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Figure1: Sprucetreebeforeandaftertransition.(a)Shadedbasemesh(20610triangles),60FPS.(b) Wireframebase
mesh.(c) Shadedbillboardcloud(78billboards),300FPS.(d) Wireframebillboardcloud.
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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 challengingto renderlargeamountsof vegetationinteractively oncurrentgraphicshardware.Foliagein particular
presentsuniquechallenges:a meshrepresentinga maturetreemay contain10K to 30K small, unconnectedleaves
distributedin a volume. In anoutdoorscene,tensor eventhousandsof treesmight bevisible perframe,producing6
million to 1.8billion or moretrianglespersecond(TPS)at interactive rates.Throughputon theorderof 100million
TPSis perhapspossibleon high-endhardware,givencarefultuning. However, mostinteractive applicationssuchas
gamescanafford to spendonly a fractionof their renderingtimebudgetonvegetation.

Traditional trianglereductionmethodsfail whenappliedto foliage. Occlusionculling algorithmsrequirelarge
planaroccluders,yet leavesareall small, andform complex spatialarrangements.Meshsimpli�cation algorithms
requireconnectedmeshes,yet leavesaremostlyunconnected.

We proposethatfoliagecanberenderedef�ciently usinga new adaptationof billboard clouds[5]. A billboard is
a quadwith a �x edpositionandorientation,anda partly transparenttexturemappedonto it. A billboard cloud is a
setof billboardswhich approximatesa basetrianglemesh.Billboard planesarechosento align with nearlyco-planar
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trianglesin the basemesh. Trianglesareprojectedandrenderedonto the nearestbillboard to createthe billboard
textures.Traditionalbillboardcloudshave someniceproperties:

� Adjustable Accuracy A billboardcloudcanapproximatethebasemeshto adesiredvisualaccuracy, depending
on the numberof billboardsandthe texture resolution. In practice,acceptableaccuracy is possiblewith less
than100billboards.

� Realistic depth cues: Billboard cloudsarestationary, andoccupy a volumeof space.They provide correct
motionparallaxfor unrestrictedcameramovements.

� Anti-aliasing: Billboardsanti-aliassmall, adjacenttrianglesin the basemeshvia mipmapping.This is very
usefulfor our purposes,sincefoliageexhibits aliasingwhenrenderedasdiscreteleavesunlesssuper-sampling
is performed.

Weadaptbillboardcloudsto foliagerenderingwith thefollowing contributions:

� Stochasticcreation algorithm: Insteadof doing a principled optimization,we randomlysearchthe space
of billboards. In practiceour algorithm producesvisually acceptablefoliage LODs after a few minutesof
computation.

� Recursive Levels of Detail: Our billboardcloud creationalgorithmmay be given a billboardcloud asinput,
producinga secondbillboard cloud at a lower LOD. Recursive billboard cloudsseempossiblewith earlier
algorithms,but have notbeendiscussedexplicitly.

� Smoothtransitions: We linearly interpolateverticesto transitionbetweenthebasemeshandbillboardclouds
at lower LODs, without popping. Transitionswere not addressedin previous work becausetriangleswere
projectedontomultiplebillboards.

Thealgorithmactson a basemeshwhich representsfoliageasanunorderedlist of triangles(a “triangle soup”).
Oneor more trianglesmake up a leaf, which alsohasan optional texture map. Leavesareassumedto be uncon-
nected.We do not dealwith moreconnectedplantpartssuchastrunks,stems,or branches,for which effective mesh
simpli�cation algorithms[8, 9] alreadyexist.

As anexample,Figure1 shows screenshotsof a sprucetreerenderedin shadedandwireframemodes,just before
andjust aftera transitionfrom basemeshto billboardcloud. Thebasemeshon theleft containsabout20K triangles,
is vertex bound,andrendersat about60 FPS.Thecorrespondingbillboardcloudon theright contains78 billboards,
is �ll bound,andrendersat about300 FPS.Both shadedimagesareidenticallygamma-corrected,occupy the same
screenarea(about421by 512pixels),andarenearlyindistinguishable.

2 Background

A greatdealof researchhasbeendoneon LOD rendering,including meshsimpli�cation, image-based,andpoint-
basedrendering.Wegiveabrief, incompleteoverview of methodstargetedat vegetation.

Many interactivegameshaverepresentedentiretreeswith sprites, or singlebillboardswhichalwaysfacethecam-
era.Spriteshave incorrectdepthcuesanddonotallow generalcameramotions(e.g.,both�yo versandwalkthroughs)
unlesstexturesaredynamic. A recentgameengine[18] usesmultiple spritesfor clustersof leaves. This resultsin
surprisinglyconvincing foliage,especiallywith wind effects,but correctmotionparallaxis still missing.Gameartists
have built treesusingadhoccollectionsof spritesor billboards[11].

Generalizedbillboard methodscapturesomeof the depthcomplexity of the basemeshusingsetsof billboards.
Layereddepthimages(e.g.,[12, 16]) consistof parallel,alpha-mappedbillboardsarrangedalongthe line of sight.
Theseonly give correctdepthcuesfor limited, distantviewpoints. Smoothtransitionsseempossible,but are not
addressed.Image-basedrendering(IBR) approaches,which dynamicallyswitch billboard texturesto accountfor
changesin viewpoint andlighting, have alsobeenproposed(e.g.,[14]). However, largeamountsof storedtextureare
requiredto rendernearbytreesfrom generalviewpoints.

Billboard clouds[5] usestatictexturesandexhibit correctmotion parallaxfrom generalviewpoints. A discrete
optimizationalgorithmwasoriginally usedto �t billboardsto thebasemesh.Stepsweretakento minimizecracksand
favor tangentialplanes,to approximateconnectedmeshes.Subsequentpapersproposedotheroptimizationmethods[1,
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10, 13], andsuggestedmixing connectedmeshesfor treetrunksandbillboardcloudsfor treeleaves[2]. We recently
learnedof work which extendstheoriginal billboardcloudalgorithmspeci�cally for trees[7], andbrie�y mentions
recursiveLODsbut doesnotdescribesmoothtransitionsbetweenthem.

We alsonotethatpoint- andline-basedmethodshave beenusedfor renderingfoliage(e.g.,[19, 6, 4]). Pointsare
notwell supportedin currenthardware,but thesemethodsseempromising.

3 Algorithm

We usea randomsearchalgorithm to �t billboardsto triangles. Stochasticalgorithms,including randomsearch,
simulatedannealingandgeneticalgorithms,can�nd practical,approximatesolutionsto dif�cult optimizationprob-
lems[17].

We could uniformly samplethe spaceof planesthat intersectthe boundingsphereof the basemesh,but this is
expensive. As trianglesarematchedby billboardsandremoved,themeshbecomesincreasinglysparse.Thisdecreases
the likelihoodthata sampleplaneprovidesa good�t for any trianglesat all. Instead,we samplemoreef�ciently by
basingeachplaneon a “seed” trianglechosenat random. Pseudo-codeis given in Algorithm 1. The inputsto the
algorithmareN , thenumberof sampleplanesevaluatedperseedtriangle,and� , themaximumperturbationof each
seedtrianglevertex in objectspace.Brie�y , thestepsof thealgorithmareasfollows:

� Selecta randomseedtriangleTs from thebasemesh

� Perturbthe verticesof Ts by independentrandomdistances(� � < dj < � ) along the trianglenormal,and
considertheplaneB supportingthesethreelocations.

� EvaluateplaneB by iteratingover theremainingtrianglesT in themesh.If all vertices~vj of T arecontainedin
a slabof width 2� aboutplaneB , thenprojectT ontotheplane.Sumthetotal projectedareasfor all triangles.
If this is higherthanthecurrentmaximumarea,thensaveB asBmax , thebestplanefoundsofar. (Figure2)

� Repeatthe stepsabove N times and save the planeBmax with the most projectedarea. Remove triangles
matchedby Bmax from themesh.

� Repeatthestepsaboveuntil all trianglesarematchedby somebillboard.Thetotalnumberof billboardsis nota
parameter;it is implicitly determinedby � andN .
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Figure2: SeedtriangleTs, triangleT that is projectedonto billboardplaneB , andtriangleT1 that is not projected
becausesomeof its verticesdonot lie within distance� of B

We createthe texture for a billboardby �rst trimming thebillboard to �t its projectedtriangles(e.g.,using[3]),
thenrasterizingthetriangles.Wealigntheimageplanewith thebillboardby placingthevirtual cameraatthebillboard
center, settingtheviewport to matchthebillboarddimensions,andusingorthogonalprojection.Thetexture(viewport)
dimensionsarescaledrelative to thetextureof the largestboard,sotextureresolutionperunit arearemainsconstant
over the billboard cloud. Ambient anddiffuselighting arebaked into the textures. To correctlycapturedirectional
lighting, separatetexturesarecreatedfor thefront andbacksidesof a billboard. Thetexturesarereadbackfrom the
framebuffer andpackedontooneor morelargetextureswhicharestoredondisk.
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Algorithm 1 Randomsearchfor billboardplanes
Input: Mesh, N , �
Output: Setof billboardplanes

repeat
for i  1 to N do

maxarea 0
Ts  random“seed”trianglein Mesh
~nTs  normalof Ts

for all vertices~vj in Ts do f perturbtriangleverticesg
d  randomrealnumberin (� �; � )
~pj  ~vj + d � ~nTs

end for
B  makeBillboardPlane(~p)
~nB  normalof B
rB  distancefrom origin to B in normaldirection
area 0
for all trianglesT in Meshdo f projecttrianglesontoB g

if jr B � ~v � ~nB j < � for all vertices~v in T then
area area+ area(T) � j~nB � ~nT j f incrementprojectedareag
save referenceto T with B

end if
end for
if area> maxareathen

Bmax  B
end if

end for
addbillboardBmax to thesetof outputbillboardplanes
remove trianglesreferencedby Bmax from Mesh

until Meshis empty

WecangenerateaLOD hierarchy by applyingthisalgorithmrecursively, usingthebillboardcloudateachlevel as
input to producea billboardcloudat thenext level. To do so,we chooseseedbillboardsat random,anduseany three
of their verticesasthe seedtriangle. The LOD parameteris � ; increasingit producesfewer andcoarserbillboards.
Thetextureresolutionalsoshouldbedecreasedfor eachnew level. We foundthat increasing� by at leasta factorof
two andhalvingthetexturedimensionsat eachlevel producesgoodresults.Thevery lastLOD is a specialcase;we
choosetwo perpendicularbillboardsorthogonalto thegroundplaneandcuttingthecenterof thetreeboundingsphere.

Smoothtransitionsareachievedby linearlyinterpolating,or re-projecting,vertices.Referto Figure3,whichshows
the transitionfrom a triangleto the parent billboard at the next lowestLOD. Whenthe trianglereachesa distance
thresholdfrom the camera(a = 0), we begin sliding its verticestoward their orthogonalprojectionson the parent
billboard. Whentheinterpolationis �nished (a = 1), theverticesall lie in thebillboardplane,sothesilhouettedoes
not “pop” whenwe stopdrawing theverticesandbegin drawing thebillboard. Thetransitionis only noticeableif it
occursover tooshortadistance,or if theparentbillboardhasinsuf�cient textureresolution.Thedistancecomputation
andinterpolationcanbeef�ciently implementedin avertex program.

4 Results

We appliedthe billboardcloudalgorithmto spruce(Figure4) andmaple(Figure5) foliage from a commercialtree
library [20]. Eachmodelrequiredabouttwo minutesof preprocessingon a modernPCto createtwo billboardcloud
LODs. We show triangleandtexture statisticsfor the basemodelandthe two billboard clouds,andgive measured
framerates(FPS)vsviewing distance.Wealsogivevaluesof N and� for eachLOD, with � in unitsof R, thebounding
sphereradiusof thefoliage.Wefoundby trial-and-errorthatsettingN to about500producedanacceptablebillboard
cloudin lessthanaminute.
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Figure3: Transitionfrom trianglesto theparentbillboardusinglinearinterpolation.

Thex-axisof eachperformanceplot measuresZ , thedistancefrom thevirtual eyepointto thecenterof theunitized
meshboundingbox,plottedon a log scale.At distanceZ = Z0 = 1=(2 tan(� )) , where� is the�eld of view, thetree
exactly �ts theheightor width of thescreen.We only considerdistancesZ � Z0, andassumethatapplicationswill
usethebasemeshfor Z < Z0.

Datawascollectedfrom anOpenGL-basedrendererandanNVidia GeForce5900graphicscard,usinga scene-
graphlibrary [15] to manageresources.We enabled8:1 (DXT1) hardwaretexture compression.Framerateswere
measuredin softwareandaveragedover half-secondintervals. The viewing directionwas�x ed,andparallel to the
groundplane.

Theadvantageof using�ll boundbillboardcloudLODsis immediatelyclearfrom theperformanceplots.Thebase
meshis alreadyvertex boundat distanceZ0, sotheframerateremainsconstantat all furtherdistances.However, the
billboardcloudframerateincreasesaccordingto a power law (Z p; 1 < p � 2), until it becomesvertex boundat some
distance(e.g.log(Z=Z0) � 0:55 for thespruce,andlog(Z=Z0) � 0:35 for themaple).Applicationscansubstantially
increaseframerateby switchingfrom thebasemeshto abillboardcloud.

It is interestingto do a back-of-the-envelopememoryfootprint comparisonfor the basemeshandthe billboard
clouds. For example,the sprucebasemeshhasabout20K triangles. If we assumethat a trianglerequires18 �oats
(1 facenormal,plus3 positioncoordinatesand2 texturecoordinatespervertex), andeach�oat is storedin a 2 byte
compressedformat,thenthesprucetrianglesuseabout720KB. Thefootprintof abillboardcloudis dominatedby the
packedtextures.The�rst-level billboardclouduses1.33MBof texturememory, assuming8:1�x ed-ratiocompression,
and33%extra spacefor mipmaps.Thesecond-level clouduses166KB of texturememory. Sothe�rst-level cloudis
85%larger thanthebasemesh,andthesecond-level cloud is only 23%aslargeasthebasemesh.Currentgraphics
cardshave256MB of videomemory, which is probablysuf�cient to keepbillboardtexturesresidentalongwith other
applicationtextures.

5 Discussion

We encountereda numberof practicalimplementationissues.First, whena large billboard is viewed at a grazing
angleduring cameramotions,the planarityof the billboard is sometimesnoticeable.Isotropicmipmappingfurther
overemphasizesbillboardedges.

Thereareseveralwaysto addressthis problem.Enablinganisotropictexture�ltering helps,but at theexpenseof
framerate.Anothersolutionis to cull billboardswhenthe dot productof the unit view vector, ~e, andthe billboard
normal,~nB , is near90 degrees(j1 � ~e � ~nB j � 1). We could alsoresumedrawing trianglesin placeof the culled
billboard,perhapsinterpolatingthetrianglestowardtheir originalpositionsin thebasemesh.

Slightmodi�cationsto Algorithm 1 canimproveframerateandvisualquality. Limiting thesizeof billboardsoften
reducesthenumberof transparentfragments.This limit canbeenforcedby only projectingtrianglesthatarewithin a
givendistanceof theseedtrianglefor a billboard.Also, if a modelwill beviewedfrom a limited setof angles,visual
quality is improvedby favoringbillboardswhichhave ahighprobabilityof facingthecamera.

Texture packingis importantfor minimizing context switches.We useda simplebinary-splitpackingheuristic,
loopedover randomtexturesequences,andachievedpackingratiosof about85%.

Better hardware mipmappingand compressionwould be useful, e.g., the ability to mipmapnon-power-of-two
textures. Default hardwaremipmappingproduceddark fringesaroundsmall imageson our billboard textures. Evi-
dentlysometransparentpixelson thepackedtexturewereblendedwith opaquepixels.Wecorrectedthiswith custom
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Figure4: Statisticsandlog-linearperformanceplot for sprucetreebasemesh(Base)andbillboardclouds(BC1,BC2).
Z is theviewing distance,andZ0 is theminimumdistanceatwhich theentiremodelis in theview frustum.Thebase
meshis vertex boundfor Z > Z0. Thebillboardcloudsare�ll boundupto a limiting distance,andthusachievemuch
higherframerates.
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Figure5: Statisticsandlog-linearperformanceplot for mapletreebasemesh(Base)andbillboardclouds(BC1,BC2).
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mipmapcodewhich roundsalphavaluesto either0 or 1.
Sincelighting is bakedinto billboardsduringpreprocessing,we would like to experimentwith advancedlighting

models,e.g.,ambientocclusion,or path-tracedglobal illumination. The basemeshwould still usea local lighting
model,sosmoothtransitionsto it wouldbeaproblem.Still, the�rst-level billboardcloudmightprovideenoughdetail
for someapplications.Specularhighlightscould be addedto billboard texturesto simulateglossyleaves,provided
thatwesaveanormalmapwith eachbillboard.

We wish to reiteratethat our billboard cloud algorithmwasnot designedfor continuousmeshes(e.g., the Utah
teapot),for whicheffective trianglereductionmethodsalreadyexist. Neighboringtrianglesin acontinuousbasemesh
mayprojectontodifferentbillboardsin thecloud,resultingin visiblesurfacecracks.Stepscouldperhapsbeaddedto
thealgorithmto reducecracking,but wepreferto keepit simple.Cracksarenotanissuefor mostfoliage.

Finally, we believe thatbillboardcloudswould alsoimprove performancein a ray tracingprogram.Intersecting
rayswith a billboardcloudshouldbesubstantiallyfasterthanintersectingwith thebasemesh,andbillboard texture
anti-aliasingshouldreducetherequirednumberof raysperpixel.
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