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Figure1l: Exampleof abillboardcloud: (a) Original model(5,138polygons)(b) false-colomrenderingusingonecolor perbillboardto shav
thefaceghatweregroupedon each(c) View of the (automaticallygeneratedy2 texturedbillboards(d) the billboardssideby side.

Abstract

We introducebillboard clouds— a newv approachHor extremesim-
pli cation in thecontext of real-timerendering.3D modelsaresim-
plied ontoasetof planeswith textureandtransparencmaps.We
presentin optimizationapproactto build a billboard cloudgivena
geometricerrorthreshold.After computingan appropriatedensity
functionin planespaceagreedyapproachs usedto selectsuitable
representate planes.A goodsurfaceapproximatioris ensuredy

favoring planeghatare“nearlytangent’to themodel. This method
doesnotrequireconnectyity information,butinsteadavoidscracks
by projectingprimitivesontomultiple planesvhenneeded For ex-

tremesimpli cation, our approaclcombineghe strengthf mesh
decimationandimage-baseimpostors.We demonstrateur tech-
nigueon a large classof models,including smoothmanifoldsand
compositeobjects.

CR Categories: 1.3.7 [ComputerGraphics]: Three-Dimensional
GraphicsandRealism
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1 Introduction

An importantchallengen computergraphicsis to adapttherepre-
sentationof a modelto the available resourcesby constructinga
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simpli ed modelthatguaranteesn “optimal” combinationof im-

agequality andrenderingspeed.Note thatmodelsimpli cation is

not requiredsolely for performancereasons.As modelsbecome
more precisegeometrically they typically incorporatesmallerde-

tails, and the limited resolutionof the display producesaliasing.
The model should thereforebe pre- Itered to minimize artifacts
suchas ick eringanddisappearingbjects.

Mesh decimationhas dramatically progressedand techniques
suchasedgecollapsepermitef cient andaccuratesimpli cation,
e.g.,[HeckbertandGarland1997;PuppoandScopignol997;Lue-
bke 2001]. However, thesemethodswork beston nely tessellated
smoothmanifolds,andoftenrequiremeshconnectiity. Moreover,
the quality of the simpli ed modelbecomesunacceptabléor ex-
tremesimpli cation (lessthana couple hundredpolygons): The
natureof the simpli cation primitives— opaquetriangles— makes
it dif cult to treatcomple, disconnectedbjectssuchastrees.An-
othergreatdif culty with extremesimpli cation is maintainingvi-
sualdetail. Largemodelscombiningmary differenttexturesarees-
peciallydif cult to simplify, sincesomeverticeshaveto beretained
in the modelbecausehey play a specialrole astexture coordinate
holders.Thereforen situationssuchasgameauthoringextremely
simpli ed modelshave to be optimizedmanually

Ontheotherhand,image-basedcceleratioris very ef cient for
distantscenery asit can naturally fuse multiple objects,but of-
fersonly limited parallaxeffects. As aspecialcasepillboardsarea
popularrepresentatioto representomplex geometrysuchastrees.
They consisteitherin a singletexture-mappedectanglekept par
allel to the imageplane,or in two rectanglesarrangedasa cross.
They work well in the distance but the planesbecomeunaccept-
ably conspicuousvhenthe viewpoint getscloser resultingin the
“cardboard-selook;” aboutwhich gamerscomplain.

This paperintroducesanew approacHor extremesimpli cation,
i.e. the simpli cation of comple static3D modelsto a few prim-
itives. We proposea new representatiofior the model,composed
of asetof planarpolygonswith textureandtransparencmaps.We
call thisrepresentation billboard cloudto emphasize¢he comple
anduncorrelatedyeometryof the billboards. Previous techniques
typically performwell only on eithersmoothconnectednanifolds
or on distantgeometrywith few parallaxeffects. Billboard clouds
effectively bridgethis gapandpermitextremesimpli cation of ar
bitrary models with goodvisual delity includingappropriatgar



allax andsilhouettes.We stressthat our methodis not competing
with meshdecimationfor the creationof nely tessellatedsimpli-

ed models.Ratherit is complementargndaimedat extremesim-
pli cation, wherethe small numberof primitivesin the simpli ed

modelmakesmeshsimpli cation lessattractie.

1.1 Previous work

Our techniqueis relatedto a large body of work, sinceit offersa
continuumof simpli cation —from asinglebillboardto ageometric
representatiosimilar to faceclustering.

Meshdecimation.e.g. [HeckbertandGarland1997; Puppoand
Scopignol997; Luebke 2001] hasmostly focusedon the simpli -
cationof singlemanifolds wherethesimpli ed modelhasthesame
topologyastheinput. Silhouetteclipping [Sanderet al. 2000]dra-
maticallyimprovestherenderingquality, but sufersfrom thesame
limitation to manifolds. Thereare notableexceptionsthat meige
differentmanifolds,suchasvertex clustering[RossignaandBor-
rel 1993; Luebke and Erikson1997; Low and Tan 1997], the use
of lower-dimensionalmanifolds[Popoic and Hoppe 1997; Low
and Tan 1997], or the use of virtual edges[Garland and Heck-
bert 1997; Erikson and Manochal999]. Thesetechniquesvork
extremely well when the size of the simpli ed representations
moderatg(several hundredsor thousand®of polygons). However,
for extremesimpli cation, they suffer from the inherentlimitation
of opaquepolygonsor simplicesfor representingomplex geome-
try. Moreover, the handlingof multiple texturesis not trivial, and
basically requiresthe computationof new textures[Cohenet al.
1998;Cignonietal. 1998;Sandeetal. 2000]. While our approach
doesalsorequirenen textures,we make this texture computation
aninherentpart of the representationyhich essentiallydecouples
texture and geometriccompleity, while allowing comple trans-
pareng effects.

Our techniques closelyrelatedto superces[Kalvin andTay-
lor 1996] andfaceclustering[Garlandet al. 2001; Shefer 2001],
which group connectedsetsof nearly coplanarfaces. Computer
vision hasalsostudiedtechniquego clusterarangeimageinto pla-
narregions,e.g. [Faugerast al. 1983]. Theseapproachesequire
appropriatetriangulationto be renderedoy currentgraphicshard-
ware,increasinghe numberof primitives. A key differenceis that
our techniquedoesnot requireconnectiity of the clusteredfaces.
This allows us to treata larger classof inputs, suchasvegetation
andsmall partsof objects,andto performmoreaggressie simpli-

cation. Moreover, our useof transparengprovidesa muchmore
e xible andfaithful planarprimitive.

Maciel and Shirley proposedto replacedistantgeometrywith
view-dependenor view-independenimpostos [1995], which was
later extendedto a hierarchyof cachedimagesfacing the viewer
[Schau er and Sturzlinger1996; Shadeet al. 1996]. Meshedim-
postorse.g. [Sillion etal. 1997; Darsaet al. 1997], layereddepth
images[Shadeet al. 1998; Popesctet al. 1998] and layeredim-
postorgSchau er 1998; Décoretet al. 1999] have beendeveloped
to bettercaptureparallaxeffects,at the costof increasedendering
compleity. Othertechniquepermitbettertransitionsbetweerim-
postorsandgeometrye.g. [Aliaga 1996; Aliaga andLastra1998].
The The Deltatree proposesn encodingof referenceviews from
which new views canbe ef ciently generatedDally et al. 1996].
Talismangraphicshardwaresystemalsousesanimage-basedtrat-
egy to reducetheloadof the 3D enging[Torboig andKajiya 1996].
The approachby Aliaga et al. [1999] andWilson et al. [2002] is
particularyrelatedto ourtechnique They useanoptimizationstrat-
egy to choosehe placementf impostors.Their methodshowvever
arebasedon sampleviews, while oursrelieson a directanalysisof
themodel.

Oliveira et al. proposesan ef cient pre-warping schemefor
renderingcomplex geometryusing textured quads[Oliveira et al.
2000]. Parallel textured planessimilar to layeredimpostorshave
alsobeenusedto rendervolumetric objectssuchastreesor hair

[Meyer andNeyret 1998; Lengyel2000]. Max et al. [1999] have
developedspecializedtechniquego exploit the naturalhierarchy
of trees. Point-basedendering,e.g., [Levoy and Whitted 1985;
Grossmanand Dally 1998; Rusinkiavicz and Levoy 2000], and
surfels[P ster etal. 2000]areotheralternatve representationfor
fastdisplay that work well with complex objectssuchas vegeta-
tion. Our techniguecombineshoth the e xibility of the latter un-
structuredrepresentatiomndthe ef ciency of the morestructured
image-basetkchniques.

1.2 Billboar d clouds

We introducethebillboard cloudasanalternatve representationf
a comple static3D model. This representatioronsistsof a set
of textured, partially transparenpolygons(or billboard), with in-
dependensize,orientationandtextureresolution(seeFigurel). A
billboardcloudis built by choosinga setof planeshatcapturewell
the geometryof the input model, and by projectingthe triangles
ontotheseplanesto computethetextureandtransparencmapsas-
sociatedvith eachplaneof thebillboard. Texturescanalsoinclude
more than simple color information (e.g., normal mapsfor pixel
shaders)Billboard cloudsarerenderedy renderingeachpolygon
independently

A majoradwantageof billboard cloudsis thatno topologicalin-
formation(suchaspolygonconnectiity) is required.Moreover the
visualcompleity of thebillboardcloudresultsmainly from thetex-
ture,andno comple« boundarydescriptions necessaryMary pre-
vious techniquedor acceleratedlisplay of complex modelshave
emplo/ed the notion of multiple, partially transparenpolygons,
andcanindeedbe seermasspecialcasef billboard clouds.

We expressthe generatiorof a billboardcloudfrom a 3D model
asanoptimizationproblemde ned by anerrorfunction,anda cost
function. We usean error metricbasedn the EuclideanLy norm,;
it is computedin object-spacandis view-independent.The cost
functioninvolvesthenumberof planesandthecompactnesef tex-
tures.

We thenusean errorbasedconstructionstratgy. A maximum
tolerableerror e is set,andthe aim is to build the billboard cloud
respectinghis thresholdwith the minimum cost. Our algorithmis
a greedyoptimizationin thatwe iteratively selectplanesthat can
“collapse”the maximumnumberof faces.This selectionis based
onadensitycomputedn adiscretizedversionof planespace:The
densitytellsustheamountof faceghatcanbesimpli ed by aplane.
Faugerat. alhave studiedthis problemof tting planesto asetof
primitives[Faugera®tal. 1983]. Their approaclhis to successiely
mege adjacentprimitives while enforcingthe error bound. This
approachis alsousedby Garlandet. alto clusterfaces[Garland
etal. 2001]. Our solutiondoesnotrely on memging but on arepre-
sentationof planespacewheredominantplanesof the modelcan
bedirectlyidenti ed.

In Section2, we de ne densityandexplain how to rasterizethis
qguantityontoa grid in planespace.Our greedyplaneselectionis
thendescribedn Section3.

2 Density in plane space

In orderto estimateherelevanceof planeswe computeadensityin

planespace.Densityis de ned usingthreeimportantnotions: va-
lidity, coverage andpenalty Validity is binaryandassesseshether
aplaneis avalid simpli cation of aface.Coverageincludesanad-
ditional notion of representatiomuality. Finally, penaltyprevents
undesirablelanes We de ne thedensityd P of aplaneP as:

dP cCP PenaltyP 1)
whereC P is the coverage, thatis the “amount” of facesf for
which P is a valid representationWe will seein Section2.2 how
thisis estimatedWe clampd P to zeroto ensurepositive values.



We considerorientedplanes thatis, the orientationof the normal
matters.

2.1 Validity

We usethe following error criterion: the Euclideandistancebe-
tweena point andits simpli cation shouldbe lessthane. This
meanghata pointis allowedto move only in a sphereof radiuse.

We saythata planeP yields a valid representationf a point v
if thereexists a point p on P suchthat vp e. We de ne the
validity domainof v asthe setof planesthatcanrepresenit, which
we denoteby valide v . It is the setof planesthatintersectthe
sphereof radiuse centerecnv.

A planeis valid for apolygonif it is valid for all its vertices.The
validity domainvalide f of afacef is theintersectiorof the va-
lidity domainof its vertices.Geometricallythis correspond$o the
setof planesintersectinga setof spheresWe will interchangeably
saythatafaceis valid for aplane,andthatthe planeis valid for the
face.EachplaneP is associateavith asetof valid primitivescalled
its validity set which we notevalide P . Withoutlossof general-
ity we will considerall polygonsto be triangles,althougha major
bene t of our approachs thatmodelsneednot betriangulated.

The notion of validity de nes our simpli cation problemasa
geometriccover: We wantto nd a minimal setof planes P
suchthatfor eachprimitive f of the scenethereexistsatleastone
i suchthat f valide P, . Geometriccaver problemsare known
to be NP-hard,andthe discreteversion,the setcaver problem,is
NP-complet§Hochbaum1997].

2.2 Coverage

Thesizeof thevalidity setof aplaneis agoodinitial estimateof its

relevance. Using only this estimate hawever, would label a plane
covering several very smallfacesasmorerelevantthanonecover

ing a singlelarge one,which we olviously do not want. Therefore
we weight eachvalid faceby its projectedareaaregp f , de ned

astheareaof theorthographigrojectionof thefacein thedirection
orthogonato planeP. Thisputsmoreweightonlargefacesandfa-

vorsplanesparallelto thefaces.The coverageusedin equation(1)

is thereforecomputedwith :

CcP a
f valide P

aregp f 2

2.3 Penalty and tangency

We introducea penaltythat preventsplanesthat missprimitivesin

their neighborhoodThis addressethe classicapitfall with greedy
algorithms: A choicefor one iteration might be locally optimal,
but canresultin poor overall performancebecausehe remaining
problemis lesswell conditioned. In our case,the missedprimi-

tiveswould thenbehardto simplify. In contrastour penaltyfavors
planesthat are quasi-tangento the model, and that do not miss
primitivesin onedirection.
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Figure2: Neartangeng andpenaltydueto missedprimitives.

Considerthe exampleof Fig. 2 wherewe wantto simplify ates-
sellatedsphere. The planewith optimal coverageis the one that

coversexactly asphericalens(Fig. 2 (a)). However, dueto thedis-
cretizationwe useto evaluatecoveragewe might selecta slightly
translatedplaneendingup with a billboard asindicatedon Fig. 2
(b). To prevent this, we let eachface of the model penalizethe
planesthat would “miss” them. Considerfor examplesface f on
Fig. 2 (c). For agivennormaldirectionn, thevalid planedfor f are
theonesbetweerP; andP,. Ontheleft of P,, planeswill “miss” f.
We introducethe missingsetmiss f asthesetof planesthatare
“almost” valid for f. More precisely a planeP with unit normaln
missesf if P valide f andif thereexistsaplaneP  valide f
suchthatP istheimageof P by atranslationof anwith0 a e
(Fig. 2). Thus,in agivendirection,valide f andmisg f aretwo
contiguoussegmentsof length2e ande. Notethatmisg f ison
only onesideof valide f . Thisdirectiondependengis quiteim-
portantfor therobustnes®f themethod.Thequasi-tangentsnthe
left arecapturedoy the oppositedirection n.

TheconstrainD a ede nesthewidthfor miss f . Choosing
anin nite width would have restrictedusto planesthatarequasi-
tangento the corvex hull of theinput, while our width of e allows
usto capturefeaturesandholeslargerthane insidethe convex hull.

The penalty formula is then similar to the coverage,but it is
weightedmoreheavily.

& areap f (3)

f missP

PenaltyP  Wpenaty

In practice,we useWpenaty 10, but we notethatthe behaior of

the methodis robustto the settingof Wpenaty : We simply needa

weightthatis large enoughto stronglypreventthe choiceof planes
thatmissprimitives.

2.4 Discretization of plane space

We estimatedensityin a discretizedplanespace We parameterize
planesusingthe sphericalcoordinatesq j for the normaldirec-
tion, andthe distancer to theorigin. Thisis the 3D equialentof
the Houghtransform[Hough 1962]. This parameterizatioms not
uniform and hassingularitiesat the poles, but this is not a prob-
lem for our approach:Someportionsof planespacewill simply be
oversampled.

In this parametespacethesetof planegyoingthroughapointof
theprimal spacede nesasheetr f qj , asshavnin Fig. 3(b).
Thevalidity domainof avertex is theervelopede ned by thesheet
translatedy eand einther dimensionFig. 3(c)). Thevalidity
domainof atrianglef is theintersectiorof theervelopesof its three
vertices.

We useauniformdiscretizatiorof this parametespacento bins
By iri» @and computea densityvalue for eachbin. A nave ap-
proachwould usethe densityin the centerof the bin (sampling).
Thiswould resultin artifactsbecausesomecontritutionswould be
overlooked. Wethereforeuseamoreconserative rasterizationFFor
agivenfacef, we considerall binsthatintersectvalide f . Such
bins aresaidto be simplyvalid in the sensethat thereexists one
planein thebin thatis valid for f. This canalsobe seenasusinga
box lter beforesampling.We usethis plane-spaceensityonly as
aguidefor the selectionof planes,andif abin is simply valid for
alargenumberof facesthereis usuallya planein the bin or in its
neighborhoodhatis valid for alarge subsebf them.

The densityof a bin d B is obtainedby summingthe cover
ageandpenaltyvaluescontritutedby the setof facesvalide B for
whichit is simplyvalid. This canbecomputecef ciently, with iter-
ationsonly ontheq j coordinatesavoidingafull g j r loop. For
eachfacef, andeachdirection ¢; j j , weconseratively compute
therange[r min, I may thatintersectvalide f (seeappendix).We
computeC f , whichis constanfor thegivendirection,andaddit
asa coverage valueto the binsbetweerr min andr max (in blueon

gure 4) andasa penaltyto thebinsbetweerr i,  eandr min (in
red). To accountfor aliasing,C f is weightedby the percentage
of thebin thatis covered(binsi, j andk on gure 4).
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Figure 3: Densityin planespace. (a) Scenewith face f andits threeverticeshighlighted. (b) Setof planesgoing througheachvertex.
representedn planespace. The planeof f correspondgo the intersectionof the threesheets. (c) Validity domainof eachvertex. (d)
Discretizedvalidity domainof f. (e) Coveragefor thewholehouse We clearlysee6 maxima(labelled)correspondingo the 4 sidefacesand

the 2 sidesof theroof. Notein additionthe degeneratenaximumthatspansawholerow for f

theplaneof theground.
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Figure4: Rasterizatiornin planespace.

Greedy (inputmodel,thresholde)
setof facesF =inputmodel
billboardcloudBC =0
whileF 0

Pick bin B with highestdensity

Computevalids B

P, =Re neBin (B, validf B )

UpdateDensity(alids P, )

F=F validf P

BC=BC R
ComputetexturesBC)

Figure5: Pseudocodef the greedyselectionof planes.

3 Greedy optimization

Now thatwe have de ned andcomputecadensityover planespace,
we presentour greedy optimization approachto selecta set of

planesthat approximatethe input model. We iteratively pick the

bin with the highestdensity We thensearchfor a planein the bin

thatcancollapsethe correspondingetof valid faces.This mayre-

quireanadaptve re nementof thebin in planespaceasexplained
belon. Oncea planeis found, we updatethe densityto remove the

contritution andpenaltydueto the collapsedaces.andproceedo

thenext highest-densitpin. Onceall thefaceshave beencollapsed,
we computethe correspondingextureson eachplane.

3.1 Adaptive re nement in plane space

Our grid only storesthe simpledensityd B of eachbin, andfor
memoryusagereasonswe do not storethe correspondingset of
facesvalide B . Weiterateonthefacesthathave notyet beencol-
lapsedto computethosethatarevalid for B. Furthercomputations
for theplanere nementareperformedusingonly this subsebf the
model. We notequantitiessuchasdensityor validity setrestricted
to sucha subsebf facesk with thesuperscrip{: .

Recall that the density storedin our plane-spacgrid usesthe
simplevalidity, andthatthefacesthataresimply valid for a bin are
not necessarilyalid for all its planes.We thereforeneedto re ne
our selectionof abinto nd the densesplane. We subdvide bins

p 2. All valuesof g matchthesameplane:

Re neBin (bin B, setof facesF )
planeP = centerof B
if (valids P validf B)
return P
bin Brax=NULL
for eachof the 27 neighborsB; of B
Subdiide B; into 8 sub-binsB;;
for eachB;; Il thereis atotal of 8*27 such B;;
Computed® Bj;
i (dF Bij dF Bmax)
Bmax Bij
return Re neBin (Bmax validg Bmax )

Figure 6: Pseudo-cod®f recursve adaptve re nementin plane
space.

adaptvely until the planeat the centerof a sub-binis valid for the
entirevalidity setof the sub-bin(Fig. 6).

We allow there nementprocesgo explorethe neighborsof the
bin aswell. Indeed,becauseve usesimple validity, the densest
planecan be slightly outsidethe bin we initially picked, asillus-
tratedby gure 7. We usea simplestratgyy: We subdvide the bin
andits 26 neighborsandpick amongthese27 8 sub-binstheone
with highestsimpledensity

Figure7: Simpledensityin planespace Althoughbin B; hasmax-
imum simpledensity thedensesplaneis P, whichis in bin B,.

Bins arethenupdatedo remove the contritutionsandpenalties
of the collapsedfaces. We iterate over the facescollapsedon the
new planeand usethe sameproceduredescribedin Section2.4,
exceptthatcontributionsandpenaltiesareremared Thealgorithm
thenproceedsuntil all facesof themodelarecollapsedn planes.

3.2 Computing textures

EachplaneP, is assigned setof collapsedacesvalidg P during
thegreedyphaseWe rst nd theminimumboundingrectangleof
the projectionof thesefacesin the texture plane(usingthe CGAL
library[CGA n. d.]), thenwe shoota texture by renderingthefaces



using an orthographicprojection. Texture resolutionis automati-
cally selectedaccordingto the object-spacesize of the bounding
rectangle.

For properalpha-compositingndmip-mappingwe usea black
backgroundand precomposite@lpha[Porterand Duff 1984]. We
alsocomputea normalmapwhenrelightingis desired.

We obsere that aswith ary geometriccover technique,faces
canbelongto the valid setof several planes. A naturalsolution
to minimize “cracks” betweenadjacenthillboardsis thereforeto
rendersuchfacesontothetexturesof all planesfor which they are
valid. This operationis easily performedby renderingthe entire
scendn thetexture, usingextra clipping planesto restrictimaging
tothevalid zonearoundtheplane.Thistreatments legitimatesince
by de nition thereprojectionerrorin this valid zoneis sufciently
small.

3.3 Optimizing texture usage

In this sectionwe shaw how we canalsooptimizethecompactness
of textures. We notethatthe contrikution of a planeasde ned by
Eqg. 2 canbedueto primitivesthatarewidely separatedThis could
lead to billboardsthat contain mostly empty spaces. In orderto
alleviatethis, we includea stepthatrestrictsthe setof trianglesthat
areprojectedontoa planeto acompactet.

We modify the greedyalgorithm and restrict validg B toa
maximal compactsubset. We note that compactnessssuesare
usually dueto differentcomponentf the scenebeing collapsed
onto the sameplane. We can thereforeanalyzethe validity set
validg B into clustes anduseonly the clusterwith the highest
density

The bucket-like partitioningalgorithmby Cazalset al. [Cazals
etal. 1995]is ideally suitedto this task. We projectall the facets
in validg B ontotheplanein the centerof bin B. We iteratively
attemptto separatehis setalonga directiond. If the projection
of the facetsalongd containsan empty intenal, we split the set
valid'g B into two componentandonly keepthelargestone. The
sameprocedurds recursvely applieduntil the setcannotbe sepa-
rated.In practice we useadiscretizatiorof the 2D directionspace
into four directionsseparatetby 45 .

Therestof thegreedyalgorithmremainsunchangedit isimpor-
tantto notethatprimitivesin valid(': B thatwerenot selectedn
the largestcompactsetwill be handledby subsequeniterationof
the greedyselection.A planemight thereforebe selectednultiple
timesto handledifferentclusters.

4 Implementation and results

We demonstratehe resultsof our greedyoptimizationtechnique.
We have focusedon the visual quality of the results,without nec-
essarilyoptimizing for resourcaisage.The techniquealwayscon-

vergesandyields a billboard cloud whereall original faceshave

beencollapsedon (at least)a billboard, while enforcingthe error

bound. It is alsorobustwith respecto internalparametechoices,
suchastheresolutionof thediscreteplanespace.

The only input parametergo our algorithmare (a) an (object-
spaceorimage-spacegrrorthresholce and(b) thedesiredexel size
t in objectspace.In practicewe adviseto uset  5e becauseghe
texture alphamapencodeghe compleity of the silhouette which
leadsto visually richersimpli cation.

In all the examplesshavn below, we characterizéhe costof the
billboardcloudrepresentatioby (a) the numberof billboardsused
and (b) the numberof texels usedfor the entire collection of tex-
tures.We notethattraditionalmeshsimpli cation alsorequireshe
storageof additionaltextureif theappearancef the objectis to be
presered,e.g.[Cohenetal. 1998;Cignonietal. 1998;Sandeetal.

2000]. In particular if the original object containsmultiple tex-
tures,they needto beresampledn orderto preventobjectvertices,
in theirrole astexture-coordinatéolders to impedesimpli cation.
Billboard cloudsrequire more texels than traditional appearance-
preservingsimpli cation becausef emptytexels. Recall,however,
thatthis useof transparengyields a higherquality preseration of
the visualrichnessof silhouettes.Also notethat texture compres-
sioncantypically reducememoryrequirementdy afactorof 4 to 8.
Thetechniqueby KrausandErtl [2002] for adaptve texturescould
alsobeusedto dramaticallyreducethe costof emptyportions.

We usedasimplegreedypackingalgorithm[E. G. Coffmanetal.
1997]to storeall thetexturesof anentirebillboard-cloudinto asin-
gle texture, which optimizesmemoryusageand minimizestexture
switch.

Figure 8 shavs imagesof a numberof modelsandtheir corre-
spondingpillboardclouds.Notethatwe arein therangeof extreme
simpli cation, sincewe typically obtainfewer than200billboards.
Still, both the silhouetteandimportant3D structureof the objects
arewell capturedalsoseeaccompaying video).

We studiedthe numberof billboardsneedechsa functionof the
maximumerror (Fig. 9). From the cure in log-log units, we ob-
sene that the numberof billboardsappeargo be roughlyin 1 e.
Theregularity of thesecurvesis importantbecausét suggestshat
our errorbasedalgorithmcanbeusedin a budget-basetashionby
inverting the curve. The non-monotonicityat the end of the curve
is dueto the greedynatureof our optimizationmethod.
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Figure9: Cost/errorcurvesfor the castle,dinosaurandatree. The
x axisis thevalueof e (percentagef the boundingbox) andthey
axisis the numberof billboards. The leftmostcurvesarein linear
units,while therightmostcunwe is in log-log units.

# of error # of # of comp.

polys  bound planes texels  time(s)

Castle 4,064 6% 167 944k 49
Dino 4,300 6% 110 3,151k 51

Madcat 59,855 6% 171 1,638k 529.0
Eiffel 13,772 6% 40 658k 23

Figure 10: Statisticsfor the simpli cations presentedn Figures8
and11. Timingsmeasuren a2 GHz PentiumlV processomwith
NVidia GeForce4 Ti4600with 128MB.

Figure 11 shavs a casewhereparallaxandtransparengc effects
arevisually important,which would be extremelydif cult to sim-
plify usingothertechniques.

As shawn in thetablein Figure 10, computationtimesarerea-
sonablefor pre-computationput too long for online simpli ca-
tion. The compleity of the methodis essentiallyO kn wheren



Castle(167billboards)

Dino (110billboards)
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Figure8: Resultsfor multi-textured,possiblynon-manifoldmodels.Top row: polygonalmodel.Bottomrow: billboard clouds.

Figure11: An examplewith comple parallaxand transparenc
throughobjectparts.Left: polygonalmodel.Right: 40 billboards.

is the sizeof theinput, andk the numberof planesin the billboard
cloud (density computationis O n, and eachiteration costsan-
otherO n ). Note that the density computationcould be greatly
acceleratedby usingonly arandomsubseif faces.Sincedensity
is usedonly asa guidefor planeselectionthis shouldnot affectthe
behaior of themethod.

Tablel providesrenderingspeedatafor a billboard cloud. We
mustemphasize¢hatrenderingtime measurementarealwayshard
to interpret, becauseof large variability with hardware, context
switches andmeasuremenmnrotocols.Herewe renderednary in-
stance®f abillboard cloud multiple timesandtook the averageof
the framerateto deducea renderingtime per billboard cloud. Dis-
play listswereused andthetexturebindingwasperformedor each
instancg(which incursa penaltycomparedo a contet-sortof the
objects). The projectedwidth of the billboard was approximately
128pixels,whichis in therangeexpectedfor extremelysimpli ed
objects. Informal comparisonshav thatthe renderingtime for a
60-planebillboard cloud is comparableto that of a 250-polygon
simpli ed mesh. The precisevalidity domainof billboard clouds
andsimpli ed mesheshowever, deseresfurther studybecausef
therenderingspeedvariationsdiscussedabore. In particular bill-
boardcloudsareusuallylimited by Il ratesandthe costof context
switching.However usingabillboardcloudwith alargernumberof

planesoften doesnot signi cantly impederenderingperformance.
Similarly, using a large numberof instancescan dramaticallyre-
ducethe costof eachinstancepecausét greatlyreduceshe num-
berof contet switches.

If normalmapsare computedtogethermwith the textures,a bill-
boardcloudcanberelit in real-timeusingbumpmappingandpixel
shaderse.g. [Wynnn. d.], asdemonstrateéh Fig. 12. Billboard
cloudscanalso be usedfor simpleshadav effects, by projecting
them onto the ground plane or using projective texture mapping
[Segaletal. 1992] or texturedpolygonsusingonly the alphavalue
of thebillboardtextures.

Figure12: Relightingandshada example(29 billboards).

In orderto discussthe potential artifacts generatedby image-
basedechniquesye usethe typology proposedby Décoretet al.
[Décoretet al. 1999]: Billboard cloudsdo not suffer from defor
mationbecausen errorboundis usedfor their construction.No
resolutionmismatt occursbecausdexture resolutionis adaptve
in objectspace.More importantly we completelyalleviate the in-
completaepresentationssuesinceourimage-basecepresentation
is constructedn objectspaceandrepresentsill triangles. This is
at the costof potentiallydisplayingpartsof the modelthatarenot
visible. A stratgy suchasimage-or visibility-drivensimpli cation
couldalleviatethislimitation [LindstromandTurk 2000;Zhangand
Turk 2002]. Our methoddoesnot suffer from rubber sheeteffects
thanksto both our object-spaceonstructiorandour maximumer-
ror bound. The cradks are the only artifactsthat are not explic-
itly preventedby the method.They arehowever greatlyminimized
by projectingtriangleson multiple planes.We areworking on re-
ducingcrackartifactsby redistrituting trianglesandre-optimizing
planelocationsin a nal relaxationstep.

Indeed, when the numberof billboard becomestoo small, a



#billboards| 31 60 86 128 141

183 210 263 315 416 552

ms/frame

0.068 0.072 0.094 0.097 0.098 0.114 0.130 0.129 0.159 0.220 0.208

Tablel: Renderingime (in ms)for differentnumberof billboardsin the cloud. Boundingbox of screerprojectionis about128 128.

7 billboards 45 billboards 110billboards
Figure 13: Evolution of the crackswith respecto the numberof
billboards. 7 billboardsare not enoughto producea high-quality
simpli cation. Thegenerabppearance well-capturedput cracks
andthebillboard structurebecomeproblematic for examplein the
legs. In addition,somefeaturessuchasthe top of the heador the
tail seemdoubled. With morebillboardsthe cracksarenoticeable

only whenzoomed.

view-independentpproachcannotfaithfully capturethe appear
anceof an objectand cracksoccur (seeFig. 13 wherethe useof
only 7 billboardsresultsin cracks).

We mustemphasizegainthatbillboard cloudsarenotintended
to replacemeshsimpli cation for closeup®f objects.Insteadthey
areintendedor distantgeometryandcomple objects whenmesh-
simpli cation techniqguedecomeessattractie. In atypical appli-
cation,we believe thatbillboard cloudsandmesheshouldco-exist
in the sameway that gamescurrentlyuseboth meshesand cross-
billboardsfor trees.

5 Conclusions

We have introducedthe billboard cloud asa new representationf
3D models,which effectively decoupleghe visual or geometrical
propertiesof the scenefrom its original description.By operating
in planespacethealgorithmgainsalot of e xibility. We have pre-
senteda greedyoptimizationprocedurefor constructingbillboard
cloudsin an errorbasedapproachusing eitheran object-spacer
image-spacerrormetric.

Billboard clouds are effective in simplifying complex models
with multiple texturesinto a small numberof textured polygons.
Comparedo othersimpli cation methods pillboard cloudsmain-
tain precisesilhouettesaswell asinterestingparallaxeffectseven
into the rangeof extremesimpli cation. Additionally, the texture
resamplingstepandthe replacemenof detailedgeometryby tex-
turesallows muchbetter Itering of complex models,anddramati-
cally reducesliasingartifacts.

Our resultsdemonstrateéhe potential of this representationas
well asits e xibility. We planto extendour approacto the con-
structionof view-dependenbillboard clouds, wherethe simpli -
cation is valid for a restrictedregion of space. We believe that
view-dependenbillboard cloudswill facilitate even higherlevels
of simpli cation.

We believe thatthereexist mary otherapplicationgfor billboard
clouds,wherethe expressionof a complex sceneasa smallsetof
planarprimitivessimpli es further operationsthusthereis ample
roomfor interestingfuturework. This includescollision detection,
but alsosoft shadavs, wherethe planarnatureof billboard clouds
might leadto ef cient approximations.

Mary differenterror metricsshouldbe testedwith the method,
includingapplication-dependentiteria. A budget-basedptimiza-
tion method providing the “best” billboard cloudfor a given poly-
gon/texture budget,would be extremelyusefulandonly involve a
modi cation of the optimizationstage.

Depthorderingimprovestherenderingof semi-transparemoly-
gons.We planto investigatevhetherwe canapplytheideaof BSP
treese.g.constructiorto enhancéillboard cloud quality. Relight-
ing canbe improved by bettercombiningthe normalandshading
modelstoredwith eachbillboard. We currentlyusea simplediffuse
model,andthe correcthandlingof specularityrequiresthe ltering
of differentspeculacomponentshatprojectontothe samepixel.
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Appendix - Computation of rmin I' max

For eachvertex M; of the face,for a directiond; amongof the 4
directionsdelimitingabinin q f ,wecomputetherangerij i

of planesthat intersectthe spherecenteredn M;. It is given by
i VM; d; e Weuniontheserangeson j andintersecthem
oni, thatis r min ~ Max min; i andr max  min; max; i .In
the view-dependentase,we user ; VP! d; where P' P' s
thevalidity sggmentof V.
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