EurographicsSymposiunon Rendering2004)
H. W. JensenA. Keller (Editors)

Rendering ForestScenesn Real-Time

PhilippeDecaudin

FabriceNeyret

GRAVIR/IMA G-INRIA, Grenoble France

Abstract

Forestsare crucial for scenerealismin applicationssud as ight simulatoss. This paperproposes new repte-

sentationallowing for the real-timerenderingof realistic forestscovering an arbitrary terrain. It letsus produce
denséforestscorrespondingo continuousnon-repetitive elds madeof thousandof treeswith full parallax.

Our representationdraws on volumetric textures and aperiodic tiling: the forest consistsof a set of edge-

compatibleprismscontainingforestsamplesvhich are aperiodicallymappedntotheground.Therepresentation
allows for quality rendering thanksto appropriate 3D non-linear ltering. It relieson LODs and on a GPU-

friendly structure to achievereal-timeperformance

Dynamiclighting and shadowingare beyondthe scopeof this paper On the otherhand,werequire no advanced
graphicsfeatue except3D texturesanddecentll andvertex transformrates.However we cantake advantae of
vertex shades sothat the slicing of the volumetrictexture is entirely doneon the GPU.
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1. Intr oduction

Forestsseenfrom an airplaneappearto be a strangemate-
rial: while the vegetablecover lookslik e a quasi-continuous
surface,onecanalsorecognizeindividual trees,and some-
timesseedeepbetweernthem. The volumetricnatureof the
forest'matter'is especiallyobviouswhentheviewer moves,
dueto omnipresenparallaxandvisibility effects. Thereis
fartoo muchfoliage datato expecta directreal-timerender
ing of the leaves (to say nothingof aliasing),andclassical
meshdecimationdoesnot applyto sparselata.

* e-mails: Firstname.Name @imag.fr
web: http://www-imagis.imag.fr/Publications/2004/DN04/
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Applications requiring real-time rendering of natural
scenes- e.g.,, ight simulatorsand more recently video-
games-areof suchimportancehatearlysolutionshadto be
foundto getsomesort of forestpopulatinglandscapesizari-
ousalternaterepresentationsave beenintroducedo mimic
treesandarestill usednovadays.

Our purposes to represenandrenderhigh quality dense
forestsin real-time.Our methodis basedon real-timevolu-
metrictextures.Our contritutionsinclude:

The combinationof two slicing methodsto rendervol-
umetrictexturesef ciently: a simple one usedfor most
locations,anda morecomplex oneusedat silhouettes.
A novel camera-cingschemdor theslicesof silhouette
cellssuchthatno vertex needgo becreatedoy the CPU.
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This permitsa full GPUhandlingof the slicesvia vertex
shaders.

A new pre- Itering schemeallowing to achiese a correct
non-linear3D MIP-mapin relationwith our LOD adap-
tation.

A LOD schemefor our volumetrictextures,in relation
with thepre- Itering scheme.

A new aperiodictiling schemeavoiding interpolationar-
tifactsattiles borders.

In this papemwe do notdealwith dynamiclighting andshad-
owing. Shadwing is animportantanddif cult topicin and
of itself, and variousexisting shadeving algorithmscould
be adaptedo our representationMoreover, our implemen-
tationdo notrely on ary advancedpixel shadeiprogramma-
bility. Usingthemwould permitto geta pervoxel dynamic
lighting. Our contritution concentrate®n a representation
allowing ef ciency andquality (especiallyin termsof lter -
ing, parallaxrichnessandaperiodicity).

2. Previouswork

In this sectionwe review techniquesllowing the real-time
or interactve renderingof forests.

Billboards: Billboardsarethe mostcommontool for real-
time renderingof forests.Thanksto their low cost, they
are still consideredthe bestchoicein mary recentindus-
trial simulators. They areusedin two differentways:clas-
sical billboardsare smallimagesthat alwaysfacethe cam-
era[OGL9g (possiblywith anaxis constrainedo be verti-
cal) while crosshillboardsconsistof two to four regulartex-
turedquadscrossingeachother(see g. 1).The rst method
shaws no parallaxwhen the cameramaves, which is only
acceptabldfor axis-symmetricabbjectsand grazing view
anglesMoreover, a treeslightly behindanotheris likely to
popin frontatagivenangle( g. 1right), sobillboard-based
forestsare usually sparse The secondmethodshaws arti-
factswhenerer oneof the quadsis seematagrazingangle.

To rendera full denseforestwould meanrenderingmil-
lions of textured quads,which is very expensve even with
moderngraphicshardware. Moreover, thereis no simple
LOD schemeo gatherindividual billboards.

A0 we2

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

Other imagebasedmethods: Oneway to avoid the obvi-
ousartifact of crossbillboardsat grazinganglesis to fade
thebillboardsthatarenotfacingthecameranougHh Jak0q.

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

The sameideacan be usedwith a whole setof images
takenfrom variousview angle§ PCD 97, MNPO1]. Thisre-
ducesthe artifacts becausethe differencebetweennearby
imagess smaller But selectingandblendingtheimagesgets
costlyandcouldnotbe donein real-timefor awholeforest:
atleast3 textureshave to be combined andsimply fetching
3texturesinsteadof asingleoneis about2 to 3 timesslower
onrecentGPUS[3DM].

Relying on even more images would correspond
to bidirectional textures [SvBLDO3 and light-
elds [LH96, GGSC96§. But the hugeamountof imagedata
maynot t thegraphicsmemory

[Max96, MDK99] combine a hierarchical model with
multi-layereddepthimagesRenderings notreal-time.

W 1.

Figure 2: Left: image fading with the incidenceangle: the inter-
mediatdevelis half-transpaentandfeatuesare doubled(ghosting
effect).Right: Simpli ed texturedtree

Simpli ed texturedtrees: Anotherwayto rely ontextures

is to build manuallyor using dedicatedtools an extremely

simpli ed treewith afew dozento afew hundredpolygons
approximatinghefoliagedistribution (see g. 2,right). This

hasbeenusedin video gamesand simulatorsfor isolated
treescloseto the viewer but cannotbe usedfor representing
denséorestsin real-time.

Lines and points: Reevesintroducedparticle systemsn
1983[RB8Y. Eventhoughit wasnot real-time,the ideaof
procedurallydraving mary simpleprimitiveshasoftenbeen
usedto rendervegetation.The numberof primitivesdravn
can be adaptedto the distanceto ensureinteractve frame
rate [WP93.

In the same spirit, point-basedapproacheshave been
recently introduced [PZvBG0Q SD01, DVS03 DCSD03:
objectsarerenderedisinga setof pointshaving roughlythe
sizeof apixel.

Theseprimitives are very corvenient.But an important
issueis thatthey rely on lots of vertices,andeachvertex re-
quiresageometridransform(projection clipping) pluspos-
sibly abustransfer Thevertex transformcostlimits the per
formancen thecaseof hugespars@geometrysuchasforests

¢ TheEurographicsAssociation2004.
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sincethe transformrate! is about20 timesslower thanthe
Il rate? on recentgraphicsboardsBDM]. E.g.,if thetamet
framerateis 60Hzat1280 1024resolutionpnecanredrav
eachpixel 20 timesif texturedpolygonsareused while one
canonly draw eachpixel onceusingpoints.Theissueis that
sparsggeometrysuchastreesbehaeslike a globally trans-
parentvolume:alot dataprojectsto thesamepixel, andthere
is no easyway to cull occludeddatain advance.

Beside this performanceissue, the main drawvback of
point-basedandline-basedjnethodss thatdistanceadapta-
tion is doneby suppressinglementsyhich caninducepop-
ping. Moreover, theprimitivesaregenerallymadeopaquédo
avoid sortingandblendingcosts,which preventsproperan-
tialiasing.

Volumetric textures: The volumetric textures approach
consistoof mappinga 3D layeron asurfaceusinga 3D data
setastexture pattern.Thisis especiallyadaptedo alayerof
continuousvegetationcovering a landscapelt was rst in-
troducedin ray-tracing[ KK89, Ney98] andlateradaptedo
hardwarerendering MN98, LPFHO1].

To rely on hardware acceleratiorthe volumeis rendered
usingtexturedslices.This hasnice propertiestheparallaxis
perfectbecaus¢hegeneratedragmentsarereally 3D (i.e., at
their properdepth),andthe ltering is smoothlymanagedy
thetexture hardware (which hasno equivalentfor polygonal
data).A lot fewer polygonsarerequiredthanwith the other
approachesinceeachinstanceof the patterncorrespondso
aportionof forestwhich cancontainseveraltrees.

The slicing mustbe adaptedo the viewpoint otherwise
onecouldseebetweertheslicesatgrazingangles.

[MN98] switchbetweer8 slicingdirections:one horizon-
tal' (parallelto theground)andtwo “vertical' (orthogonato
the groundand following the u or v texture parameteriza-
tion).

[LPFHOT useonly slicing parallelto the surfaceandadds

ns (edgesextrudedalongthe normal) nearthe silhouette.

Note thatthis works well for fur (the goal of the paper)be-
causefur is very homogeneoudyut would fail for heteroge-
neousdatalike trees.

Real-time volume rendering tools such as Volu-
mizer [Opq generallypreferto rely on slicesthat are fac-
ing theview direction.Thisway, onecannever seebetween
slices.Moreover, betterantialiasingcan be done (because
slices not facing the cameraare over- ltered by isotropic
MIP-mapping).Unfortunately it hasseveral dravbacksin
our context (seesection3). In particular the computatiorof
the adaptve slicing of a 3D layer mappedon a surfacecan
getcomplicated Moreover, onemustrecomputehe geom-
etry (i.e., slices)at every frame, which implies that all this
datamustbetransferredo the GPU at every frame.

1 Numberof transformedi.e. projected)verticespersecond.
2 Numberof texturedpixel fragmentgasterizecpersecond.
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Aperiodic tiling: Recently several methods for
mapping textures aperiodically have been introduced
[Sta97 NC99, CSHDO0J. They consistof preparinga setof
compatiblesquareor triangularpatternswith appropriately
chosenboundary conditions (i.e., matching edges)when
tiling thesurface(see g. 3). Thetiles mightalsoberotated
dependingon the method.This also lets us representex-
tured areaedges/NC99 which is importantsincetextures
rarely cover the whole surface. Thesemethodsare totally
compatiblewith 3D textures.

JAVAVAVANY V V'V N

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

3. Issuesof 3D textures

3D texturesare now a standardfeatureof graphicsAPIs.
They arevery corvenientfor implementingvolumetrictex-
turesor volumerenderingthequadrilineaMIP-mapis man-
agedby the hardware andslicescanhave arbitraryorienta-
tion (e.g., facingthecamera)However, currentimplementa-
tionssuffer numerougiravbacks:

Themagandmin® ltering arelinear This makessense
in 2D whenfour texture pixels lying on a facehave to be
averaged but not for two texture voxels alignedalong the
view-ray direction:occlusioneffectsmale the Itering non-
symmetrical(see g. 4). Filtering 3D datashouldseparate
the planenormalto the view direction—wherelinear lter -
ing applies— andthe view directionwherethe Iter should
usethetransparengblendingequationlmplementinga cor
rectmag lter in thegeneralaseis notobvious,andimple-
mentinga correctmin Iter isimpossiblebecaus®cclusion
is aview-dependenphenomena.

Figure 4: Voxelsthat are on the sameplane P orthogonal to the
view directionV canbe Iter edlinearly. VoxelsalongV shouldbe
blendedusingthe transpaencyformula. Thusthe ltering of a 3D
neighborhoodshouldnotbelinear.

Despitethe 3D storagetherenderingprimitiveis still 2D:
onemustslicethevolumeto rendeiit. TheissueisthatGPUs
setthe MIP-maplevel basednly onthe parameterizatioof
the 2D slicesregardlessthe slicing rate (i.e., the sampling
orthogonalto slices).So the programmemustensurethan
the slicing rate ts the MIP-maplevel chosenby the GPU
(whichis notknown to the CPU).

3 Mag ltering corresponddo the interpolationbetweenpixels.
Min ltering correspond$o MIP-mapping.
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On current GPUs the MIP-mappingof 3D texturesis
isotropic. This meansthat the samplingdensity in depth
mustbe equalto the samplingdensityparallelto the screen.
Thisis wastefulsinceanerrorin depthmighthave little con-
sequencen screen.

This is even worsefor slicesnon-parallelto the screen:
with isotropic Itering a slantedslice is MIP-mappedrely-
ing onthe mostcompressegrojectedparameterizatiorBut
the resulting averagingappliesto the two other directions
aswell. At grazinganglesthe volume datawill be totally
blurredin theslicing directionregardlesof theslicing rate.

Volume MIP-mappingis rarely usedfor volumetricren-
deringapplicationsandit appearshatthereareseveralbugs
in theimplementatiorof 3D texturesevenonrecentoards?

4. Our approach

Our representationrelies on real-time volumetric tex-
tures[MN98, LPFHO1]. We increaseboth their quality and
performancendwe handlericherforestattributes.

As illustratedin section2 and 3 numerousslicing algo-
rithms are possible with variousconsequencesn proper
ties, quality and ef ciency. The caseof volumetric texture
renderings quitedifferentthanclassicalvolumerendingap-
plications(e.g., medical)in that:

The overall numberof voxels in the sceneis enormous,
andwill generallybe undersampledn contrasttraditional
volumetric applicationshighly oversamplethe dataat ren-
dering.

The volumesare mappedon a terrain and thereforeare
distorted,sothatthe overall volumeto be slicedhasa com-
plicatedshape(i.e., it is nota simplecube).

Theoverallnumberof slices'polygonsis solargethatgen-
eratingthemfrom the CPU at eachframecannotbe accom-
plishedin real-time.

Thevolumelayerthicknesds smallcomparedao its hori-
zontalwidth implying thateachslice hasa small surfaceon
screen.

Using slicesparallelto the surfaceis efcient sincethe

meshverticesalreadystoredon the GPU canbe simply off-
setedButit isinappropriatdor grazingview anglesbecause
onewould seebetweerslices.Introducingvertical plates(or
ns) as proposedn [LPFHO01] only works well for fuzzy
datasuchasfur, while for contrastediatasuchastrees the
grazingsliceswill shav-up clearlyandthe featureswill not
mapontotheir counterpartén ns.

Generatingslicesfacingthe viewer can get complicated

4 Several have beencon rmed by both nVIDIA and ATI, and
shouldbe correctedsoon.However, they limit the performanceof
our currentimplementation.

5 It is importantto notethat a real-timeforestrenderemustkeep
high performancesvenwhenprocessinghousand®f trees.

for a complicatedvolume shape Moreover, it is not GPU-
friendly sinceall verticeswould have to be generatean the
CPU at eachframe,andtheir transferto the GPUwould be
thebottleneck.

Moreover, theforestcoversthe landscapen a very wide
rangeof distancesso levels of detail and ltering (MIP-
mapping)mustbe addressedNote that the 3D quality |-
tering of volumesis quite differentfrom the classical2D
Itering asexplainedin section3. In particular occlusions
male it highly non-linear andthe default isotropic Itering
for MIP-mapis notacceptable.

We proposea solution to theseproblemsby combining
two slicing methodsThe rst oneusesslicesparallelto the
terrainandis adaptedor mostpartsof the scenegwe also
introducea new quality Itering and LOD schemefor it).
Theseconds aslicing schemehatusesslicesnearlyfacing
the viewer (g. 6,middle-right),usinga new GPU-friendly
algorithm:the slicesarean offset of the tilted basetriangle
(g9.9).

For bothslicing schemesye de ne aLOD-schemen or-
derto adaptthe costto the distance usinga new non-linear
pre- ltering schemeThis is especiallyimportantfor natural
scenessincethe amountof dataprojectingto a given pixel
grows quadraticallywith thedistanceThebestway to adapt
in termsof quality is to average-i.e.to Iter —the 3D data.
We describénow thevolumetrictexturedatacanbecorrectly

Itered. To enrichtheappearancef forestswe wantto han-
dle naturalvariationswe draw on aperiodictiling [NC99 to
avoid texturerepetitveness.

Figure 5: Our slicing scheme

Thecharacteristicef our methodarethefollowing:
We representorestcoverageby avolumetrictexturelayer.

Repeatedhstance®f the pattern(which we call texcell<)
have a prism shapea basetriangleon the groundvertically
extruded.

We implementtwo differentkinds of texcells: A simple
one(regular texcell) with goodquality andef ciency except
atthesilhouetteandanothei(moreexpensve) oneto beused
nearthe landscapesilhouette(silhouettetexcell), illustrated
in g. 5.

Regular texcells are sliced parallel to the ground
(g. 6,left). We introducea new representationvith which
we can lter a 3D texture non-linearly(thusaddressinghe

6 After [KK89] who introducedthe termtexels Our termis pho-
netically similar but it avoidsthe confusionwith texture pixelsthat
arealsocalledtexelsin numerousiocuments.

¢ TheEurographicsAssociation2004.
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issuegnentionedn section3). Thisletsusmanagédevelsof
detailby adaptingthe numberof 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 creatingand sending
new polygonsfrom the CPU: a simple vertex shadercan
translatethe verticesof a GPU-residentmesh.We usehard-
ware3D texturesto storethevolumetricpatterd. Thelevels
of detail are createdby adaptingthe slicing rateto the 3D
MIP-maplevel.

We de ne anaperiodicmappingof thetexcellsin thespirit
of [NC99 by creatingseveraledge-matchingatternsin our
currentimplementationwe rely on patternscontainingpre-
computedshadingand shadavs, so the orientationis con-
strainedthe patternscannotberotatedasin [CSHDO0J. We
proposeaschemen section7 shaving thatatleast8 patterns
arerequired.

Creatingthe volume data

Like [MN98] we createour volumedatafrom standardye-
ometry (in our case,a pieceof polygonalforest) usingan
off-line renderer The camerais orthographicand is look-
ing down. We obtain eachslice by settingthe nearandfar
clipping planesat distance% above andbelow the slice lo-
cation(d is the distancebetweertwo slices),thenrendering
thedata.In our experimentsve useda commercialpackage
and activatedshadavs (clipping planesshouldnot prevent
objectsout of theclip volumeto castshadavs).

All our texturesare alpha-premultipliedo avoid texture
interpolation artifacts [PD84: the color componentC 2
f R; G; Bg storesthe C valuetimesthe opacityA. We denote
premultipliedcolorsC to avoid confusion.

Figure 6: Left: aregular texcell. Middle: a silhouettetexcell (fac-
ing thecamen) with andwithoutclipping of theemptytop. Right: a
sideview of it.

5. Regulartexcells

Following [LPFHO] we preferusingwheneer possiblethe
canonicaklicing parallelto the landscapdecausédt canbe
obtainedsimply by offsettingthe basesurface.This lets us
rely on a setof 2D texturesinsteadof 3D textures,which

7 As with all 3D textures,the 2D slicessimply rely on (u,v,w) tex-
turecoordinatesttheir verticespointingat the correct3D location.
Sorotatingslicesandupdatingthe (u,v,w) accordinglydoesnotro-
tatetherepresenteéeatures.

¢ TheEurographic#Association2004.

avoids the problemsdescribedn section3, andis ef cient

sincethe geometrydoesnot needto be rekuilt andtrans-
ferredfrom the CPU at eachframe (bus transfercanbe an
importantbottleneckin applicationsusingcomplex geome-
try). Our goalis to de ne a multiscalemodelof volumetric
texture. This requirescorrect Itering. We show in this sec-
tion that sincethe slicing directionis constantwe canim-

prove uponlinearinterpolationby ef ciently emulatingnon-
linear3D Itering. This providesusa degreeof freedomto
controllevelsof detail.

Our representation

As explainedin section3 and g. 4, 3D ltering shouldnot
be linear: the dataalong the slicing plane and the slicing
directionmustbetreatedseparatelylnsteadof 3D textures,
we rely on a setof 2D texturescorrespondingdo the slices.
Each2D texture hasanassociated1IP-mappyramid (since
linear Itering 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 Sy this level.
At level § we have 2' slices (representingan aggreation
of 2N 1 slicesfrom the nest level). The sizeof texturesat
level § is ¥+ . Eachtexture, at every level, is MIP-
mapped.

Creatingthe texture set

As explainedin the previous sectionthe basetexturesof S,
correspondo the original un ltered 3D volume(createdf-
ine).

A setS could be generatedhe sameway as Sy by ren-
deringthicker slicesof geometrybut we canobtainthesame
resultwith no extrarenderingoy blendingthetexturesin Sy
usingthe transparenc equationCsrort + (1 Atront)Cohack:
the2D textureS[j] (i.e.the " sliceof thesetS) is obtained
by blendingS+ 1[2j] and S+ 1[2] + 1]. Theneachresulting
2D textureis MIP-mapped.

s A

I

Figure 7: Right slicingreal geometryusingclipping planes Left:
Pyramidof 2D texture setsS;i = 0::n.

Rendering

We cannow freely tunethe numberof slicesto implement
levels of detail: We setthe slicing rateaccordingto the dis-
tanceto theobsererandto theincidenceangle.If bestqual-
ity is requiredwe activatethe hardwareanisotropicltering
(very ef cient onrecenthardware,but availableonly for 2D
textures),which makesthemagandmin ltering really cor
rectin thethreedirections.

A last issuearisesbecausehe distancebetweenslices
alonga ray dependsn theray (see g. 8): at grazingan-
glesthesamplingis coarse Sincethe samenumberof slices
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aretraversedasfor normalincidencethe sametotal opacity
is obtaineddespitethelongerpathwithin thevolumetrictex-
ture.Sothe opacityof slicesmustbe adjustedo accountfor
therealsamplingrate:A(dl) =1 (1 A(d)) 7 whereA(dl)
is the opacityalonga lengthdl. We approximatethis using
the rst termsof the Taylor series:A(dl) %;A(d). Values
greaterthan 1 are clamped,so opaquevoxels are handled
correctly The dlstanced\, betweentwo slicesalong a ray

(seegq. 9)i ISSZ]i—O—]

with 'N thenormaltotheter
rain, V the view direction, !z
the vertical and s; the vertical -
scaling (in casethe height of
the mappedforestdiffers from
the original forestsample).So
we have to setan opacitymul-

Figure 8: Opacityfactor

tiply factorat eachvertex thatwill bein-

N
pa= %j 's—'él
terpolatedon thefaceandmultiplied by the texture (modu-

late  mode)during rasterization.Note thatthis caneasily
bedoneby avertex shader

6. Silhouettetexcells

The previous modelis ef cient andaccurateaslong asthe
incidenceis notgrazing:in suchcasethe parallaxerrorgets
high and one might even seebetweenthe slices. This sit-

uation correspondgo 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.

7

P

= - O

Figure 9: Left: Theprismshapetexcell. Middle: Tilting the base
triangle to facethecamean. Right Theslicedvolume

Tilting the slices

We tilt the slices(see g. 9) by moving verticesvertically.
This allows usto transformpolygonspre-storecbnthe GPU
insteadof creatingthemfrom theCPU,avoiding abustrans-
fer bottleneck.

Given a prism of heighth!z and basetrianqle (PLPPs),
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 determlnethetlltlng of
(PP>P3) sothatit facesthecameraP =R+ k| Z; |— 1::3.

Letting (PYPIP)) facmgthecamerzarneansthatGP0 V= 0,

NI

[
ie,|k= $‘Z£.VM . Let kmin = min(k;) andkmax= maxk;)
(notethatkmin O0andkmax 0).

We have to setthe rst and last slices (PPPIPY) and
(P! Py 1P 1) soasto insurethatthe whole volume of
the prismis sampled( g. 9,right). Sincethe triangle slant-
ing addsa slopedy, = kmax  Kmin ( O- 9,rpidd|e),thes|iced
volumeis now a prismof height(h+ d;)'z andbasetrian-
gle (PPPIRY). (POPIPY) is averticaltranslationof (PPP9PS)
sothatthetrlanglelsmst below theground: P0 =R+ (k
kmax) z.The othersllcesaresmply obtalnedby offsetting
thebasetriangle:P! = PO+ (h+ d)'z;j=0:n 1.

However, for grazing view anglesthe slant goes to
innity, so we want to limit the slant (at the price
of an approximate facing). Let ky be the maximum
slant allowed and dﬁ = min(dy;km). We now have

Bk knad+ 7lp(h+ dO) 'z

ily implementecbn a vertex shaderln ourimplementation,
we choseky = 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 cullingdis-
cardsthetransparentragmentsput thesearestill rasterized.
The nev comingclip registers featurewill soonpermitto
clip theslice polygonsin thevertex shaders.

pij =R+ ,whichis eas-

Slicing rate and Itering

The slicessamplea MIP-mapped3D texture. This 3D lin-
ear ltering is justi ed assuminghe silhouettesaredistant:
whentheresolutionof the 3D textureis smallthe opacityof
thevoxelsis low, thusthe effect of occlusionis weak.

As statedin section3 GPUssetthe MIP-map level in-

" dependentf the slicing rate We mustensureinsteadthat

theslicing rate ts the MIP-maplevel. 3D MIP-mappingis
isotropicsothedistanced betweerslicesshouldnotbeless
thanthe “voxel' sizeor someinformationwill be lost. Vol-
umerenderingapplicationstendto choosehighersampling
ratesto improve thereconstructiorguality. But we preferto
improve renderingtime, sowe choosearateascloseaspos-
sibleto thevoxel size.Wehave d = n—ll(h+ dﬁ)!z :V.Fora

textureresolutionL3 andaMIP- maplevell wewantd = %'

n=1+ 5(h+ d°)z V|

whichimpliesthat

7. Aperiodic tiling

To avoid repetitvity whenmappingtexcells onto a terrain
we rely on the [NC99 aperiodicscheme(seesection?2).
Sinceourimplementatiorassumeshatthe texturesarepre-
shadedve cannotrotatethe patternswhich is the samesit-
uationasin [CSHDO03. We, too, considerseparatébound-
ary conditionsin eachdirection(see g. 10). In our casewe

¢ TheEurographicsAssociation2004.
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Figure 10: Top: Therefeencetexture (left) containingthe 8 edge-
matding triangular patterns.Thewrappingis slanted(the bottom
red and top yellow triangles shae an edg). We shearand wrap
the pattern(middle) to obtain a squae wrapping (right). Bottomn

aperiodictilings showingthe choices.

have 3 directions(triangulartiling). If we assume different
boundaryconditionsin eachdirection (indicatedby colors)
we have 8 possibletriplets, and thus 16 possibletriangles
(pointingnorthor south).To save memorywe choosea sub-
setof 8 triangles(4 pointingnorthand4 pointing south),so
asto useeachtriplet once.This neitherbreaksaperiodicity
norgenerateartifacts,asillustratedin g. 10. If highervari-

ability wererequiredwe could of coursekeepthe 16 tiles.

Moreover it is alsopossibleto build morethanonetile for

onegiventriplet+directioncombinationthisletsusto create
severalkind of forestpatchesandto accountfor rareevents
(e.g.ahighertree).

Storing the patterns

Storingthe patternsis anissuethat hasnot beendiscussed
in previouspapergo ourknowvledge:whenrenderinga pixel
closeto atile border the hardwarewill linearly interpolate
for bothmagandmin Iters. Thecolorstoredoutsidethetile
(taking the wrappingof the texture spaceinto account)will
beblendedwith theinsidecolorandthusmustbecoherento
avoid artifactson edgesWe managethis by arrangingthe 8
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tiles (shavn on g. 10,top-left)in therefeencetexture soas
to t theiredgeconstraint8. Sinceeachkind of edgeis used
by 4 tilesit appeardwice: we call thetwo edgessharingthe
sameboundaryconditiontwin edges In fact our wrapping
is slantedthe bottomgreenandtop grey trianglessharean
edge but only squarenrappingis tractableby hardwaretex-

tures.To obtaina squarewrapping,we shearandwrap the
pattern( g. 10,top-middle).The resulttexture is shawvn in

g. 10top-right. Two aperiodictilings shaving the choices
areshavnon g. 10,bottom.

Building the patterns
Theboundaryconditions( gured by edgescolorsin g. 10)
yield constraintasvhendrawing the contentof the reference
texture:

anobjectcrossingan edgeaxis mustbe replicatedon the
twin edge.This meanghattheneighborhoodsf twin edges
are correlated but not identical (only the contentsampled
exactly on their axis is identical). The smallerthe objects,
thelesscorrelatedhetwin edges.

Moreover, an object mustnever crosstwo edges(e.g. at
corners)or it would correlatethemandwould bereplicated
on half of thecells.

Whatever their content(2D, 3D, color, bump...),the pat-
ternshave to be built to respectthe constraintsabore. For
representindorestwe rely on geometricaimodels;numer
oustreemodelsareavailable(online or throughcommercial
packages)Eachtreecanberepresentedly aboundingdisk.
We rst placethetreesthatcrosstheboundarieswhich must
bereplicatedon thetwin edges(lt is agoodideato startby
placingonetreequite closeto a corner— without crossing2
edges- to avoid having avicinity bias). Thenwe canfreely
placethe othertrees(with only the constraintof not cross-
ing the triangle tile boundary).We did not implementan
automaticplacemenbf the objectspopulatingthe patterns.
[CSHDO03 describesiow to produceunbiasedPoisson-disk
distributions.

8. Results

Implementation

We have implementedregular texcells, silhouettetexcells
and aperiodicmappingdescribedn this paper comprising
the adaptve slicing andthe non-linear ltering. Neverthe-
less,ourimplementatioris limited:

- Scenesrelit by x eddirectionallights (in ourimagesa
singlelight is used).Shadingis precomputedndstored
in thetextures.

8 Here 8 triangletiles are used.If onewantsto usesquaretiles,
[DNO4] addresseshe problemof packingan arbitrary numberof
them.
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- Ourslicescannotherotatedbecauseurtextureincludes
thelighting), which increaseshe numberof tiles to cre-
ateto matchthe combinatoricof edgeboundarycondi-
tions.

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

- Wedid notuseary programmablshadertheregulartex-
cells' verticesare storedon the GPU in a vertex buffer,
and the silhouettetexcells are generatedby the CPU.
However, this did not slowv down the performancesince
thebottleneckis in thepixel Il rate.

- We used3DS-Maxfor settingthe referenceforestsam-
ple andpre-renderinghetextures.But theamountof ge-
ometryfor only 30 trees(300k polygonseach)madethe
interactive placemenbf treespainful,andtheray-tracing
shadaeving (compulsorywith clipping planes)no longer
worked, which explainsthe lack of shadevs in our tex-
cells.

- Thelack of realscene-wisshadingresultsin a constant
illumination of thelandscapeTo compensatthis, we es-
timate a pseudo-shadingorrespondingo the Lambert
lighting of theterrain.

Figure 11: Left: real geometryusedfor the refeencetexture.
Right correspondingexcells(withoutshadows).

Resultsand performance

All the computationsaredoneon a P4 at 1.7 GHz with a
GeForceFX5800graphiccard. Resolutionwas 640 480.
The size of volumetric datawas 128 slicesof 256 256
32bitstexturesyielding 12 Mb of compressedexture stor
ageon the GPU (3D texture + the 2D texture sets).Using
our implementationwe were able to map terrainswith a
denseforest. We shav our resultsin g. 12. In g. 11left
we canseetheoriginal forestpatternrenderedy the of ine
rendererFig. 11,right shovs the samepatterndisplayedin
real-timeby our program.Fig. 12,top (seg#1 on the video)
shawvs aterrainmappedwith this pattern.Thereare576tiles
containing4 treeseach sothe scenancludesroughly 2300
trees.The framerateis 25 to 40 fps dependingon the view
andthetuningof parametersSilhouettetexcellsareabout4
timesmoreexpensve to renderthanregularones therefore
frameratedepend®nthenumberof renderedilhouettetex-
cellswhich varieswith theview directionandthethreshold
usedto switch betweerthetwo kind of texcells.

Fig. 12,bottom(seg#2 on the video) shawvs a morecom-
plex terrainwith moretexcellsmapped9212tilesrepresent-
ing atotal of 37000trees.The framerateis 20to 30 fps de-
pendingontheview andthetuningof parametersTheframe
rate is inversely proportionnalto resolution,which means
thatthebottlenecKiesin the Il rate.As onecanseeonthe
video, transitionsbetween_ODs of the sametype of slices
are quite unnoticeableTransitionsbetweenthe two differ-
enttypesof slices(regularandsilhouette)canbe noticeable
if onefocuseson it, but the poppingis weakand quite ac-
ceptablefor areal-timeapplication.

Limitations

- The main assumptiorfor volumetrictexturesis thatthe
vegetablecover hastextural characteristicsone cannot
expectto model a scenewith precisecontrol of given
trees.Conversely in the sequenc on the videowe un-
fortunately madea referencetexture including one re-
markabletree (high, narrav and dark). As a resultone
can seethe correlatedlocation of the rare instancesof
this treewhich arealignedwith thetiling. However, we
canincreasethe variability by creatingmoretiles than
the minimum set.Moreover, we canmix individual key-
elementswithin the foresttexture: usualgeometricob-
jectswill beinsertedcoherentlysince3D fragmentsare
generated.

- Anothercharacteristiof texturesis thatthey aremeanto
cover everythingcontinuouslyE.g.if theterrainincludes
cliffs, themappinghasto be cutaccordingly

- Somecharacteristicef the hardware (anddrivers)were
disappointingsuchasvariousproblemswith the 3D tex-
turesandnot sohigh performancén situationssupposed
to be acceleratedBut boardsand drivers are evolving
fast,sotheseissuesshouldbe x edsoon.

9. Conclusionand futur e work

We have describeda multiscaleschemefor real-timevolu-
metrictexturesby de ning new waysto representter , and
renderthemin real-time We alsointroducedanew aperiodic
schemewhich avoidsinterpolationartifactsattiles borders.

This lets us ef ciently renderlarge forestscenesSince
we computea correct ltering — in contrastto previous vol-
umetrictexture methods- we gethigh quality renderedm-
ageswhichis strengthenetly thefactthatwe generataon-
repetitve forests. Compareto previous real-timemethods
for renderinglandscapesvhich treatindividual treesrepre-
sentedby a few polygonswe shaw for the rst time awide
anddenseorestin real-timewith high quality standards.

Despiteour limited implementationwe have shovn that
our resultsare already corvincing: we can move interac-
tively above a large forestwhich shawvs a continuousrange
of treesize.The treeappeargeally 3D, in contrastto bill-
boards:we can move aroundthem and show full parallax
effectsin real-time,andatreenever popsin front of another

¢ TheEurographicsAssociation2004.
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Figure 12: Top: 576tiles, 2300treesin real-time(seq#1 onthevideo).
Bottom 9212tiles, 37000treesin real-time(seg#2 onthevideo).

Thereforethereis room to improve the featuresandtest
enormousscenesSomelimitations arelinked to the evolu-
tion of graphicshardware:we expect3D texturewill besoon
totally usable Betterhardwareculling (especiallyfor trans-
parentpolygons)would increasethe performancea lot: we
could draw the slicesfront to back and thus avoid useless
overdraving.

For future work, the mostimportantpoint to improve is
the dynamiclighting andshadaving: not only it is a useful
featurepersebut alsoit would let usrotatethe patterngdur-
ing the mapping.This would decreas¢he numberof neces-
sary3D patterngo store. Someexisting real-timeshadaev-
mappingschemesnightbe adaptedo our representatiorin
addition,dynamiclighting could be handledby usingpixel
shaderso computepervoxel lighting [CDNO04.

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

¢ TheEurographic#Association2004.
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