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Abstract
Forestsare crucial for scenerealismin applicationssuch as �ight simulators. Thispaperproposesa new repre-
sentationallowing for thereal-timerenderingof realisticforestscoveringan arbitrary terrain. It letsusproduce
denseforestscorrespondingto continuousnon-repetitive�elds madeof thousandsof treeswith full parallax.
Our representationdraws on volumetric textures and aperiodic tiling: the forest consistsof a set of edge-
compatibleprismscontainingforestsampleswhich areaperiodicallymappedontotheground.Therepresentation
allows for quality rendering, thanksto appropriate 3D non-linear �ltering . It relieson LODs and on a GPU-
friendlystructure to achievereal-timeperformance.
Dynamiclighting andshadowingare beyondthescopeof this paper. On theotherhand,werequire no advanced
graphicsfeatureexcept3D texturesanddecent�ll andvertex transformrates.Howeverwecantakeadvantageof
vertex shaderssothat theslicingof thevolumetrictexture is entirelydoneon theGPU.
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1. Intr oduction

Forestsseenfrom an airplaneappearto be a strangemate-
rial: while thevegetablecover lookslikea quasi-continuous
surface,onecanalsorecognizeindividual trees,andsome-
timesseedeepbetweenthem.Thevolumetricnatureof the
forest`matter' is especiallyobviouswhentheviewermoves,
dueto omnipresentparallaxandvisibility effects.Thereis
far toomuchfoliagedatato expectadirectreal-timerender-
ing of the leaves(to saynothingof aliasing),andclassical
meshdecimationdoesnotapplyto sparsedata.

11* e-mails: Firstname.Name @imag.fr

. web: http://www-imagis.imag.fr/Publications/2004/DN04/

Applications requiring real-time rendering of natural
scenes– e.g., �ight simulatorsand more recently video-
games– areof suchimportancethatearlysolutionshadto be
foundto getsomesortof forestpopulatinglandscapes:vari-
ousalternaterepresentationshave beenintroducedto mimic
treesandarestill usednowadays.

Our purposeis to representandrenderhigh quality dense
forestsin real-time.Our methodis basedon real-timevolu-
metrictextures.Ourcontributionsinclude:

� The combinationof two slicing methodsto rendervol-
umetric texturesef�ciently: a simpleoneusedfor most
locations,andamorecomplex oneusedatsilhouettes.

� A novel camera-facingschemefor theslicesof silhouette
cellssuchthatnovertex needsto becreatedby theCPU.
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This permitsa full GPUhandlingof theslicesvia vertex
shaders.

� A new pre-�ltering schemeallowing to achieve a correct
non-linear3D MIP-mapin relationwith our LOD adap-
tation.

� A LOD schemefor our volumetric textures,in relation
with thepre-�ltering scheme.

� A new aperiodictiling schemeavoiding interpolationar-
tifactsat tilesborders.

In thispaperwedonotdealwith dynamiclighting andshad-
owing. Shadowing is animportantanddif�cult topic in and
of itself, and variousexisting shadowing algorithmscould
beadaptedto our representation.Moreover, our implemen-
tationdonot rely onany advancedpixel shaderprogramma-
bility. Usingthemwould permit to geta per-voxel dynamic
lighting. Our contribution concentrateson a representation
allowing ef�ciency andquality (especiallyin termsof �lter -
ing, parallaxrichnessandaperiodicity).

2. Previouswork

In this sectionwe review techniquesallowing the real-time
or interactive renderingof forests.

Billboards: Billboardsarethemostcommontool for real-
time renderingof forests.Thanksto their low cost, they
are still consideredthe bestchoice in many recentindus-
trial simulators. They areusedin two differentways:clas-
sical billboardsaresmall imagesthat alwaysfacethe cam-
era[OGL98] (possiblywith anaxisconstrainedto beverti-
cal)while crossbillboardsconsistof two to four regulartex-
turedquadscrossingeachother(see�g. 1).The�rst method
shows no parallaxwhen the cameramoves,which is only
acceptablefor axis-symmetricalobjectsand grazingview
angles.Moreover, a treeslightly behindanotheris likely to
popin front atagivenangle(�g. 1 right), sobillboard-based
forestsare usually sparse.The secondmethodshows arti-
factswheneveroneof thequadsis seenatagrazingangle.

To rendera full denseforestwould meanrenderingmil-
lions of texturedquads,which is very expensive even with
moderngraphicshardware. Moreover, there is no simple
LOD schemeto gatherindividualbillboards.

Figure 1: From left to right: billboards, crossbillboard, 3-cross
billboard, 4-crossbillboard, poppingof billboard for a small cam-
era motion.

Other imagebasedmethods: Oneway to avoid theobvi-
ousartifact of crossbillboardsat grazinganglesis to fade
thebillboardsthatarenot facingthecameraenough[Jak00].

This introducestwo new artifactswhich show up whenone
movesarounda tree(see�g. 2,left): a ghostingeffect (du-
plicatedfeatures)andtransparency variation(blendingtwo
half-fadedtexturesis not equivalentto a singleopaquetex-
ture).

The sameidea can be usedwith a whole set of images
takenfrom variousview angles[PCD� 97, MNP01]. This re-
ducesthe artifactsbecausethe differencebetweennearby
imagesis smaller. But selectingandblendingtheimagesgets
costlyandcouldnot bedonein real-timefor a wholeforest:
at least3 textureshave to becombined,andsimply fetching
3 texturesinsteadof asingleoneis about2 to 3 timesslower
on recentGPUs[3DM].

Relying on even more images would correspond
to bidirectional textures [SvBLD03] and light-
�elds [LH96, GGSC96]. But thehugeamountof imagedata
maynot �t thegraphicsmemory.

[Max96, MDK99] combine a hierarchical model with
multi-layereddepthimages.Renderingis not real-time.

Figure 2: Left: image fadingwith the incidenceangle: the inter-
mediatelevel is half-transparentandfeaturesaredoubled(ghosting
effect).Right:Simpli�ed texturedtree.

Simpli�ed texturedtr ees: Anotherwayto rely ontextures
is to build manuallyor usingdedicatedtools an extremely
simpli�ed treewith a few dozento a few hundredpolygons
approximatingthefoliagedistribution(see�g. 2,right).This
hasbeenusedin video gamesand simulatorsfor isolated
treescloseto theviewer but cannotbeusedfor representing
denseforestsin real-time.

Lines and points: Reeves introducedparticlesystemsin
1983[RB85]. Even thoughit wasnot real-time,the ideaof
procedurallydrawing many simpleprimitiveshasoftenbeen
usedto rendervegetation.The numberof primitivesdrawn
can be adaptedto the distanceto ensureinteractive frame
rate [WP95].

In the samespirit, point-basedapproacheshave been
recently introduced [PZvBG00, SD01, DVS03, DCSD02]:
objectsarerenderedusingasetof pointshaving roughlythe
sizeof apixel.

Theseprimitives are very convenient.But an important
issueis thatthey rely on lots of vertices,andeachvertex re-
quiresageometrictransform(projection,clipping)pluspos-
sibly abustransfer. Thevertex transformcostlimits theper-
formancein thecaseof hugesparsegeometrysuchasforests
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sincethe transformrate1 is about20 timesslower thanthe
�ll rate2 on recentgraphicsboards[3DM]. E.g.,if thetarget
framerateis 60Hzat1280� 1024resolution,onecanredraw
eachpixel 20 timesif texturedpolygonsareused,while one
canonly draw eachpixel onceusingpoints.Theissueis that
sparsegeometrysuchastreesbehaveslike a globally trans-
parentvolume:alot dataprojectsto thesamepixel,andthere
is noeasyway to cull occludeddatain advance.

Beside this performanceissue, the main drawback of
point-based(andline-based)methodsis thatdistanceadapta-
tion is doneby suppressingelements,whichcaninducepop-
ping.Moreover, theprimitivesaregenerallymadeopaqueto
avoid sortingandblendingcosts,which preventsproperan-
tialiasing.

Volumetric textures: The volumetric textures approach
consistsof mappinga3D layeronasurfaceusinga3D data
setastexturepattern.This is especiallyadaptedto a layerof
continuousvegetationcovering a landscape.It was�rst in-
troducedin ray-tracing[KK89, Ney98] andlateradaptedto
hardwarerendering[MN98, LPFH01].

To rely on hardwareaccelerationthe volumeis rendered
usingtexturedslices.Thishasniceproperties:theparallaxis
perfectbecausethegeneratedfragmentsarereally3D(i.e., at
theirproperdepth),andthe�ltering is smoothlymanagedby
thetexturehardware(whichhasnoequivalentfor polygonal
data).A lot fewer polygonsarerequiredthanwith theother
approachessinceeachinstanceof thepatterncorrespondsto
aportionof forestwhichcancontainseveraltrees.

The slicing mustbe adaptedto the viewpoint otherwise
onecouldseebetweentheslicesatgrazingangles.
� [MN98] switchbetween3slicingdirections:one`horizon-
tal' (parallelto theground)andtwo `vertical' (orthogonalto
the groundand following the u or v texture parameteriza-
tion).
� [LPFH01] useonly slicingparallelto thesurfaceandadds
�ns (edgesextrudedalong the normal)nearthe silhouette.
Note that this workswell for fur (thegoalof thepaper)be-
causefur is very homogeneous,but would fail for heteroge-
neousdatalike trees.
� Real-time volume rendering tools such as Volu-
mizer [Ope] generallyprefer to rely on slicesthat are fac-
ing theview direction.This way, onecannever seebetween
slices.Moreover, betterantialiasingcan be done(because
slicesnot facing the cameraare over-�ltered by isotropic
MIP-mapping).Unfortunately, it hasseveral drawbacksin
our context (seesection3). In particular, thecomputationof
theadaptive slicing of a 3D layermappedon a surfacecan
getcomplicated.Moreover, onemustrecomputethegeom-
etry (i.e., slices)at every frame,which implies that all this
datamustbetransferredto theGPUatevery frame.

1 Numberof transformed(i.e.projected)verticespersecond.
2 Numberof texturedpixel fragmentsrasterizedpersecond.

Aperiodic tiling: Recently, several methods for
mapping textures aperiodically have been introduced
[Sta97, NC99, CSHD03]. They consistof preparinga setof
compatiblesquareor triangularpatternswith appropriately
chosenboundaryconditions (i.e., matching edges)when
tiling thesurface(see�g. 3). Thetiles might alsoberotated
dependingon the method.This also lets us representtex-
turedareaedges[NC99] which is importantsincetextures
rarely cover the whole surface.Thesemethodsare totally
compatiblewith 3D textures.

Figure 3: Left: Four edge-compatibletriangular tiles. Right: Set
ableto representtexturedareaboundaries.

3. Issuesof 3D textures

3D texturesare now a standardfeatureof graphicsAPIs.
They arevery convenientfor implementingvolumetrictex-
turesorvolumerendering:thequadrilinearMIP-mapisman-
agedby thehardwareandslicescanhave arbitraryorienta-
tion (e.g., facingthecamera).However, currentimplementa-
tionssuffer numerousdrawbacks:

� The magandmin3 �ltering arelinear. This makessense
in 2D when four texture pixels lying on a facehave to be
averaged,but not for two texture voxels alignedalong the
view-ray direction:occlusioneffectsmake the�ltering non-
symmetrical(see�g. 4). Filtering 3D datashouldseparate
theplanenormalto theview direction– wherelinear �lter -
ing applies– andtheview directionwherethe �lter should
usethetransparency blendingequation.Implementingacor-
rectmag�lter in thegeneralcaseis not obvious,andimple-
mentinga correctmin �lter is impossiblebecauseocclusion
is aview-dependentphenomena.

P
V

Figure 4: Voxelsthat are on the sameplaneP orthogonal to the
view directionV canbe �lter ed linearly. VoxelsalongV shouldbe
blendedusingthe transparencyformula.Thusthe �ltering of a 3D
neighborhoodshouldnotbelinear.

� Despitethe3D storage,therenderingprimitive is still 2D:
onemustslicethevolumeto renderit. Theissueis thatGPUs
settheMIP-maplevel basedonly ontheparameterizationof
the 2D slicesregardlessthe slicing rate (i.e., the sampling
orthogonalto slices).So the programmermustensurethan
the slicing rate �ts the MIP-maplevel chosenby the GPU
(which is not known to theCPU).

3 Mag �ltering correspondsto the interpolationbetweenpixels.
Min �ltering correspondsto MIP-mapping.
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� On current GPUs the MIP-mappingof 3D textures is
isotropic. This meansthat the samplingdensity in depth
mustbeequalto thesamplingdensityparallelto thescreen.
This is wastefulsinceanerrorin depthmighthavelittle con-
sequenceonscreen.
� This is even worsefor slicesnon-parallelto the screen:
with isotropic�ltering a slantedslice is MIP-mappedrely-
ing on themostcompressedprojectedparameterization.But
the resultingaveragingappliesto the two other directions
as well. At grazinganglesthe volume datawill be totally
blurredin theslicingdirectionregardlessof theslicingrate.
� VolumeMIP-mappingis rarely usedfor volumetricren-
deringapplications,andit appearsthatthereareseveralbugs
in theimplementationof 3D texturesevenonrecentboards.4

4. Our approach

Our representationrelies on real-time volumetric tex-
tures[MN98, LPFH01]. We increaseboth their quality and
performanceandwehandlericherforestattributes.

As illustratedin section2 and3 numerousslicing algo-
rithms are possible,with variousconsequenceson proper-
ties, quality andef�ciency. The caseof volumetric texture
renderingis quitedifferentthanclassicalvolumerendingap-
plications(e.g., medical)in that:

� The overall numberof voxels in the sceneis enormous,
andwill generallybeundersampled.In contrast,traditional
volumetricapplicationshighly oversamplethe dataat ren-
dering.

� The volumesare mappedon a terrain and thereforeare
distorted,sothat theoverall volumeto beslicedhasa com-
plicatedshape(i.e., it is notasimplecube).

� Theoverallnumberof slices'polygonsis solargethatgen-
eratingthemfrom theCPUat eachframecannotbeaccom-
plishedin real-time5.

� Thevolumelayer thicknessis smallcomparedto its hori-
zontalwidth implying thateachslicehasa smallsurfaceon
screen.

Using slicesparallel to the surfaceis ef�cient sincethe
meshverticesalreadystoredon theGPUcanbesimply off-
seted.But it is inappropriatefor grazingview anglesbecause
onewouldseebetweenslices.Introducingverticalplates(or
�ns) as proposedin [LPFH01] only works well for fuzzy
datasuchasfur, while for contrasteddatasuchastrees,the
grazingsliceswill show-up clearlyandthefeatureswill not
mapontotheir counterpartsin �ns.

Generatingslicesfacingthe viewer canget complicated

4 Several have beencon�rmed by both nVIDIA and ATI, and
shouldbe correctedsoon.However, they limit the performanceof
ourcurrentimplementation.
5 It is importantto notethat a real-timeforestrenderermustkeep
highperformanceevenwhenprocessingthousandsof trees.

for a complicatedvolumeshape.Moreover, it is not GPU-
friendly sinceall verticeswouldhave to begeneratedon the
CPUat eachframe,andtheir transferto theGPUwould be
thebottleneck.

Moreover, theforestcoversthelandscapeon a very wide
rangeof distances,so levels of detail and �ltering (MIP-
mapping)mustbe addressed.Note that the 3D quality �l-
tering of volumesis quite different from the classical2D
�ltering asexplainedin section3. In particular, occlusions
make it highly non-linear, andthedefault isotropic�ltering
for MIP-mapis notacceptable.

We proposea solution to theseproblemsby combining
two slicing methods.The�rst oneusesslicesparallelto the
terrainandis adaptedfor mostpartsof thescenes(we also
introducea new quality �ltering and LOD schemefor it).
Thesecondis aslicingschemethatusesslicesnearlyfacing
the viewer (�g. 6,middle-right),usinga new GPU-friendly
algorithm:theslicesareanoffsetof the tilted basetriangle
(�g. 9).

For bothslicingschemes,wede�ne aLOD-schemein or-
der to adaptthecostto thedistance,usinga new non-linear
pre-�ltering scheme.This is especiallyimportantfor natural
scenessincethe amountof dataprojectingto a given pixel
growsquadraticallywith thedistance.Thebestwayto adapt
in termsof quality is to average– i.e. to �lter – the3D data.
Wedescribehow thevolumetrictexturedatacanbecorrectly
�ltered. To enrichtheappearanceof forests,wewantto han-
dlenaturalvariations:wedraw onaperiodictiling [NC99] to
avoid texturerepetitiveness.

Figure5: Our slicingscheme.

Thecharacteristicsof ourmethodarethefollowing:

� Werepresentforestcoverageby avolumetrictexturelayer.

� Repeatedinstancesof thepattern(whichwecall texcells6)
have a prismshape:a basetriangleon thegroundvertically
extruded.

� We implementtwo different kinds of texcells: A simple
one(regular texcell) with goodqualityandef�ciency except
atthesilhouetteandanother(moreexpensive)oneto beused
nearthe landscapesilhouette(silhouettetexcell), illustrated
in �g. 5.

� Regular texcells are sliced parallel to the ground
(�g. 6,left). We introducea new representationwith which
we can�lter a 3D texturenon-linearly(thusaddressingthe

6 After [KK89] who introducedthe term texels. Our term is pho-
neticallysimilar but it avoidstheconfusionwith texturepixels that
arealsocalledtexelsin numerousdocuments.
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issuesmentionedin section3). This letsusmanagelevelsof
detailby adaptingthenumberof slicesto thedistance.

� Silhouette texcells are sliced parallel to the screen
(�g. 6,middle,right). The slicesare an offset of the tilted
basetriangle(see�g. 9). This avoids creatingandsending
new polygonsfrom the CPU: a simple vertex shadercan
translatetheverticesof a GPU-residentmesh.We usehard-
ware3D texturesto storethevolumetricpattern7. Thelevels
of detail arecreatedby adaptingthe slicing rate to the 3D
MIP-maplevel.

� Wede�ne anaperiodicmappingof thetexcellsin thespirit
of [NC99] bycreatingseveraledge-matchingpatterns.In our
currentimplementationwe rely on patternscontainingpre-
computedshadingand shadows, so the orientationis con-
strained:thepatternscannotberotatedasin [CSHD03]. We
proposeaschemein section7 showing thatatleast8 patterns
arerequired.

Creating the volumedata
Like [MN98] we createour volumedatafrom standardge-
ometry (in our case,a pieceof polygonalforest) usingan
off-line renderer. The camerais orthographicand is look-
ing down. We obtaineachslice by settingthe nearandfar
clipping planesat distanced

2 above andbelow theslice lo-
cation(d is thedistancebetweentwo slices),thenrendering
thedata.In our experimentswe useda commercialpackage
andactivatedshadows (clipping planesshouldnot prevent
objectsoutof theclip volumeto castshadows).

All our texturesarealpha-premultipliedto avoid texture
interpolation artifacts [PD84]: the color componentC 2
f R;G;Bg storestheC valuetimestheopacityA. We denote
premultipliedcolorsC̄ to avoid confusion.

Figure6: Left: a regular texcell.Middle: a silhouettetexcell (fac-
ing thecamera) with andwithoutclippingof theemptytop.Right:a
sideview of it.

5. Regular texcells

Following [LPFH01] wepreferusingwheneverpossiblethe
canonicalslicing parallelto thelandscapebecauseit canbe
obtainedsimply by offsettingthe basesurface.This lets us
rely on a setof 2D texturesinsteadof 3D textures,which

7 As with all 3D textures,the2D slicessimply rely on (u,v,w) tex-
turecoordinatesat their verticespointingat thecorrect3D location.
Sorotatingslicesandupdatingthe(u,v,w) accordinglydoesnot ro-
tatetherepresentedfeatures.

avoids the problemsdescribedin section3, andis ef�cient
sincethe geometrydoesnot needto be rebuilt and trans-
ferredfrom the CPU at eachframe(bus transfercanbe an
importantbottleneckin applicationsusingcomplex geome-
try). Our goal is to de�ne a multiscalemodelof volumetric
texture.This requirescorrect�ltering. We show in this sec-
tion that sincethe slicing directionis constant,we canim-
proveuponlinearinterpolationby ef�ciently emulatingnon-
linear3D �ltering. This providesusa degreeof freedomto
controllevelsof detail.

Our representation
As explainedin section3 and�g. 4, 3D �ltering shouldnot
be linear: the dataalong the slicing planeand the slicing
directionmustbetreatedseparately. Insteadof 3D textures,
we rely on a setof 2D texturescorrespondingto theslices.
Each2D texturehasanassociatedMIP-mappyramid(since
linear �ltering in the slice planeis justi�ed). Moreover, we
constructa level of detail pyramid of this set (see�g. 7),
relying on non-linear�ltering: At the �nest level, we have
n = 2N sliceswhosetexturesareL � L; call SN this level.
At level Si we have 2i slices(representingan aggregation
of 2N� i slicesfrom the �nest level). Thesizeof texturesat
level Si is L

2N� i � L
2N� i . Eachtexture,at every level, is MIP-

mapped.

Creating the textureset
As explainedin theprevioussectionthebasetexturesof Sn
correspondto theoriginalun�ltered 3D volume(createdof-
�ine).

A setSi could be generatedthe sameway asSN by ren-
deringthickerslicesof geometry, but wecanobtainthesame
resultwith noextra renderingby blendingthetexturesin SN
usingthe transparency equationC̄f ront + (1 � Af ront )C̄back:
the2D textureSi [ j ] (i.e. the j th sliceof thesetSi) is obtained
by blendingSi+ 1[2j] andSi+ 1[2j + 1]. Theneachresulting
2D textureis MIP-mapped.

S0

SN

Figure7: Right: slicingrealgeometryusingclippingplanes.Left:
Pyramidof 2D texturesetsSi ; i = 0::n.

Rendering
We cannow freely tunethe numberof slicesto implement
levelsof detail:We settheslicing rateaccordingto thedis-
tanceto theobserverandto theincidenceangle.If bestqual-
ity is requiredwe activatethehardwareanisotropic�ltering
(veryef�cient on recenthardware,but availableonly for 2D
textures),which makesthemagandmin �ltering really cor-
rectin thethreedirections.

A last issuearisesbecausethe distancebetweenslices
alonga ray dependson the ray (see�g. 8): at grazingan-
glesthesamplingis coarse.Sincethesamenumberof slices
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aretraversedasfor normalincidence,thesametotalopacity
is obtaineddespitethelongerpathwithin thevolumetrictex-
ture.Sotheopacityof slicesmustbeadjustedto accountfor
therealsamplingrate:A(dl ) = 1� (1� A(d))

dl
d whereA(dl )

is theopacityalonga lengthdl . We approximatethis using
the �rst termsof theTaylor series:A(dl ) � dl

d A(d). Values
greaterthan 1 are clamped,so opaquevoxels are handled
correctly. The distancedv betweentwo slicesalong a ray

(see�g. 8) is szj
�!
N :�!z
�!
N :

�!
V

j

with
�!
N thenormalto theter- Nz

d

V

dv

Figure8: Opacityfactor.

rain,
�!
V the view direction, �!z

the vertical and sz the vertical
scaling (in casethe height of
the mappedforestdiffers from
the original forest sample).So
we have to setan opacitymul-

tiply factorat eachvertex pA = sz
d j

�!
N :�!z
�!
N :

�!
V

j that will be in-

terpolatedon thefaceandmultipliedby thetexture(modu-
late mode)duringrasterization.Note that this caneasily
bedoneby avertex shader.

6. Silhouettetexcells

The previous modelis ef�cient andaccurateaslong asthe
incidenceis not grazing:in suchcasetheparallaxerrorgets
high and one might even seebetweenthe slices.This sit-
uation correspondsto landscapesilhouettes.In this situa-
tion we switch to our secondmodel, which relies on ori-
entableslicing. In this sectionwe explain how to compute
eachslice's locationandhow to dealwith levelsof detail.

P1

P2P3

z

h
P1

PÕ1

PÕ2

P2
G

dh

V

P1P2

P2
n-1

P1
n-1

P1
0

P2
0

V

dh
h

Figure 9: Left: Theprismshapetexcell. Middle: Tilting thebase
triangle to facethecamera. Right: Theslicedvolume.

Tilting the slices
We tilt the slices(see�g. 9) by moving verticesvertically.
Thisallowsusto transformpolygonspre-storedontheGPU
insteadof creatingthemfrom theCPU,avoidingabustrans-
fer bottleneck.

Given a prism of heighth�!z andbasetriangle(P1P2P3),
let G be the centerof the basetriangle and

�!
V the view

direction. Assumingthe viewpoint is distant, the n slices
areall parallel.So we just have to determinethe tilting of
(P1P2P3) sothatit facesthecamera:P0

i = Pi + ki
�!z ; i = 1::3.

Letting (P0
1P0

2P0
3) facingthecamerameansthat

��!
GP0

i �
�!
V = 0,

i.e., ki = �
� !
GPi :

�!
V

�!z :
�!
V

. Let kmin = min(ki) andkmax = max(ki )

(notethatkmin � 0 andkmax � 0).

We have to set the �rst and last slices (P0
1 P0

2 P0
3 ) and

(Pn� 1
1 Pn� 1

2 Pn� 1
3 ) so as to insurethat the whole volumeof

the prism is sampled(�g. 9,right). Sincethe triangleslant-
ing addsa slopedh = kmax� kmin (�g. 9,middle),thesliced
volumeis now a prismof height(h+ dh)�!z andbasetrian-
gle (P0

1 P0
2 P0

3 ). (P0
1 P0

2 P0
3 ) is averticaltranslationof (P0

1P0
2P0

3)
sothatthetriangleis just below theground:P0

i = Pi + (ki �
kmax)

�!z . The otherslicesaresimply obtainedby offsetting
thebasetriangle:P j

i = P0
i + j

n� 1(h+ dh)�!z ; j = 0::n� 1.

However, for grazing view angles the slant goes to
in�nity , so we want to limit the slant (at the price
of an approximate facing). Let kM be the maximum
slant allowed and d0

h = min(dh;kM). We now have

P j
i = Pi +

�
d0

h
dh

(ki � kmax) + j
n� 1(h+ d0

h)
�

�!z , whichiseas-

ily implementedon a vertex shader. In our implementation,
wechosekM = 2h.

Note that a part of the sliced volume is out of the 3D
texture space(the border color attribute let us setthis
region transparent).We do not want thesetop and bottom
emptyregionsto cost.Settingthealpha test culling dis-
cardsthetransparentfragments,but thesearestill rasterized.
The new comingclip registers featurewill soonpermit to
clip theslicepolygonsin thevertex shaders.

Slicing rate and �ltering
The slicessamplea MIP-mapped3D texture.This 3D lin-
ear�ltering is justi�ed assumingthesilhouettesaredistant:
whentheresolutionof the3D textureis smalltheopacityof
thevoxelsis low, thustheeffectof occlusionis weak.

As statedin section3 GPUsset the MIP-map level in-
dependentof the slicing rate. We mustensureinsteadthat
theslicing rate�ts theMIP-maplevel. 3D MIP-mappingis
isotropicsothedistanced betweenslicesshouldnot beless
thanthe `voxel' sizeor someinformationwill be lost. Vol-
umerenderingapplicationstendto choosehighersampling
ratesto improve thereconstructionquality. But we preferto
improverenderingtime,sowechoosearateascloseaspos-
sibleto thevoxel size.Wehaved = 1

n� 1(h+ d0
h)�!z :

�!
V . For a

textureresolutionL3 andaMIP-maplevel l , wewantd = 2l

L ,

which impliesthat n = 1+ L
2l (h+ d0

h)�!z :
�!
V .

7. Aperiodic tiling

To avoid repetitivity whenmappingtexcells onto a terrain
we rely on the [NC99] aperiodicscheme(seesection2).
Sinceour implementationassumesthatthetexturesarepre-
shadedwe cannotrotatethepatterns,which is thesamesit-
uationas in [CSHD03]. We, too, considerseparatebound-
ary conditionsin eachdirection(see�g. 10). In our casewe
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Figure10: Top: Thereferencetexture(left) containingthe8 edge-
matching triangular patterns.Thewrappingis slanted(thebottom
red and top yellow triangles share an edge). We shearand wrap
the pattern(middle) to obtain a square wrapping(right). Bottom:
aperiodictilings showingthechoices.

have3 directions(triangulartiling). If weassume2 different
boundaryconditionsin eachdirection(indicatedby colors)
we have 8 possibletriplets, and thus 16 possibletriangles
(pointingnorthor south).To savememorywechooseasub-
setof 8 triangles(4 pointingnorthand4 pointingsouth),so
asto useeachtriplet once.This neitherbreaksaperiodicity
norgeneratesartifacts,asillustratedin �g. 10. If highervari-
ability wererequiredwe could of coursekeepthe 16 tiles.
Moreover it is alsopossibleto build morethanonetile for
onegiventriplet+directioncombination:this letsusto create
severalkind of forestpatchesandto accountfor rareevents
(e.g.ahighertree).

Storing the patterns
Storingthe patternsis an issuethat hasnot beendiscussed
in previouspapersto ourknowledge:whenrenderingapixel
closeto a tile border, the hardwarewill linearly interpolate
for bothmagandmin �lters. Thecolorstoredoutsidethetile
(takingthewrappingof thetexturespaceinto account)will
beblendedwith theinsidecolorandthusmustbecoherentto
avoid artifactson edges.We managethis by arrangingthe8

tiles (shown on �g. 10,top-left) in thereferencetexturesoas
to �t theiredgeconstraints8. Sinceeachkind of edgeis used
by 4 tiles it appearstwice:wecall thetwo edgessharingthe
sameboundaryconditiontwin edges. In fact our wrapping
is slanted:thebottomgreenandtop grey trianglessharean
edge,but only squarewrappingis tractableby hardwaretex-
tures.To obtaina squarewrapping,we shearandwrap the
pattern(�g. 10,top-middle).The result texture is shown in
�g. 10,top-right.Two aperiodictilings showing thechoices
areshown on �g. 10,bottom.

Building the patterns
Theboundaryconditions(�gured by edgescolorsin �g. 10)
yield constraintswhendrawing thecontentof thereference
texture:
� anobjectcrossinganedgeaxismustbe replicatedon the
twin edge.Thismeansthattheneighborhoodsof twin edges
are correlated,but not identical (only the contentsampled
exactly on their axis is identical).The smallerthe objects,
thelesscorrelatedthetwin edges.
� Moreover, an objectmustnever crosstwo edges(e.g.at
corners),or it wouldcorrelatethemandwouldbereplicated
onhalf of thecells.

Whatever their content(2D, 3D, color, bump...),thepat-
ternshave to be built to respectthe constraintsabove. For
representingforestwe rely on geometricalmodels;numer-
oustreemodelsareavailable(onlineor throughcommercial
packages).Eachtreecanberepresentedby aboundingdisk.
We�rst placethetreesthatcrosstheboundaries,whichmust
bereplicatedon thetwin edges.(It is a goodideato startby
placingonetreequitecloseto a corner– without crossing2
edges– to avoid having a vicinity bias).Thenwe canfreely
placethe othertrees(with only the constraintof not cross-
ing the triangle tile boundary).We did not implementan
automaticplacementof theobjectspopulatingthepatterns.
[CSHD03] describeshow to produceunbiasedPoisson-disk
distributions.

8. Results

Implementation
We have implementedregular texcells, silhouettetexcells
andaperiodicmappingdescribedin this paper, comprising
the adaptive slicing and the non-linear�ltering. Neverthe-
less,our implementationis limited:

- Scenesarelit by �x eddirectionallights (in our imagesa
singlelight is used).Shadingis precomputedandstored
in thetextures.

8 Here 8 triangle tiles are used.If one wantsto usesquaretiles,
[DN04] addressesthe problemof packingan arbitrarynumberof
them.
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- Ourslicescannotberotated(becauseourtextureincludes
the lighting), which increasesthenumberof tiles to cre-
ateto matchthecombinatoricsof edgeboundarycondi-
tions.

- Our levels of detail are discrete(which inducessome
poppingin the video): as in MIP-mapping,lod should
bea �oat andtwo levelsblodc;blod+ 1c shouldbecom-
binedatany time.

- Wedidnotuseany programmableshader:theregulartex-
cells' verticesarestoredon the GPU in a vertex buffer,
and the silhouettetexcells are generatedby the CPU.
However, this did not slow down theperformancesince
thebottleneckis in thepixel �ll rate.

- We used3DS-Maxfor settingthe referenceforestsam-
pleandpre-renderingthetextures.But theamountof ge-
ometryfor only 30 trees(300kpolygonseach)madethe
interactiveplacementof treespainful,andtheray-tracing
shadowing (compulsorywith clipping planes)no longer
worked,which explainsthe lack of shadows in our tex-
cells.

- Thelack of realscene-wiseshadingresultsin a constant
illuminationof thelandscape.To compensatethis,wees-
timate a pseudo-shadingcorrespondingto the Lambert
lighting of theterrain.

Figure 11: Left: real geometryusedfor the referencetexture.
Right: correspondingtexcells(withoutshadows).

Resultsand performance
All the computationsaredoneon a P4 at 1.7 GHz with a
GeForceFX5800graphiccard.Resolutionwas640� 480.
The size of volumetric data was 128 slices of 256� 256
32bitstexturesyielding 12 Mb of compressedtexture stor-
ageon the GPU (3D texture + the 2D texture sets).Using
our implementation,we were able to map terrainswith a
denseforest.We show our resultsin �g. 12. In �g. 11,left
wecanseetheoriginal forestpatternrenderedby theof�ine
renderer. Fig. 11,right shows the samepatterndisplayedin
real-timeby our program.Fig. 12,top (seq#1 on thevideo)
showsaterrainmappedwith thispattern.Thereare576tiles
containing4 treeseach,sothesceneincludesroughly2300
trees.Theframerateis 25 to 40 fps dependingon theview
andthetuningof parameters.Silhouettetexcellsareabout4
timesmoreexpensive to renderthanregularones,therefore
frameratedependsonthenumberof renderedsilhouettetex-
cellswhich varieswith theview directionandthethreshold
usedto switchbetweenthetwo kind of texcells.

Fig. 12,bottom(seq#2 on thevideo)shows a morecom-
plex terrainwith moretexcellsmapped:9212tilesrepresent-
ing a total of 37000trees.Theframerateis 20 to 30 fps de-
pendingontheview andthetuningof parameters.Theframe
rate is inverselyproportionnalto resolution,which means
thatthebottlenecklies in the�ll rate.As onecanseeon the
video,transitionsbetweenLODs of thesametypeof slices
arequite unnoticeable.Transitionsbetweenthe two differ-
enttypesof slices(regularandsilhouette)canbenoticeable
if onefocuseson it, but the poppingis weakandquite ac-
ceptablefor a real-timeapplication.

Limitations
- The main assumptionfor volumetrictexturesis that the

vegetablecover hastextural characteristics:onecannot
expect to model a scenewith precisecontrol of given
trees.Conversely, in thesequence2 on thevideowe un-
fortunatelymadea referencetexture including one re-
markabletree (high, narrow anddark). As a result one
can seethe correlatedlocation of the rare instancesof
this treewhich arealignedwith the tiling. However, we
can increasethe variability by creatingmore tiles than
theminimumset.Moreover, we canmix individual key-
elementswithin the forest texture: usualgeometricob-
jectswill be insertedcoherentlysince3D fragmentsare
generated.

- Anothercharacteristicof texturesis thatthey aremeantto
covereverythingcontinuously. E.g.if theterrainincludes
clif fs, themappinghasto becutaccordingly.

- Somecharacteristicsof thehardware(anddrivers)were
disappointing,suchasvariousproblemswith the3D tex-
turesandnotsohighperformancein situationssupposed
to be accelerated.But boardsand drivers are evolving
fast,sotheseissuesshouldbe�x edsoon.

9. Conclusionand futur ework

We have describeda multiscaleschemefor real-timevolu-
metrictexturesby de�ning new waysto represent,�lter , and
renderthemin real-time.Wealsointroducedanew aperiodic
schemewhichavoidsinterpolationartifactsat tilesborders.

This lets us ef�ciently renderlarge forest scenes.Since
we computea correct�ltering – in contrastto previousvol-
umetrictexturemethods– we gethigh quality renderedim-
ages,whichis strengthenedby thefactthatwegeneratenon-
repetitive forests. Compareto previous real-timemethods
for renderinglandscapeswhich treatindividual treesrepre-
sentedby a few polygons,we show for the�rst time a wide
anddenseforestin real-timewith highquality standards.

Despiteour limited implementationwe have shown that
our resultsare alreadyconvincing: we can move interac-
tively above a large forestwhich shows a continuousrange
of treesize.The treeappearsreally 3D, in contrastto bill-
boards:we can move aroundthem and show full parallax
effectsin real-time,andatreeneverpopsin front of another.
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Figure12: Top: 576tiles,2300treesin real-time(seq#1on thevideo).

Bottom: 9212tiles,37000treesin real-time(seq#2on thevideo).

Thereforethereis room to improve the featuresandtest
enormousscenes.Somelimitationsarelinked to theevolu-
tion of graphicshardware:weexpect3D texturewill besoon
totally usable.Betterhardwareculling (especiallyfor trans-
parentpolygons)would increasethe performancea lot: we
could draw the slicesfront to backand thusavoid useless
overdrawing.

For future work, the most importantpoint to improve is
thedynamiclighting andshadowing: not only it is a useful
featurepersebut alsoit would let usrotatethepatternsdur-
ing themapping.This would decreasethenumberof neces-
sary3D patternsto store. Someexisting real-timeshadow-
mappingschemesmightbeadaptedto our representation.In
addition,dynamiclighting couldbehandledby usingpixel
shadersto computeper-voxel lighting [CDN04].

Furthermore,sinceour volumetrictexturesproducefrag-
ments at the correct 3D location, texcells can be mixed
with other3D objectssuchaspeculiartrees,grassor small
bushes.
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