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ABSTRACT

We proposeto rendergeometryusingan imagebasedrepresenta-
tion. Geometricinformation is encodedby a texture with depth
andrenderedby rasterizingtheboundingbox geometry. For each
resultingfragment,ashadercomputestheintersectionof thecorre-
spondingraywith thegeometryusingpre-computedinformationto
acceleratethe computation.Our methodis almostalwaysartifact
free even whenzoomedin or at grazingangles.We integrateour
algorithmwith reverseperspective projectionto representa larger
classof shapes.Theextra texturerequirementis smallandtheren-
deringcostis outputsensitive,soour representationcanbeusedto
modelmany partsof a3D scene.

CR Categories: I.3.1[Raytracing];I.3.1[Color, shading,shadow-
ing, andtexture];

Keywords: height�eld, ray-tracing,GPU

1 I NTRODUCTI ON

A largepartof thebudgetin a gameis dedicatedto hire artiststhat
will modelvisually appealingenvironments. This includescreat-
ing texturesand shaders(appearancemodelling) and populating
the world with enoughdetails(geometricmodelling). The textur-
ing andshadingcapacitiesof moderngraphicscardsallow for very
complex appearances;thereis virtually no limit otherthancreativ-
ity. On the otherhand,artistsmust refrain from creatingtoo de-
tailedenvironmentsfor currentgraphicscard.This results,evenin
themostrecentgames,in �at looking surfaces,polygonalizedsil-
houettesandnoticeably“empty” environments.Severaltechniques
havebeenproposedto overcomethislimitation. Bumpmapping[2]
simulatesthe interactionof light with uneven surfaces,providing
a feeling of relief, but hasobvious errorsat grazingangles. It is
consequentlylimited to small scalerelief. Anothersolution is to
concentratethe availablegeometricbudgetonto nearbypartsand
usecoarserlevel of details(LOD) for distantpartsor barelyvisi-
ble objects[14]. Onceagain, this yieldsartifactsat obliqueangles.
For example,if distantbuildingsarerenderedby “�attening” all ar-
chitecturaldetailsinto a texture-mappedcube,the viewer will see
embossedpartssuchaswindow panes.View-dependentlevel of de-
tails adressthis problembut requiredatastructuresandalgorithms
thataretoocostly.

As an alternative to geometry, Image BasedRendering(IBR)
usesreference“views” of partsof the model, either statically or
dynamicallygenerated,to synthetizethecurrentviews [10]. Most
methodsareintendedfor automaticreplacementof distantpartsand
arenot meantasa modellingtool. IBR caninvolve costlyandnon
trivial pre-processingand,althoughveryef�cient resultshavebeen
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published[11], they thesemethodssuffer from artifacts(disocclu-
sion, �ick ering) or limitations (memoryrequirements,integration
with standardgeometry)thatgamescannotafford. Following that
trend,recentworksintroducedtheideathatgeometricinformation
canbestorednot only with verticesandfacesbut alsowithin tex-
tureseitherusingtransparency [5] or depthinformation[18, 19].

2 PREVI OUS WORK

The observation that detailsareinef�ciently representedby many
small triangleshasled to theuseof displacementmaps[4]. Points
on a surfacearemovedalongtheir normalby anamountspeci�ed
by a texturethatis mappedontothesurface.With theexceptionof
terrain,displacementmapsaretypically usedfor addingsmallscale
detailsuchasbumps.

To renderdisplacementmaps,thesurfacecanbeadaptively re-
tesselated[16]. Anotherapproachis to rendera boundingvolume
andperforma ray intersectionwith the local height�eld over the
basesurface[9]. Wanget. al proposedprecomputingof all such
intersectionsby samplingthe5D spaceof rays[24]. The resultis
compressedandencodedin awaythatallowsreal-timetexturingof
arbitrarilycurvedsurfaces,with self-shadowing andcomplex light-
ing [25]. Evenwith compression,themethodrequiresabout4 MB
texturememoryfor a 128x128pattern,soit is aimedat visualizing
oneobjectandcannotbe appliedto all surfacesof a large scene.
Moreover, the methodis intendedfor mesostructurerenderingas
thesamplingprocesscannotcapturelargevariationsin thedisplace-
ments. Kautz et al[13]. usesslicesthe height�eld andusesalpha
testto rendereachslices.Policarpoetal.[19] performapproximate
ray/height�eld intersectionusingabinarysearch.Theresultis the-
oretically incorrectdespiteaninitial phaseto alleviatesomeof the
problematiccases.In practice,the methodworks very well with
visually appealingresultsandreal-timeperformancesfor small to
mediumscalerelief. It canalsobeusedto computebetterre�ection
andrefractionsthanwith simpleenvironmentmapping[22].

Insteadof �nding what part of the displacedsurfaceis seenat
a givenpixel location,Oliveiraet al.[18] determinewheretheele-
mentsof thedisplacementmapshouldprojecton screen.Basedon
depth,they pre-warpthetexturefor thecurrentviewpoint andmap
theresulttoaboundingsurface.Thisguaranteescorrectparallaxef-
fects,automatichole�lling with interpolationandproper�ltering.
Themaindrawbackof pre-warpingis thatit is notoutputsensitive:
whatever thescreenspaceprojection,thepre-warpingtraversesthe
wholetexture.

Anotheralternative is parallaxmapping[12], optionallywith off-
setlimiting[26], wheretexturecoordinatesareshiftedbasedon the
height to produceapproximateparallax. The methodis not exact
but yieldsvisuallypleasingresultsfor reliefslikebricks,roughsur-
faces,etc.

In severalof theseworks,displacementmapsarealsoextended
to storemoreinformationthana singledepthvalue. Policarpoet
al. [19] usesdual-depthtexturesto to encodea front and a back
surfacedisplacedover a basepatch.Oliveiraet al. [18] use6 relief
texture on the faceof a cubeto rendercomplex objectssuchasa
statue.Parilov et al. [21] combinespre-warpingwith LDI so that
they canrepresentobjectswith a higherdepthcomplexity suchas



trees.

3 RENDERI NG AL GORI THM

We start with a 3D model, placea boundingbox aroundit and
projectthegeometryon thebottomfaceto generatea texture with
depth. Eachtexel storesa color and a normalizeddistance. We
de�ne normalizedcoordinatesby mappingtheboundingbox to the
unit cubeof theprojection.

Renderingis doneby drawing theboundingbox. For eachfrag-
ment produced,we determinethe ray from the eye to the corre-
spondingpoint on the boundingbox andwe intersectit with the
height�eld. For thatwewalk alongtherayuntil it passesbelow the
height�eld1. The problemof ray/height�eld intersectionhasbeen
well studiedfor terrain rendering2 and many solutionsand opti-
mizationdatastructureshave beenproposed.Theproblemhereis
thattheintersectionmustbecomputedin a fragmentshader, which
constrainsourchoiceof datastructuresandalgorithms.An increas-
ing amountof work hasalsobeendedicatedto genericray-tracing
on GPU[20, 3, 7] but they do not take advantageof theparticular
caseweareconsidering.

3.1 The height�eld representation

The height�eld is de�ned as the bi-linear interpolationof values
sampledat the centerof texels. Lines joining thesecentersare
calledcenterlines, linesbetweentexelsarecalledborderlines. An
importantpoint is that the intersectionof the height�eld with a
planeperpendicularto the groundis guaranteedto be piecewise
linearonly if theplanealignswith a centerline.Otherwise,the in-
tersectioncanindeedcontaincurvedpartsasshown onFig. 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 proposedsolution to quickly �nd an intersectionis a
binarysearch.In mostcases,thismethod�nds thecorrectintersec-
tion but thereis no guaranteeit will. In particular, the ray is sam-
pled independentlyof its tilt which amountsto slicing the height-
�eld regularly along the vertical direction. To alleviate this, the
ray is �rst walked by a few �x ed-sizesteps.This doesreducethe
numberof falseintersectionsbut somewill always remain. This
will particularlybe thecaseif theheight�eld containslargedepth
discontinuitiesor narrow peaksandwhenit is viewedat a grazing
angle. Since[19] mostly demonstratestheir techniqueson small
scalerelief, this doesnot show up. But for moregeneralheight-
�elds, the artifactscanbe very noticeable(Fig. 11). They canbe
reducedby increasingthenumberof stepsof thepreliminarywalk,
but this reducesthebene�ts of thebinarysearch.Moreover, using

1Theheight�eld canalwaysbechosento be0 on its boundarysoevery
rayenteringtheboundingboxstartsabove theheight�eld.

2www.vterrain.org

�x ed stepshasa fundamental�a w: it both missespotentialinfor-
mationandperformsredundanttests(Fig.2 (a)). To �nd thecorrect
intersection,we mustconsiderall texelscoveredby theprojection
of theray.

3.3 Rasterization-basedintersection

Theproblemof identifyingtheintersectionis actuallythatof raster-
izing theprojectionof theray in thetexture.Wefoundthesimplest
way to visit all texels is a 2D versionof the algorithm proposed
in [1]. The currentpositionon the ray is parameterizedby an ab-
scissat. Startingfrom theentrypoint t = 0, we �nd theabscissae
T:x andT:y of the next intersectionwith a horizontalor a vertical
centerline(Fig. 2 (b)). We move t to theminimumvalueandthen
updateT:x andT:y. This updatesimply requiresaddingto T:x or
T:y the differenceof abscissad:x or d:y betweentwo consecutive
intersectionswith horizontaland vertical borders. Thesed:x,d:y
valuesareconstantandarecomputedoncebeforetheloop.

Thisapproachto walk theraygivesmuchbetterresults(Fig.11).
Nevertheless,it is not exact. The problemis that we assumethe
height�eld varies linearly along the ray betweentwo centerlines
which is not the caseas discussedin Section3.1. Thus,we can
miss intersectionssuchas the oneshown on Figure3. The error
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Figure 3: A and B are above the height�eld 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 approachperformsthe
optimal numberof texture lookupsfor arbitraryheight�elds. The
shaderis simpleandfast,but is not asfastasa binarysearch.The
latter requiresroughly logn stepswhile the former takesn steps.
Anotherproblemis that we musttraverseall texels alongthe ray.
This canbeexpensive if theray traversesa largeemptyregion be-
fore intersectingtheheight�eld. Thus,viewsatgrazingangleswith
largetextureshave reducedperformance.

3.4 Pre-computedrobust binary search

Theconclusionof thetwo previoussectionsis thatthebinarysearch
is fast and texture independent,but the line rasterizationis more
accurateif the only informationavailableis the height�eld. Thus
we proposeto analyzethe height�eld in a preprocessstepandto
storeextra informationin thedepthtexture.Similar ideashasbeen
proposedby Donnelly[6], whousesdistancefunctionsto accelerate
therenderingof displacementmaps.

We de�ne thesafetyradiusasa functionr(x;y;q) which givesa
lower boundon the distanceto the secondintersection,if any, for
unblocked rays. In otherword, unblocked rayscanhave at most
oneintersectionwith theheight�eld in theneighboroodde�ned by
r (Fig. 4).

The safetyradiusis usedto �nd intersectionsin the following
manner. Assumethe currentposition along the ray is (xt ;yt ;zt )
andis above theheight�eld. Insteadof moving a �x edamountdt,
we advancean amountcorrespondingto r(xt ;yt ;q). By property
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Figure 2: (a) Walking a ray by taking �xed steps yields redundant lookups and missedfeature, no matter the sampling rate, as can be seenby
considering a ray arbitrarily close to 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 region in which rayspass-
ing above pixel (x;y) with directionq can haveat mostone intersection
with theheight�eld.

of thesafetyradius,therecanbeat mostoneintersectionbetween
positionst andt + dt. If thenew positionis above theheight�eld,
thereis no intersectionandwe keepadvancing.If it is below, there
is exactlyoneintersectionbetweent andt + dt andwerunabinary
searchto �nd it. Figure5 showsanexample.
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q

Figure 5: Exampleof robust binary search: from left, we walk along the
ray of amountscorrespondingto safetyradii (greensteps)as soonas we
passbelowtheheight�eld,westart a binarysearch (purplesteps).

We encodea conservative discrete2D versionof the safetyra-
dius in a 2D texture. For a texel (i; j), the safetyradiusis now a
numberof pixelsn suchthatany ray, whoseprojectioncrossesthe
centerlineswithin the texel, hasat mostoneintersectionwith the

height�eld within the2n� 2n squarecenteredon (i; j). As seenin
Figure6, this squareis supportedby centerlines.

within that square

at most one inters
ecti
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i

j

Figure 6: Conservativesafety radius. For texel (i; j), the safety radius
is 2 meaning any ray crossing the texel has at most one intersection
with the height�eld in green square.

The intersectionalgorithmis as follows. We �rst determineif
the ray is morehorizontalthanvertical by comparingd:x andd:y
whered is the directionof the ray. Supposethe ray is horizontal
(d:x > d:y). We walk backwardson theray to the�rst intersection
with a vertical centerline. Then we fetch the safetyradiusr for
thecorrespondingtexel. If it is nonzero,we advanceby r vertical
centerlines.We keepdoingthis until we passbelow theheight�eld
atwhichpointwe runabinarysearch.

The caseof zero radiusis special. It occurswhen the height-
�eld is locally nonconcave becausewe canalways�nd a ray that
hastwo intersectionswith thelocalpeak(Fig.7). Theproblemwith

texel A texel B

eB

eA

Figure 7: For texel A and B, the safety radius is 0 aswe can clearly �nd
rays intersecting the height�eld twice arbitrarily close to the texel's
centers. Setting a non zero radius will create incorrect silhouettes of
size e.

zeroradiusis thatwecannolongeradvanceourpositionontheray.
Therearetwo waysof dealingwith this. The �rst oneis to move
“manually” to thenext texel by performingup to two iterationsof
the exact algorithm. This solutionyields exact computationsbut
thecodefor theloop becomesmorecomplex andthereis a perfor-
mancepenalty. Theothersolutionis to clamptheradiusto 1. This



introducesanerroralongthesilouhettesbut we canboundtheer-
ror. It is givenby thelocal gradientof theheight�eld asshown on
Figure7. Wewill givemoredetailson thiserrorin next section.

3.5 Computation of the safetyradius

For a given texel, we needto considerall raysthat passabove it.
For eachray, we computethe distanceto the secondintersection
with theheight�eld andtake theminimumof thesedistances.Note
thatwe ignoreraysthatareblockedby theheight�eld before they
passabove the texel (Fig. 8). We heavily samplethedirectionsof

Texel considered

Those unblocked rays intersect 
only once the heightfield.

This ray has more  
intersections but is 
 blocked before the texel Safety region

Texel considered

Extremal ray defining the 
safety radius for texel and  
direction 

Safety region

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,wecomputethesafetyradiusandkeepthe
maximumover all directions.For a givendirection,theproblemis
restrictedto a2D slicein whichthesafetyradiusis obtainedby con-
sideringan extremalray. It is the “most horizontal” ray that does
notintersecttheheight�eld beforetheconsideredtexel andwhichis
tangentto theheight�eld after thetexel with thepoint of tangency
ataminimaldistance(Fig.8). Clearlyit is de�nedby thetwo points
of tangency. We determinethis ray by startingwith the tangentat
theconsideredtexel anditeratively moving the two tangentpoints
while maintainingthe tangency. Thealgorithmis simple,fastand
canbe implementedon theGPU.Our implementationtakesabout
10sto computethesafetyradii for a128� 128height�eld.

Our approachis very closeto thatof [19]. We �rst describethe
elementsinvolvedandanalysetheproblemof ray/height�eldinter-
section.We thendescribeour approachfor fastaccurateintersec-
tion.

4 REVERSE PERSPECTI VE HEI GHTFI EL DS

In the previous section,we did not specify the projectionusedto
�atten the geometryinto a depthtexture. The most naturalpro-
jection is anorthogonalone,resultingin a height�eld that's easier
to understand.However, thealgorithmdoesnot actuallyplaceany
constrainton thekind of projectionused,aslong asa ray in world
spaceis transformedinto a line. This canbe usedto increasethe
expressivenessof relief mapping.

If we try to replaceabuilding with anorthogonallyprojectedre-
lief texture,wewill notgetany informationaboutthefacades.This
is a well known problemwith imagebasedrendering:someinfor-
mation is not captured. Several methodshave beenproposedto
addressthis problem[15]. Reverseperspective consistsin shooting
animagewith aninvertedfrustumsothatshortforteningof objects
workstheotherway. In cubisttextures,[8] proposedto useit to get
texturesthatcapturedetailson thesidesof buildings. We incorpo-
ratedtheirapproachin relief mapping.

Insteadof placingaboundingboxaroundthegeometry, theuser
manuallyde�nesa reversefrustumaroundtheobjectandthis frus-
tum is usedfor projection (Fig. 9). The renderingalgorithm is
barelychanged:insteadof renderingtheboundingcube,we render
the frustum,andwe passthecorrespondingperspective projection

Orthogonal Projection

Distorted Projection

DepthDiffuse Normal

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

matrix to thefrustumto theshaders.Thismatrix is usedto compute
thenormalizedcoordinatesof fragmentson thefrustum,andof the
eye. The remainderof the algorithmbeingexpressedin the unit
cubedoesnotchange.

4.1 Clipped frustum

Reverseperspectiveheight�eldscanreplacemorecomplex geome-
try. However, usingit naively incursaperformancepenalty. Indeed,
thefrustumis typically muchlargerthantheboundingbox,somore
fragmentsarerasterized.But for many of thesefragments,thecor-
respondingray doesnot actually intersectthe geometry. This is
very simply addressedby cuttingtheboundingbox out of thefrus-
tum andrenderingit with the appropriatenormalizedcoordinates.
This is doneasa preprocess,doesnot changetheshaderat all, and
bringsthe performanceratesbackto thoseof the orthogonalpro-
jection.

4.2 Multiple height�elds

Mostobjectsarenotgloballyrepresentableasheight�elds,but very
oftenthey canbequitefaithfully representedby thecombinationof
severalheight�elds.Oliveiraetal. uses6 relief texturesmappedon
aboundingboxto replaceobjectslikestatues[19].Weuseasimilar
approachwith our reverseperspective height�eld except that we
split aboundingcubein 6 perspective frustums.

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

4.3 Independentresolutions

Theintersectionsearchdependsonly on heights.Onceit is found,
color is obtainedwith a color-texturelookup. Depthandcolor tex-



turescanthereforehave differentresolutions.In practice,we use
a largerresolutionfor color for rich visualappearanceandsmaller
resolutionfor depthsothatrenderingis fast.

4.4 Interaction with the Z-buffer

Sincewe rendertheboundingbox, thez-buffer containsthedepth
of fragments“on theboundingbox”. Outputtingthecorrectdepth
for the fragmentsis trivial as this depthis known during the ray
walk. It just requiresaddinga line to the shader. In mostcases,
however, this is not necessaryandeven not desirable.Indeed,the
problema priori is that renderingthe boundingbox in the depth
buffer wouldhidemorethingsthanwhatis actuallyhidden,because
raysto a point on theboundingbox arenot necessarilyblockedby
theheight�eld. Fortunately, modernGPUsallow usto discardfrag-
mentswhenno intersectionis found. Thusour algorithm�lls the
z-buffer with anincorrectbut conservativedepth.If noobjectpene-
tratestheheight�eld'sboundingbox,visibility will becorrectlyre-
solved.Theadvantageaboutnot alteringthedepthwithin thefrag-
mentshaderis that this is detectedby the driver, which optimizes
thepipelineandavoidsevaluationof theshaderfor eventuallyhid-
denfragment.Thus,whentheboundingbox is partially occluded,
wesavecomputationsfor thehiddenfragments.

5 RESULTS AND DI SCUSSI ON

We implementedthe different algorithmsdiscussedin this paper
usinga GeForce6800GT. Using distortedheight�elds andhigher
resolutioncolor texture resultsin renderingsof surprinsinglyhigh
�delity (Fig. 11). Thus,asalreadyforeseenin [18], relief textures
can be usedto replacecomplex geometry. For that statementto
hold,wemustevaluatethecostof thatrepresentation.Table1 gives
therenderingtime for variousmodelsandtextureresolution.

mesh size. exact robust binary
Hz pixels Hz Hz Hz

terrain 800 322 115 116 109
642 87 105 109

1282 58 97 110
2562 36 96 108

grid 800 322 102 110 110
642 72 93 109

1282 46 79 109
2562 27 73 108

car 450 322 110 113 109
642 67 105 109

1282 44 98 110
2562 25 90 106

camera 345 322 70 84 101
642 44 72 100

1282 25 67 101
2562 14 65 101

van 350 322 104 105 109
642 77 102 110

1282 52 98 110
2562 30 96 107

Table 1: Framerates for the di�erent approaches. The bounding box
covers about 800� 600 pixels and is viewed at 45�.

As expected,binary searchis the fastestof the threemethods,
except for very low texture resolution(dueto the �x ed stepspre-
cedingthe binary searchbut onewould probablydeactivate them
for suchresolutions).Moreover, its costis directly proportionalto

the �ll rate, but independentof the texture resolution. However,
asshown on Figure11, theresultobtainedis potentiallyincorrect.
Theseartifactsareparticularlynoticeablewhenthemodelis mov-
ing.

Our proposedmethod alleviates this problem at the cost of
slower renderingtimes. The exact rasterizationis between3 and
4 timesslower for theviewing anglewechose.In ourexperiments,
it is evenslower for grazingangles,but fasterfor a front view. For
raysalmostperpendicularto thegroundplane,theintersectionwith
theheight�eld is verycloseto theonewith theplane,soit is found
immediately. Thanksto shader's earlyexit, our approachis faster
than the binary search,which always performsthe samenumber
of operations.Thekey observationis thatit is highly dependenton
boththeview angleandthetextureresolution.The�rst dependency
is unavoidableby thenatureof our approach.Thedependency on
textureresolutionis adressedby therobustbinarysearch.Whenthe
resolutionis doubled,thesafetyradiusis alsodoubledandthusthe
numberof iterationsto �nd theintersectionfor agivenray remains
thesame,dependingonly ontheshapeof theheight�eld underneath
theray(apartfrom a�x edcostto initialize thealgorithm,whichex-
plainsthesmallvariationsobservedin Table1).

The robust binary searchis almostasfastasthe binary search,
hasmuchfewer artifacts(Fig. 11,but is still not exact. As we saw,
whenthe safetyradiusis zero,we setit to 1 to guaranteethat the
shaderterminates,which potentially produceserrors. The good
point is that theseerrorsare localizedat silhouetteswhich makes
themlessnoticeable.Moreover, this error is controllableandthe
usercantradequality for speed;allowing largererrorsyieldslarger
valuesof thesafetyradiuswhich decreasestheaveragenumberof
iterationsto �nd ray/height�eld intersections(Fig. 12).

The�rst observationof this timing analysisis thatbinarysearch
shouldbeusedfor smallscalebumpmappingasit is thefastestand
producesnonoticeableartifactsin thatcase.However, whenlarger
geometryis used,the robustapproachhasbetterperformanceand
visualquality.

The secondobservation,however, is that renderingthe meshis
always fasterfor the exampleswe tested. This is due to several
facts.First,wechosequitealargescreensize(800� 600)for view-
ing the height�elds so that we have enoughdynamicsto compare
framerates. In practice,our representationwould ratherbe used
for objectswith a smallerscreensize. In suchcases,our examples
areasfastasthe mesh,andfor facademodelsthat we testedthey
evenexhibit lessaliasingartifacts(small trianglesproducea lot of
�ick ering that is naturally �ltered by our imagebasedrendering).
Onewould arguethat for distantmodels,simpli�ed meshescould
alsobeused,but thekey point is thatsuchmeshescannotcapture
parallaxeffects,especiallyatgrazingangles.

The secondreasonis that the mesheswe chosewerenot very
detailed(about8000polygons). This is typically due to the fact
that artistsare trainedto producelow polygon count modelsfor
real-timerendering.Our representationcanactuallycapturedetails
correspondingto the texture resolution. For a 256� 256 texture,
this would equala 64K meshwhich would renderslower thanour
height�eld representation.Notethatour renderingapproachis not
limited to replacemeshes.It canbe useddirectly asa modelling
primitive, with theartist “painting” theheight�eld in thespirit of
[17]. The last reasonis that currentgraphiccardsareamazingly
fast at processingverticesbut still have limited performancefor
complex fragmentshadersthat employ branchingand dependent
texture lookups(which we use). However, manufacturersreport
thatfutureimprovementswill beon thefragmentprocessingspeed
ratherthanof vertex processing,increasingthecompetitivenessof
height�eld rendering.

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



Figure 11: Artefacts with binary search (top) are avoided using our robust approach (bottom).

e=0.01 e=0.05 e=0.10

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
is 5 �oats. In comparison,ameshof thesameresolutionrequires6
�oats pervertex, 3 for thepositionand3 for thenormal3. Thusthe
ratiois of 5 to 6 in ourfavor. Thedepthandnormalcanbepackedin
asingleRGBA texture.Thusa128� 128height�eld requires320K
if a32bits-per-channel�oat textureis used.In practice,onewould
typically usea 8 bits-per-channelandthecostwould be80K. This
couldbe reducedfurther throughquantizationof thenormals[23]
and/orthedepth.

6 CONCL USI ON AND FUTURE WORK

Wepresentedananalysisof how to ef�ciently renderrelief textures
without artifactson a modernGPU.We focusedon GPU friendly
methodsthat areboth ef�cient andcompact.That is, they do not
useoverly costlypre-computedaccelerationstructureor thatdonot
�t well on the hardware. From that analysis,we designeda quasi
exactapproachwhich is suf�ciently fastandproducesvisually ap-
peallingrenderingsof complex models.We showed, in particular,
how to incorporatedistortedheight�elds to capturemorecomplex
shapes.Thus,relief texturescanbeusednot only to renderuneven
surfacesbut also to replacecompleteobjects,for examplein the
context 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, mipmappingtheheight�eld isnotasolution(simplyaveraging
heightsdoesnotmakesense).Furthermore,�nding theintersection
of aheight�eld with acone,insteadof a ray, is not trivial.

In thefuture,we would like to investigateautomaticanalysisof

3Although x;y coordinatesof the verticesareon a grid, they must be
given if themeshis to bestoredon board,usinga vertex buffer objectfor
example.

geometricallymodelledscenesto determinewhengeometryshould
be replacedby height�elds. For this representationto be fully in-
tegratedwith classicalrepresentations,we mustalsostudyhow to
integrateit with shadingtechniques.For themoment,we perform
simplephongshadingusingnormalmaps.Integrationwith shadow
renderingandin particularself-shadowing mustbeinvestigated.Fi-
nally, we want investigatedeferredshadingto avoid the computa-
tion of ray-intersectionsfor pixels thatwill be lateron coveredby
anotherobject.
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