthe boundingbox in the depth
buffer would hidemorethingsthanwhatis actuallyhidden because
raysto a pointon the boundingbox arenot necessarilylocked by
theheight eld. FortunatelymodernGPUsallow usto discardfrag-
mentswhenno intersectionis found. Thusour algorithm lls the
z-huffer with anincorrectbut conserative depth.If noobjectpene-
tratesthe height eld's boundingbox, visibility will becorrectlyre-
solved. Theadwantageaboutnot alteringthe depthwithin thefrag-
mentshadeiis thatthis is detectedby the driver, which optimizes
the pipelineandavoids evaluationof the shadeffor eventuallyhid-
denfragment. Thus,whenthe boundingbox is partially occluded,
we save computationgor the hiddenfragments.

5 RESULTSAND DISCUSSION

We implementedthe different algorithmsdiscussedn this paper
usinga GeForce 6800GT Using distortedheight elds and higher
resolutioncolor texture resultsin renderingsof surprinsinglyhigh
delity (Fig. 11). Thus,asalreadyforeseerin [18], relief textures
can be usedto replacecomplex geometry For that statemento
hold, we mustevaluatethe costof thatrepresentationTablel gives
therenderingime for variousmodelsandtextureresolution.

mesh  size. exact robust binary
Hz pixels Hz Hz Hz
terrain | 800 322 115 116 109
642 87 105 109
12& 58 97 110
2567 36 96 108
grid 800 32 102 110 110
642 72 93 109
128 46 79 109
2567 27 73 108
car 450 322 110 113 109
642 67 105 109
128 44 98 110
256 25 90 106
camera| 345 322 70 84 101
642 44 72 100
128 25 67 101
256 14 65 101
van 350 322 104 105 109
642 77 102 110
128 52 98 110
256 30 96 107

Table 1: Frameratesfor the di erent approaches. The bounding box
coversabout 800 600 pixels and is viewed at 45 .

As expected,binary searchis the fastestof the threemethods,
exceptfor very low texture resolution(dueto the x ed stepspre-
cedingthe binary searchbut one would probablydeactvate them
for suchresolutions).Moreover, its costis directly proportionalto

the Il rate, but independenbf the texture resolution. However,
asshowvn on Figure11, the resultobtainedis potentiallyincorrect.
Theseartifactsare particularlynoticeablevhenthe modelis mov-
ing.

Our proposedmethod alleviates this problem at the cost of
slower renderingtimes. The exact rasterizations between3 and
4 timesslower for theviewing anglewe chose.In our experiments,
it is evenslower for grazingangles put fasterfor a front view. For
raysalmostperpendiculato thegroundplane theintersectiorwith
theheight eld is very closeto the onewith the plane,soit is found
immediately Thanksto shaders early exit, our approachs faster
than the binary search which always performsthe samenumber
of operationsThekey obsenationis thatit is highly dependenon
boththeview angleandthetextureresolution.The rst dependenc
is unavoidableby the natureof our approach.The dependencon
textureresolutionis adressedy therobustbinarysearchWhenthe
resolutionis doubled the safetyradiusis alsodoubledandthusthe
numberof iterationsto nd theintersectiorfor agivenray remains
thesamedependingnly ontheshapeof theheight eld underneath
theray (apartfrom a x edcostto initialize thealgorithm,which ex-
plainsthe smallvariationsobseredin Tablel).

Therobustbinary searchis almostasfastasthe binary search,
hasmuchfewer artifacts(Fig. 11, but is still not exact. As we saw,
whenthe safetyradiusis zero,we setit to 1 to guaranteghatthe
shaderterminates which potentially produceserrors. The good
point is thattheseerrorsarelocalizedat silhouettesvhich makes
themlessnoticeable. Moreover, this erroris controllableand the
usercantradequality for speedallowing largererrorsyieldslarger
valuesof the safetyradiuswhich decreasethe averagenumberof
iterationsto nd ray/height eldintersectiongFig. 12).

The rst obsenationof thistiming analysisis thatbinarysearch
shouldbeusedfor smallscalebumpmappingasit is thefastestand
produceso noticeableartifactsin thatcase However, whenlarger
geometryis used,the robust approachhasbetterperformanceand
visualquality.

The secondobsenation, however, is thatrenderingthe meshis
always fasterfor the exampleswe tested. This is dueto several
facts.First,we chosequitealargescreersize(800 600)for view-
ing the height elds so that we have enoughdynamicsto compare
framerates. In practice,our representatiorwould ratherbe used
for objectswith a smallerscreersize. In suchcasespur examples
areasfastasthe mesh,andfor facademodelsthat we testedthey
evenexhibit lessaliasingartifacts(small trianglesproducea lot of

ick eringthatis naturally Itered by our imagebasedrendering).
Onewould arguethatfor distantmodels,simpli ed meshesould
alsobe used,but the key pointis thatsuchmeshesannotcapture
parallaxeffects,especiallyatgrazingangles.

The secondreasonis that the mesheswve chosewere not very
detailed(about8000 polygons). This is typically dueto the fact
that artistsare trainedto producelow polygon count modelsfor
real-timerendering.Our representationanactuallycapturedetails
correspondingo the texture resolution. For a 256 256 texture,
this would equala 64K meshwhich would renderslowver thanour
height eld representationNote thatour renderingapproactis not
limited to replacemeshes.|It canbe useddirectly asa modelling
primitive, with the artist“painting” the height eld in the spirit of
[17]. Thelastreasonis that currentgraphiccardsare amazingly
fast at processingverticesbut still have limited performancefor
comple fragmentshaderghat employ branchingand dependent
texture lookups (which we use). However, manugcturersreport
thatfutureimprovementswill beonthefragmentprocessingpeed
ratherthanof vertex processingincreasinghe competitvenessof
height eld rendering.

The cost of our representationis simply the texture storage.
However, sincemeshesretypically texturedtoo, we do not take
into accountthe color texture. In height eld representationye



Figure 11: Artefacts with binary seach (top) are avoided using our robust approach (bottom).
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Figure 12: Varying the error allowed yields larger safety radii (grayscale images) meaning faster rendering but potentially more artifacts along

silhouettes

needto storea depth,a normalanda safetyradiusper texel, that
is5 oats. In comparisona meshof the sameresolutionrequiress
oats pervertex, 3 for the positionand3 for thenormaP. Thusthe
ratiois of 5to 6 in ourfavor. Thedepthandnormalcanbepacledin
asingleRGBA texture.Thusal128 128height eld requires320K
if a32bits-perchanneloat textureis used.In practice onewould
typically usea 8 bits-perchannelandthe costwould be 80K. This
could be reducedfurther throughquantizationof the normals[23]
and/orthedepth.

6 CONCLUSION AND FUTURE WORK

We presente@nanalysisof how to ef ciently renderrelief textures
without artifactson a modernGPU. We focusedon GPU friendly
methodsthat are both ef cient andcompact. Thatis, they do not
useoverly costlypre-compute@cceleratiorstructureor thatdo not
t well onthe hardware. From thatanalysis,we designeda quasi
exactapproachwhichis sufciently fastandproducesvisually ap-
peallingrenderingsof complex models. We shaved, in particular
how to incorporatedistortedheight elds to capturemore complec
shapesThus,relief texturescanbe usednotonly to renderuneven
surfaceshut alsoto replacecompleteobjects,for examplein the
contet of level of detail. An importantlimitation of our methodis
that we do not handlegeometricaliasing. Using mipmappingfor
the color texture canbe a solutionto avoid visual artifacts. How-
ever, mipmappingheheight eld is notasolution(simply averaging
heightsdoesnotmake sense)Furthermore,nding theintersection
of aheight eld with acone,insteadof aray, is nottrivial.

In the future,we would lik e to investigate automaticanalysisof

3Although x;y coordinatesof the verticesare on a grid, they mustbe
givenif the meshis to be storedon board,usinga vertex buffer objectfor
example.

geometricallymodelledscenego determinavhengeometryshould
be replacedby height elds. For this representatiomo be fully in-

tegratedwith classicalrepresentationaye mustalsostudyhow to

integrateit with shadingtechniques.For the moment,we perform
simplephongshadingusingnormalmaps.Integrationwith shadav

renderingandin particularself-shadwing mustbeinvesticated.Fi-

nally, we wantinvesticate deferredshadingto avoid the computa-
tion of ray-intersectiongor pixelsthatwill belateron coveredby

anotherbject.
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