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Figurel: Sprucetreebeforeandaftertransition.(a) Shadedasemesh(20610triangles) 60 FPS.(b) Wireframebase
mesh.(c) Shadedillboardcloud (78 billboards),300 FPS.(d) Wireframebillboard cloud.
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Abstract

We render tree foliage levels of detail (LODs) using a new adaptation of billboard clouds. Our contributions
are a simple and ef cient billboard cloud creation algorithm designed speci cally for tree foliage, and a
method for smooth transitions between LODs. The cloud creation algorithm performs stochastic search to
nd a set of billboards that approximate the base mesh. Billboard clouds offer an alternative to traditional
triangle reduction methods, which break down for foliage with its small, disconnected pieces of geometry.
By projecting foliage geometry onto large precomputed textures, our method shifts the bulk of the runtime
rendering to the fragment processing stage. This results in higher framerates for most viewing distances,
with adjustable visual accuracy. We give results for foliage from two fully detailed tree models and discuss
implementation issues.

1 Intr oduction

It is challengingo rendedargeamountsof vegetationinteractiely on currentgraphicshardware. Foliagein particular
presentauniguechallenges:a meshrepresentinga maturetree may contain 10K to 30K small, unconnectedeaves
distributedin avolume. In anoutdoorscenetensor eventhousand®f treesmight be visible perframe,producing6
million to 1.8 billion or moretrianglespersecond TPS)at interactive rates. Throughputon the orderof 100 million
TPSis perhapgossibleon high-endhardware, given carefultuning. However, mostinteractve applicationssuchas
gamescanafford to spendonly afractionof their renderingtime budgeton vegetation.

Traditionaltriangle reductionmethodsfail whenappliedto foliage. Occlusionculling algorithmsrequirelarge
planaroccludersyet leavesareall small, andform comple spatialarrangementsMesh simpli cation algorithms
requireconnectedneshesyetleavesaremostlyunconnected.

We proposehatfoliage canberenderedef ciently usinganew adaptatiorof billboard clouds[5]. A billboard is
aquadwith a x ed positionandorientation,anda partly transparentexture mappedontoit. A billboard cloudis a
setof billboardswhich approximates basetrianglemesh.Billboard planesarechoserto align with nearlyco-planar



trianglesin the basemesh. Trianglesare projectedand renderedonto the nearestillboard to createthe billboard
textures.Traditionalbillboard cloudshave somenice properties:

Adjustable Accuracy A billboardcloudcanapproximatehebasemeshto adesiredvisualaccurag, depending
on the numberof billboardsandthe texture resolution. In practice,acceptableaccuray is possiblewith less
than100billboards.

Realistic depth cues: Billboard cloudsare stationary and occupy a volume of space. They provide correct
motionparallaxfor unrestricteccameranovements.

Anti-aliasing: Billboardsanti-aliassmall, adjacenttrianglesin the basemeshvia mipmapping. This is very
usefulfor our purposessincefoliage exhibits aliasingwhenrenderedasdiscreteleavesunlesssupersampling
is performed.

We adaptbillboard cloudsto foliage renderingwith thefollowing contributions:

Stochasticcreation algorithm: Insteadof doing a principled optimization, we randomly searchthe space
of billboards. In practiceour algorithm producesvisually acceptabledoliage LODs after a few minutesof
computation.

Recursive Levels of Detail: Our billboard cloud creationalgorithmmay be given a billboard cloud asinput,
producinga secondbillboard cloud at a lower LOD. Recursie billboard clouds seempossiblewith earlier
algorithms but have not beendiscusseaxplicitly.

Smoothtransitions: We linearly interpolateverticesto transitionbetweerthe basemeshandbillboard clouds
at lower LODs, without popping. Transitionswere not addressedn previous work becausdriangleswere
projectedonto multiple billboards.

The algorithmactson a basemeshwhich represent$oliage asan unorderedist of triangles(a “triangle soup”).
Oneor moretrianglesmake up a leaf, which also hasan optionaltexture map. Leaves are assumedo be uncon-
nected.We do not dealwith moreconnecteglant partssuchastrunks,stems.or branchesfor which effective mesh
simpli cation algorithmg[8, 9] alreadyexist.

As anexample,Figurel shaws screenshotef a sprucetreerenderedn shadedandwireframemodesjust before
andjust aftera transitionfrom basemeshto billboard cloud. The basemeshon theleft containsabout20K triangles,
is vertex bound,andrendersat about60 FPS.The correspondingpillboard cloud on theright contains78 billboards,
is Il bound,andrendersat about300 FPS.Both shadedmagesareidentically gamma-correctedyccupy the same
screerarea(about421by 512 pixels),andarenearlyindistinguishable.

2 Background

A greatdeal of researcthasbeendoneon LOD rendering,including meshsimpli cation, image-basedand point-
basedendering.We give a brief, incompleteovervien of methodgargetedat vegetation.

Mary interactve gameshave representeéntiretreeswith sprites or singlebillboardswhich alwaysfacethe cam-
era.Spriteshave incorrectdepthcuesanddo notallow generacameramotions(e.g.,both yo versandwalkthroughs)
unlesstexturesaredynamic. A recentgameengine[18] usesmultiple spritesfor clustersof leaves. This resultsin
surprisinglycorvincing foliage, especiallywith wind effects,but correctmotionparallaxis still missing.Gameartists
have built treesusingadhoc collectionsof spritesor billboards[11].

Generalizedillboard methodscapturesomeof the depthcompleity of the basemeshusingsetsof billboards.
Layereddepthimages(e.g.,[12, 16]) consistof parallel, alpha-mappedillboardsarrangedalongthe line of sight.
Theseonly give correctdepthcuesfor limited, distantviewpoints. Smoothtransitionsseempossible,but are not
addressed.Image-basedendering(IBR) approacheswhich dynamically switch billboard texturesto accountfor
changesn viewpointandlighting, have alsobeenproposede.g.,[14]). However, large amountsof storedtextureare
requiredto rendemearbytreesfrom generaliewpoints.

Billboard clouds[5] usestatictexturesandexhibit correctmotion parallaxfrom generalviewpoints. A discrete
optimizationalgorithmwasoriginally usedto t billboardsto thebasemesh.Stepsweretakento minimizecracksand
favortangentiaplanesto approximateonnectedneshesSubsequemaperproposedtheroptimizationmethodg1,



10, 13], andsuggestednixing connectedneshedor treetrunksandbillboard cloudsfor treeleaves[2]. We recently
learnedof work which extendsthe original billboard cloud algorithmspeci cally for trees[7], andbrie y mentions
recursve LODs but doesnot describesmoothtransitionshetweerthem.

We alsonotethat point- andline-basednethodshave beenusedfor renderingfoliage (e.g.,[19, 6, 4]). Pointsare
notwell supportedn currenthardware,but thesemethodsseempromising.

3 Algorithm

We usea randomsearchalgorithmto t billboardsto triangles. Stochasticalgorithms,including randomsearch,
simulatedannealingand geneticalgorithms,can nd practical,approximatesolutionsto dif cult optimizationprob-
lems[17].

We could uniformly samplethe spaceof planesthatintersectthe boundingsphereof the basemesh,but this is
expensve. As trianglesarematchedy billboardsandremoved,themeshbecomeséncreasinglysparseThisdecreases
thelikelihoodthata sampleplaneprovidesa good t for ary trianglesat all. Instead we samplemoreef ciently by
basingeachplaneon a “seed” triangle chosenat random. Pseudo-codés givenin Algorithm 1. Theinputsto the
algorithmareN , the numberof sampleplanesevaluatedper seedtriangle,and , the maximumperturbationof each
seedrianglevertex in objectspaceBrie y, the stepsof thealgorithmareasfollows:

SelectarandomseedtriangleTs from thebasemesh

Perturbthe verticesof Ts by independentandomdistance§ < d; < ) alongthe triangle normal, and
considertthe planeB supportingthesethreelocations.

EvaluateplaneB by iteratingover theremainingtrianglesT in themesh.If all verticesy; of T arecontainedn
aslabof width 2 aboutplaneB, thenprojectT ontothe plane.Sumthetotal projectedareadfor all triangles.
If thisis higherthanthe currentmaximumareathensare B asB nax , thebestplanefoundsofar. (Figure2)

Repeatthe stepsabore N times and save the planeBnax with the most projectedarea. Remave triangles
matchedby Bnax from themesh.

Repeathestepsabore until all trianglesarematchedoy somebillboard. Thetotal numberof billboardsis nota
parameterit is implicitly determinecby andN .
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Figure2: SeedtriangleTs, triangle T thatis projectedonto billboard planeB, andtriangleT; thatis not projected
becaussomeof its verticesdo notlie within distance of B

We createthe texture for a billboard by rst trimming the billboardto t its projectedtriangles(e.g.,using[3]),
thenrasterizinghetriangles.We aligntheimageplanewith thebillboardby placingthevirtual cameraatthebillboard
centersettingtheviewportto matchthebillboarddimensionsandusingorthogonabrojection. Thetexture (viewport)
dimensionsarescaledrelative to the texture of the largestboard,sotexture resolutionper unit arearemainsconstant
over the billboard cloud. Ambientanddiffuselighting are baked into the textures. To correctly capturedirectional
lighting, separatgexturesarecreatedor the front andbacksidesof a billboard. Thetexturesarereadbackfrom the
framebuffer andpacled ontooneor morelarge textureswhich arestoredon disk.



Algorithm 1 RandomsearcHor billboardplanes
Input: Mesh N,
Output: Setof billboardplanes
repeat
fori 1toN do
maxarea O
Ts random“seed”trianglein Mesh
AT, normalof Tg
for all verticesv; in Ts do f perturbtriangleverticeg)
d randomrealnumberin( ; )
B v +d o
endfor
B  malkeBillboardPlangf)
g normalof B
rs distancefrom origin to B in normaldirection
area O
for all trianglesT in Meshdo f projecttrianglesontoB g
if jrg v ngj< forallverticesvinT then
area areat+ aredT) jag At]fincrementprojectedarea
savereferencdo T with B
endif
endfor
if area> maxareahen
Bmax B
endif
endfor
addbillboardB max to the setof outputbillboardplanes
remove trianglesreferencedy B o from Mesh
until Meshis empty

We cangeneratea LOD hierarcly by applyingthis algorithmrecursvely, usingthebillboardcloudateachlevel as
inputto producea billboardcloudatthe next level. To do so,we chooseseedillboardsatrandom,anduseary three
of their verticesasthe seedtriangle. The LOD parameteis ; increasingt producedewer andcoarserbillboards.
Thetextureresolutionalsoshouldbe decreaseébr eachnew level. We foundthatincreasing by at leasta factorof
two andhalving the texture dimensionsat eachlevel producegjoodresults. The very lastLOD is a specialcasewe
choosewo perpendiculabillboardsorthogonato thegroundplaneandcuttingthe centerof thetreeboundingsphere.

Smoothtransitionsareachiezedby linearlyinterpolating or re-projectingyertices.Referto Figure3, which shavs
the transitionfrom a triangleto the parent billboard at the next lowestLOD. Whenthe triangle reaches distance
thresholdfrom the camera(a = 0), we begin sliding its verticestoward their orthogonalprojectionson the parent
billboard. Whenthe interpolationis nished (a = 1), theverticesall lie in thebillboard plane,sothe silhouettedoes
not “pop” whenwe stopdrawing the verticesandbegin draving the billboard. The transitionis only noticeablef it
occursovertoo shortadistancepr if theparentillboardhasinsufcient textureresolution.Thedistancecomputation
andinterpolationcanbeef ciently implementedn avertex program.

4 Results

We appliedthe billboard cloud algorithmto spruce(Figure4) andmaple(Figure5) foliage from a commercialtree
library [20]. Eachmodelrequiredabouttwo minutesof preprocessingn a modernPCto createtwo billboard cloud
LODs. We shaw triangle andtexture statisticsfor the basemodelandthe two billboard clouds,andgive measured
framerategFPS)vsviewing distance We alsogive valuesof N and for eachLOD, with in unitsof R, thebounding
sphereadiusof thefoliage. We foundby trial-and-errotthatsettingN to about500producedanacceptabléillboard
cloudin lessthana minute.



Figure3: Transitionfrom trianglesto the parentbillboardusinglinearinterpolation.

Thex-axisof eachperformancelot measureg , thedistancdrom thevirtual eyepointto thecenterof theunitized
meshboundingbox, plottedon alog scale.At distanceZ = Zo = 1=(2tan( )), where isthe eld of view, thetree
exactly ts theheightor width of the screen.We only considerdistanceZ  Z,, andassumehatapplicationswill
usethebasemeshfor Z < Z.

Datawascollectedfrom an OpenGL-basedendererandan NVidia GeForce 5900graphicscard,usinga scene-
graphlibrary [15] to manageresources.We enabled3:1 (DXT1) hardwaretexture compression.Framerateswere
measuredn software and averagedover half-secondntervals. The viewing directionwas x ed, andparallelto the
groundplane.

Theadwantageof using Il boundbillboardcloudLODsis immediatelyclearfrom the performancelots. Thebase
meshis alreadyvertex boundat distanceZ o, sothe framerateremainsconstantt all further distancesHowever, the
billboardcloudframeratancreasesccordingto apowerlaw (ZP; 1< p  2), until it becomewertex boundatsome
distancde.g.log(Z=Zy) 0:55for thespruceandlog(Z=Z,) 0:35for themaple).Applicationscansubstantially
increasdrameratedy switchingfrom the basemeshto abillboard cloud.

It is interestingto do a back-of-the-ewelopememoryfootprint comparisorfor the basemeshandthe billboard
clouds. For example,the sprucebasemeshhasabout20K triangles. If we assumehata trianglerequiresl8 oats
(1 facenormal, plus 3 positioncoordinatesand2 texture coordinateger vertex), andeach oat is storedin a 2 byte
compressetbrmat,thenthe sprucetrianglesuseabout720KB. Thefootprintof abillboardcloudis dominatedy the
pacledtextures.The rst-le vel billboardcloudusesl.33MB of texturememory assuming:1 x ed-ratiocompression,
and33%extra spaceor mipmaps.Thesecond-leel cloudusesl66 KB of texture memory Sothe rst-level cloudis
85% largerthanthe basemesh,andthe second-leel cloudis only 23% aslarge asthe basemesh. Currentgraphics
cardshave 256 MB of videomemory whichis probablysufcient to keepbillboardtexturesresidentalongwith other
applicationtextures.

5 Discussion

We encounterec numberof practicalimplementationissues. First, whena large billboard is viewed at a grazing
angleduring cameramotions,the planarity of the billboardis sometimesoticeable.Isotropic mipmappingfurther
overemphasizelillboardedges.

Thereareseveralwaysto addresghis problem. Enablinganisotropictexture ltering helps,but atthe expenseof
framerate. Anothersolutionis to cull billboardswhenthe dot productof the unit view vector €, andthe billboard
normal,fg, is near90 degrees(j1 € RAgj 1). We could alsoresumedrawing trianglesin placeof the culled
billboard, perhapsnterpolatingthe trianglestowardtheir original positionsin thebasemesh.

Slightmodi cationsto Algorithm 1 canimprove framerateandvisualquality. Limiting the sizeof billboardsoften
reduceghe numberof transparenfragments This limit canbe enforcedby only projectingtrianglesthatarewithin a
givendistanceof the seedtrianglefor a billboard. Also, if amodelwill beviewedfrom alimited setof anglesyisual
quality is improved by favoring billboardswhich have a high probability of facingthe camera.

Texture packingis importantfor minimizing context switches. We useda simple binary-splitpackingheuristic,
loopedover randomtexture sequencesndachiezed packingratiosof about85%.

Better hardware mipmappingand compressiorwould be useful, e.g., the ability to mipmapnon-paver-of-two
textures. Default hardware mipmappingproduceddark fringesaroundsmallimageson our billboard textures. Evi-
dentlysometransparenpixelson the pacledtexturewereblendedwith opaquepixels. We correctedhis with custom
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Figure4: Statisticsandlog-linearperformancelot for sprucereebasemesh(Base)andbillboardclouds(BC1,BC2).
Z is theviewing distanceandZq is the minimumdistanceat which theentiremodelis in theview frustum.Thebase
meshis vertex boundfor Z > Z,. Thebillboardcloudsare Il boundupto alimiting distanceandthusachieze much
higherframerates.



Base BC1 BC2

12904triangles 132quadg(264triangles) 43 quadg(86 triangles)
256 128texture 2K 2K texture 1K 1K texture
N = 500 = 0:04 N = 500 = 0:10

700

600

" -0 Base
500+|==BC1
[~ BC2

400+

FPS

300

200 .

0 0.25 05 0.75 1 1.25

Figureb: Statisticsandlog-linearperformanceplot for mapletreebasemesh(Base)andbillboardclouds(BC1,BC2).



mipmapcodewhich roundsalphavaluesto eitherO or 1.

Sincelighting is bakedinto billboardsduring preprocessingye would lik e to experimentwith advancedighting
models,e.g.,ambientocclusion,or path-tracedylobal illumination. The basemeshwould still usea local lighting
model,sosmoothtransitiongo it would bea problem.Still, the rst-le vel billboardcloudmight provide enoughdetail
for someapplications. Speculathighlights could be addedto billboard texturesto simulateglossyleaves, provided
thatwe save anormalmapwith eachbillboard.

We wish to reiteratethat our billboard cloud algorithmwas not designedor continuousmeshegqe.g.,the Utah
teapot) for which effective trianglereductionmethodsalreadyexist. Neighboringtrianglesin acontinuousasemesh
may projectontodifferentbillboardsin the cloud, resultingin visible surfacecracks.Stepscould perhapseaddedo
thealgorithmto reducecracking,but we preferto keepit simple.Cracksarenotanissuefor mostfoliage.

Finally, we believe thatbillboard cloudswould alsoimprove performancen aray tracingprogram. Intersecting
rayswith a billboard cloud shouldbe substantiallyfasterthanintersectingwith the basemesh,andbillboard texture
anti-aliasingshouldreducethe requirednumberof raysper pixel.

Acknowledgments

This materialis baseduponwork supportedy the NationalScienceFoundationunderGrantNo. 0312479.

References

[1] ANDUJAR, C., BRUNET, P, CHICA, A., ROSSIGNAC, J., NAVAZO, |., AND VINACUA, A. Computingmaximal
tiles andapplicationto impostorbasedsimpli cation. Comput.Graph.Forum23, 3 (2004),401-410.

[2] BROMBERG-MARTIN, E., ARNI MAR JONSSON, MARAI, G. E., AND MCGUIRE, M. Hybrid billboardclouds
for modelsimplication. In Proceedingsf the 31stannual confeenceon Computergraphicsand interactive
techniques(2004).

[3] CGAL library, 2004. http://www.cgal.org.

[4] DACHSBACHER, C., VOGELGSANG, C., AND STAMMINGER, M. Sequentiapointtrees.ACM Transaction®n
Graphics22, 3 (July 2003),657—-662.

[5] DECORET, X., DURAND, F., SILLION, F., AND DORSEY, J. Billboard cloudsfor extrememodelsimpli cation.
In Proceeding®f the ACM Siggraph (2003),ACM Press.

[6] DEUSSEN, O., HANRAHAN, P. M., LINTERMANN, B., MECH, R., PHARR, M., AND PRUSINKIEWICZ, P.
Realisticmodelingandrenderingof plantecosystemsln Proceeding®f SIGGRAPH(1998),pp. 275-286.

[7] FUHRMANN, A., UMLAUF, E., AND MANTLER, S. Extrememodelsimpli cation for forestrendering. In
Natural Phenomen&005: EurographicsWorkshopon Natural Phenomeng2005), EurographicsAssociation,
pp.57-66.

[8] GARLAND, M., AND HECKBERT, P. S. Surfacesimpli cation using quadricerror metrics. In SIGGRAPH
'97: Proceeding®f the 24thannualconfeenceon Computergraphicsandinteractivetechniques(1997),ACM
Press/Addison-\asley PublishingCo., pp.209-216.

[9] HoPpPE, H. Progressie meshesIn SIGGRAPH96: Proceeding®f the 23rd annualconfeenceon Computer
graphicsandinteractivetechniques(1996),ACM Presspp.99-108.

[10] HUANG, I.-T., NoVINS, K., AND WUENSCHE, B. Improvedbillboardcloudsfor extrememodelsimpli cation.
In Proceeding®f Image and Vision Computing(2004),pp. 255-260.

[11] LUEBKE, D., REDDY, M., COHEN, J. D., VARSHNEY, A., WATSON, B., AND HUEBNER, R. Level of Detail
for 3D Graphics MorganKaufmann,2002.

[12] MAX, N. Hierarchicalrenderingof treesfrom precomputednulti-layer z-buffers. In EurographicsRendering
Workshop(Junel996),pp. 165-174.



[13] MESETH, J., AND KLEIN, R. Memoryefcient billboard cloudsfor btf texturedobjects. In Vision, Modeling
and Visualization2004 (November2004),B. Girod, M. Magnor andH.-P. Seidel,Eds.,Akademischeé/erlags-
gesellschaffka GmbH,Berlin, pp.167-174.

[14] MEYER, A., NEYRET, F., AND PoOULIN, P. Interactve renderingof treeswith shadingand shadevs. In
Proceeding®f the EurographicsWorkshopon Rendering2001),pp. 183—-196.

[15] OpenSceneGrapoftware,2005. http://www.openscergraph.og.

[16] SHADE, J., GORTLER, S. J,, HE, L. W., AND SzELISKI, R. Layereddepthimages.In Proceedingf SIG-
GRAPH98 (July 1998),ComputerGraphicsProceedingsinnual ConferenceSeries pp. 231-242.

[17] SPaLL, J. Introductionto stodhastic seach and optimization: estimation,simulation,and contol. Wiley-
Interscience2003.

[18] SpeedteeR software(Interactve DataVisualization,Inc.), 2005. http://www.idvinc.com/.

[19] WEBER, J., AND PENN, J. Creationandrenderingof realistictrees.In Proceeding®f SIGGRAPHAug. 1995),
pp.119-128.

[20] XFrogPlantamodelcollection,2005. http://www.greenverks.de/.



