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MIT LCS
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Figure1: Exampleof a billboardcloud: (a) Original model(5,138polygons)(b) false-colorrenderingusingonecolor perbillboardto show
thefacesthatweregroupedoneach(c) View of the(automaticallygenerated)32 texturedbillboards(d) thebillboardssideby side.

Abstract

We introducebillboard clouds– a new approachfor extremesim-
pli�cation in thecontext of real-timerendering.3D modelsaresim-
pli�ed ontoa setof planeswith textureandtransparency maps.We
presentanoptimizationapproachto build a billboardcloudgivena
geometricerror threshold.After computinganappropriatedensity
functionin planespace,agreedyapproachis usedto selectsuitable
representative planes.A goodsurfaceapproximationis ensuredby
favoringplanesthatare“nearlytangent”to themodel.Thismethod
doesnotrequireconnectivity information,but insteadavoidscracks
by projectingprimitivesontomultipleplaneswhenneeded.For ex-
tremesimpli�cation, our approachcombinesthestrengthsof mesh
decimationandimage-basedimpostors.We demonstrateour tech-
niqueon a largeclassof models,includingsmoothmanifoldsand
compositeobjects.

CR Categories: I.3.7 [ComputerGraphics]:Three-Dimensional
GraphicsandRealism
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1 Intr oduction

An importantchallengein computergraphicsis to adapttherepre-
sentationof a model to the available resources,by constructinga

�
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simpli�ed modelthatguaranteesan “optimal” combinationof im-
agequality andrenderingspeed.Notethatmodelsimpli�cation is
not requiredsolely for performancereasons.As modelsbecome
moreprecisegeometrically, they typically incorporatesmallerde-
tails, and the limited resolutionof the display producesaliasing.
The model should thereforebe pre-�ltered to minimize artifacts
suchas�ick eringanddisappearingobjects.

Mesh decimationhasdramaticallyprogressed,and techniques
suchasedgecollapsepermit ef�cient andaccuratesimpli�cation,
e.g.,[HeckbertandGarland1997;PuppoandScopigno1997;Lue-
bke 2001].However, thesemethodswork beston �nely tessellated
smoothmanifolds,andoftenrequiremeshconnectivity. Moreover,
the quality of the simpli�ed modelbecomesunacceptablefor ex-
tremesimpli�cation (lessthan a couplehundredpolygons): The
natureof the simpli�cation primitives– opaquetriangles– makes
it dif�cult to treatcomplex, disconnectedobjectssuchastrees.An-
othergreatdif�culty with extremesimpli�cation is maintainingvi-
sualdetail.Largemodelscombiningmany differenttexturesarees-
peciallydif�cult to simplify, sincesomeverticeshaveto beretained
in themodelbecausethey play a specialrole astexturecoordinate
holders.Thereforein situationssuchasgameauthoring,extremely
simpli�ed modelshave to beoptimizedmanually.

On theotherhand,image-basedaccelerationis veryef�cient for
distantscenery, as it can naturally fuse multiple objects,but of-
fersonly limited parallaxeffects.As aspecialcase,billboardsarea
popularrepresentationto representcomplex geometrysuchastrees.
They consisteitherin a singletexture-mappedrectanglekept par-
allel to the imageplane,or in two rectanglesarrangedasa cross.
They work well in the distance,but the planesbecomeunaccept-
ably conspicuouswhenthe viewpoint getscloser, resultingin the
“cardboard-setlook,” aboutwhichgamerscomplain.

Thispaperintroducesanew approachfor extremesimpli�cation,
i.e. thesimpli�cation of complex static3D modelsto a few prim-
itives. We proposea new representationfor themodel,composed
of asetof planarpolygonswith textureandtransparency maps.We
call this representationa billboard cloudto emphasizethecomplex
anduncorrelatedgeometryof the billboards. Previous techniques
typically performwell only on eithersmoothconnectedmanifolds
or on distantgeometrywith few parallaxeffects. Billboard clouds
effectively bridgethis gapandpermitextremesimpli�cation of ar-
bitrarymodels,with goodvisual�delity includingappropriatepar-



allax andsilhouettes.We stressthat our methodis not competing
with meshdecimationfor thecreationof �nely tessellatedsimpli-
�ed models.Ratherit is complementaryandaimedatextremesim-
pli�cation, wherethesmall numberof primitivesin thesimpli�ed
modelmakesmeshsimpli�cation lessattractive.

1.1 Previous work

Our techniqueis relatedto a large body of work, sinceit offers a
continuumof simpli�cation – from asinglebillboardto ageometric
representationsimilar to faceclustering.

Meshdecimation,e.g. [HeckbertandGarland1997;Puppoand
Scopigno1997;Luebke 2001]hasmostly focusedon thesimpli�-
cationof singlemanifolds,wherethesimpli�ed modelhasthesame
topologyastheinput. Silhouetteclipping [Sanderet al. 2000]dra-
maticallyimprovestherenderingquality, but suffersfrom thesame
limitation to manifolds. Therearenotableexceptionsthat merge
differentmanifolds,suchasvertex clustering[RossignacandBor-
rel 1993; Luebke andErikson1997; Low andTan 1997], the use
of lower-dimensionalmanifolds[Popovic and Hoppe1997; Low
and Tan 1997], or the use of virtual edges[Garlandand Heck-
bert 1997; Erikson andManocha1999]. Thesetechniqueswork
extremely well when the size of the simpli�ed representationis
moderate(several hundredsor thousandsof polygons). However,
for extremesimpli�cation, they suffer from theinherentlimitation
of opaquepolygonsor simplicesfor representingcomplex geome-
try. Moreover, thehandlingof multiple texturesis not trivial, and
basically requiresthe computationof new textures[Cohenet al.
1998;Cignoniet al. 1998;Sanderet al. 2000].While our approach
doesalsorequirenew textures,we make this texture computation
an inherentpartof therepresentation,which essentiallydecouples
texture andgeometriccomplexity, while allowing complex trans-
parency effects.

Our techniqueis closelyrelatedto superfaces[Kalvin andTay-
lor 1996] andfaceclustering[Garlandet al. 2001;Sheffer 2001],
which group connectedsetsof nearly coplanarfaces. Computer
visionhasalsostudiedtechniquesto clusterarangeimageinto pla-
nar regions,e.g. [Faugeraset al. 1983]. Theseapproachesrequire
appropriatetriangulationto be renderedby currentgraphicshard-
ware,increasingthenumberof primitives.A key differenceis that
our techniquedoesnot requireconnectivity of theclusteredfaces.
This allows us to treata larger classof inputs,suchasvegetation
andsmallpartsof objects,andto performmoreaggressive simpli-
�cation. Moreover, our useof transparency providesa muchmore
�e xible andfaithful planarprimitive.

Maciel and Shirley proposedto replacedistantgeometrywith
view-dependentor view-independentimpostors [1995],which was
later extendedto a hierarchyof cachedimagesfacing the viewer
[Schau�er andSturzlinger1996; Shadeet al. 1996]. Meshedim-
postors,e.g. [Sillion et al. 1997;Darsaet al. 1997], layereddepth
images[Shadeet al. 1998; Popescuet al. 1998] and layeredim-
postors[Schau�er1998;Décoretet al. 1999]have beendeveloped
to bettercaptureparallaxeffects,at thecostof increasedrendering
complexity. Othertechniquespermitbettertransitionsbetweenim-
postorsandgeometry, e.g. [Aliaga 1996;Aliaga andLastra1998].
TheTheDelta treeproposesanencodingof referenceviews from
which new views canbe ef�ciently generated[Dally et al. 1996].
Talismangraphicshardwaresystemalsousesanimage-basedstrat-
egy to reducetheloadof the3D engine[Torborg andKajiya 1996].
The approachby Aliaga et al. [1999] andWilson et al. [2002] is
particularyrelatedto ourtechnique.They useanoptimizationstrat-
egy to choosetheplacementof impostors.Their methodshowever
arebasedonsampleviews,while oursreliesona directanalysisof
themodel.

Oliveira et al. proposesan ef�cient pre-warping schemefor
renderingcomplex geometryusingtexturedquads[Oliveira et al.
2000]. Parallel texturedplanessimilar to layeredimpostorshave
also beenusedto rendervolumetricobjectssuchas treesor hair

[Meyer andNeyret 1998;Lengyel2000]. Max et al. [1999] have
developedspecializedtechniquesto exploit the naturalhierarchy
of trees. Point-basedrendering,e.g., [Levoy and Whitted 1985;
Grossmanand Dally 1998; Rusinkiewicz and Levoy 2000], and
surfels[P�ster et al. 2000]areotheralternative representationsfor
fastdisplay that work well with complex objectssuchasvegeta-
tion. Our techniquecombinesboth the �e xibility of the latter un-
structuredrepresentationandtheef�ciency of themorestructured
image-basedtechniques.

1.2 Billboar d clouds

Weintroducethebillboard cloudasanalternative representationof
a complex static3D model. This representationconsistsof a set
of textured,partially transparentpolygons(or billboard), with in-
dependentsize,orientationandtextureresolution(seeFigure1). A
billboardcloudis built by choosingasetof planesthatcapturewell
the geometryof the input model, andby projectingthe triangles
ontotheseplanesto computethetextureandtransparency mapsas-
sociatedwith eachplaneof thebillboard.Texturescanalsoinclude
more than simple color information (e.g., normal mapsfor pixel
shaders).Billboard cloudsarerenderedby renderingeachpolygon
independently.

A majoradvantageof billboardcloudsis thatno topologicalin-
formation(suchaspolygonconnectivity) is required.Moreover the
visualcomplexity of thebillboardcloudresultsmainlyfromthetex-
ture,andnocomplex boundarydescriptionis necessary. Many pre-
vious techniquesfor accelerateddisplayof complex modelshave
employed the notion of multiple, partially transparentpolygons,
andcanindeedbeseenasspecialcasesof billboardclouds.

Weexpressthegenerationof a billboardcloudfrom a 3D model
asanoptimizationproblemde�ned by anerrorfunction,anda cost
function. We useanerrormetricbasedon theEuclideanL¥ norm;
it is computedin object-spaceandis view-independent.The cost
functioninvolvesthenumberof planesandthecompactnessof tex-
tures.

We thenusean error-basedconstructionstrategy. A maximum
tolerableerror e is set,andthe aim is to build the billboard cloud
respectingthis thresholdwith theminimumcost. Our algorithmis
a greedyoptimizationin that we iteratively selectplanesthat can
“collapse” themaximumnumberof faces.This selectionis based
on a densitycomputedin a discretizedversionof planespace:The
densitytellsustheamountof facesthatcanbesimpli�ed by aplane.
Faugeraset. alhave studiedthis problemof �tting planesto asetof
primitives[Faugerasetal. 1983].Theirapproachis to successively
merge adjacentprimitives while enforcingthe error bound. This
approachis also usedby Garlandet. alto clusterfaces[Garland
et al. 2001]. Our solutiondoesnot rely on merging but on a repre-
sentationof planespacewheredominantplanesof the modelcan
bedirectly identi�ed.

In Section2, we de�ne densityandexplain how to rasterizethis
quantityonto a grid in planespace.Our greedyplaneselectionis
thendescribedin Section3.

2 Density in plane space

In orderto estimatetherelevanceof planes,wecomputeadensityin
planespace.Densityis de�ned usingthreeimportantnotions:va-
lidity, coverageandpenalty. Validity is binaryandassesseswhether
aplaneis a valid simpli�cation of a face.Coverageincludesanad-
ditional notion of representationquality. Finally, penaltyprevents
undesirableplanes.Wede�ne thedensityd

�

P � of a planeP as:

d
�

P ��� C
�

P ��� Penalty
�

P � (1)

whereC
�

P � is the coverage, that is the “amount” of faces f for
which P is a valid representation.We will seein Section2.2 how
this is estimated.We clampd

�

P � to zeroto ensurepositive values.



We considerorientedplanes,that is, the orientationof the normal
matters.

2.1 Validity

We usethe following error criterion: the Euclideandistancebe-
tweena point and its simpli�cation shouldbe lessthan e. This
meansthata point is allowedto move only in a sphereof radiuse.

We saythata planeP yieldsa valid representationof a point v
if thereexists a point p on P suchthat �	� vp �
��� e. We de�ne the
validity domainof v asthesetof planesthatcanrepresentit, which
we denoteby valide

�

v� . It is the set of planesthat intersectthe
sphereof radiusecenteredon v.

A planeis valid for apolygonif it is valid for all its vertices.The
validity domainvalide

�

f � of a face f is the intersectionof theva-
lidity domainof its vertices.Geometrically, this correspondsto the
setof planesintersectinga setof spheres.We will interchangeably
saythata faceis valid for aplane,andthattheplaneis valid for the
face.EachplaneP is associatedwith asetof valid primitivescalled
its validity set, which we notevalide

�

P � . Without lossof general-
ity we will considerall polygonsto be triangles,althougha major
bene�t of ourapproachis thatmodelsneednot betriangulated.

The notion of validity de�nes our simpli�cation problemas a
geometriccover: We want to �nd a minimal set of planes 
 Pi �

suchthatfor eachprimitive f of thescene,thereexistsat leastone
i suchthat f � valide

�

Pi � . Geometriccover problemsareknown
to be NP-hard,andthe discreteversion,the setcover problem,is
NP-complete[Hochbaum1997].

2.2 Coverage

Thesizeof thevalidity setof aplaneis agoodinitial estimateof its
relevance.Usingonly this estimate,however, would labela plane
coveringseveralvery small facesasmorerelevant thanonecover-
ing a singlelargeone,which we obviously do not want. Therefore
we weight eachvalid faceby its projectedareaareaP

�

f � , de�ned
astheareaof theorthographicprojectionof thefacein thedirection
orthogonalto planeP. Thisputsmoreweightonlargefaces,andfa-
vorsplanesparallelto thefaces.Thecoverageusedin equation(1)
is thereforecomputedwith :

C
�

P ��� å
f � valide �

P �

areaP
�

f � (2)

2.3 Penalty and tang ency

We introducea penaltythatpreventsplanesthatmissprimitivesin
theirneighborhood.This addressestheclassicalpitfall with greedy
algorithms: A choicefor one iteration might be locally optimal,
but canresult in poor overall performancebecausethe remaining
problemis lesswell conditioned. In our case,the missedprimi-
tiveswould thenbehardto simplify. In contrast,ourpenaltyfavors
planesthat are quasi-tangentto the model, and that do not miss
primitivesin onedirection.
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Figure2: Near-tangency andpenaltydueto missedprimitives.

Considertheexampleof Fig. 2 wherewe wantto simplify a tes-
sellatedsphere. The planewith optimal coverageis the one that

coversexactlyasphericallens(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 eachfaceof the model penalizethe
planesthat would “miss” them. Considerfor examplesface f on
Fig. 2 (c). For a givennormaldirection �n, thevalid planesfor f are
theonesbetweenP1 andP2. Ontheleft of P2, planeswill “miss” f .
We introducethemissingsetmisse

�

f � asthesetof planesthatare
“almost” valid for f . More precisely, a planeP with unit normal �n
missesf if P �� valide

�

f � andif thereexistsa planeP ��� valide
�

f �

suchthatP � is theimageof P by a translationof a�n with 0 � a � e
(Fig. 2). Thus,in a givendirection,valide

�

f � andmisse
�

f � aretwo
contiguoussegmentsof length2e ande. Note thatmisse

�

f � is on
only onesideof valide

�

f � . This directiondependency is quite im-
portantfor therobustnessof themethod.Thequasi-tangentson the
left arecapturedby theoppositedirection ��� n.

Theconstraint0 � a � ede�nesthewidthfor miss
�

f � . Choosing
an in�nite width would have restrictedus to planesthatarequasi-
tangentto theconvex hull of theinput,while our width of e allows
usto capturefeaturesandholeslargerthaneinsidetheconvex hull.

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

Penalty
�

P ��� wpenalty å
f � miss

�

P �

areaP
�

f � (3)

In practice,we usewpenalty � 10, but we notethat thebehavior of
the methodis robust to the settingof wpenalty : we simply needa
weightthatis largeenoughto stronglypreventthechoiceof planes
thatmissprimitives.

2.4 Discretization of plane space

We estimatedensityin a discretizedplanespace.We parameterize
planesusingthe sphericalcoordinates

�

q � j � for thenormaldirec-
tion, andthedistancer to theorigin. This is the3D equivalentof
the Houghtransform[Hough 1962]. This parameterizationis not
uniform andhassingularitiesat the poles,but this is not a prob-
lem for our approach:Someportionsof planespacewill simplybe
oversampled.

In thisparameterspace,thesetof planesgoingthroughapointof
theprimal spacede�nesa sheetr � f

�

q � j � , asshown in Fig. 3(b).
Thevalidity domainof avertex is theenvelopede�ned by thesheet
translatedby � eand � ein ther dimension(Fig.3(c)). Thevalidity
domainof atriangle f is theintersectionof theenvelopesof its three
vertices.

Weuseauniformdiscretizationof thisparameterspaceinto bins
Bqi j j r k , and computea densityvalue for eachbin. A nä�ve ap-
proachwould usethe densityin the centerof the bin (sampling).
This would resultin artifactsbecausesomecontributionswould be
overlooked.Wethereforeuseamoreconservativerasterization.For
a given face f , we considerall bins that intersectvalide

�

f � . Such
bins aresaid to be simplyvalid in the sensethat thereexists one
planein thebin that is valid for f . This canalsobeseenasusinga
box �lter beforesampling.We usethisplane-spacedensityonly as
a guidefor theselectionof planes,andif a bin is simply valid for
a largenumberof faces,thereis usuallya planein thebin or in its
neighborhoodthatis valid for a largesubsetof them.

The densityof a bin d
�

B � is obtainedby summingthe cover-
ageandpenaltyvaluescontributedby thesetof facesvalide

�

B � for
whichit is simplyvalid. Thiscanbecomputedef�ciently , with iter-
ationsonly on theq � j coordinates,avoiding a full q � j � r loop. For
eachfacef , andeachdirection

�

qi � j j � , weconservatively compute
therange[r min, r max] that intersectvalide

�

f � (seeappendix).We
computeC

�

f � , which is constantfor thegivendirection,andaddit
asa coverage valueto thebinsbetweenr min andr max (in blueon
�gure 4) andasa penaltyto thebinsbetweenr min � e andr min (in
red). To accountfor aliasing,C

�

f � is weightedby the percentage
of thebin thatis covered(binsi, j andk on �gure 4).



(a) (b) (c) (d) (e)

Figure3: Density in planespace. (a) Scenewith face f and its threeverticeshighlighted. (b) Setof planesgoing througheachvertex.
representedin planespace. The planeof f correspondsto the intersectionof the threesheets. (c) Validity domainof eachvertex. (d)
Discretizedvalidity domainof f . (e)Coveragefor thewholehouse.Weclearlysee6 maxima(labelled)correspondingto the4 sidefacesand
the2 sidesof theroof. Notein additionthedegeneratemaximumthatspansa wholerow for f � p � 2. All valuesof q matchthesameplane:
theplaneof theground.
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Figure4: Rasterizationin planespace.

Greedy (inputmodel,thresholde)
setof facesF =inputmodel
billboardcloudBC = /0
while F �

� /0
Pick bin B with highestdensity
ComputevalidF

e �

B �

Pi = Re�neBin (B, validF
e �

B � )
UpdateDensity(validF

e �

Pi � )
F = F � validF

e �

Pi �

BC= BC  Pi

Computetextures(BC)

Figure5: Pseudocodeof thegreedyselectionof planes.

3 Greedy optimization

Now thatwehavede�nedandcomputedadensityoverplanespace,
we presentour greedyoptimization approachto selecta set of
planesthat approximatethe input model. We iteratively pick the
bin with thehighestdensity. We thensearchfor a planein thebin
thatcancollapsethecorrespondingsetof valid faces.This mayre-
quireanadaptive re�nementof thebin in planespaceasexplained
below. Oncea planeis found,we updatethedensityto remove the
contribution andpenaltydueto thecollapsedfaces,andproceedto
thenext highest-densitybin. Onceall thefaceshavebeencollapsed,
we computethecorrespondingtexturesoneachplane.

3.1 Adaptive re�nement in plane space

Our grid only storesthe simpledensityd
�

B � of eachbin, andfor
memoryusagereasons,we do not storethe correspondingsetof
facesvalide

�

B � . We iterateon thefacesthathave not yetbeencol-
lapsedto computethosethatarevalid for B. Furthercomputations
for theplanere�nementareperformedusingonly thissubsetof the
model.We notequantitiessuchasdensityor validity setrestricted
to sucha subsetof facesF with thesuperscriptF .

Recall that the densitystoredin our plane-spacegrid usesthe
simplevalidity, andthatthefacesthataresimplyvalid for a bin are
not necessarilyvalid for all its planes.We thereforeneedto re�ne
our selectionof a bin to �nd thedensestplane.We subdivide bins

Re�neBin (bin B, setof facesF )
planeP = centerof B
if (validF

e �

P �

�!� validF
e �

B � )
return P

bin Bmax=NULL
for eachof the27neighborsBi of B

SubdivideBi into 8 sub-binsBi j

for eachBi j // there is a total of 8*27 such Bi j

ComputedF
�

Bi j �

if (dF
�

Bi j �#" dF
�

Bmax� )
Bmax

� Bi j

return Re�neBin (Bmax, validF
e �

Bmax� )

Figure 6: Pseudo-codeof recursive adaptive re�nement in plane
space.

adaptively until theplaneat thecenterof a sub-binis valid for the
entirevalidity setof thesub-bin(Fig. 6).

We allow there�nementprocessto exploretheneighborsof the
bin as well. Indeed,becausewe usesimple validity, the densest
planecanbe slightly outsidethe bin we initially picked, as illus-
tratedby �gure 7. We usea simplestrategy: We subdivide thebin
andits 26neighbors,andpick amongthese27 $ 8 sub-bins,theone
with highestsimpledensity.

   
    

     
    

  

   
    

  

 
    

valid(f2)valid(f2)

valid(f3)

B1 B2
P

Figure7: Simpledensityin planespace.Althoughbin B1 hasmax-
imumsimpledensity, thedensestplaneis P, which is in bin B2.

Bins arethenupdatedto remove thecontributionsandpenalties
of the collapsedfaces.We iterateover the facescollapsedon the
new planeand usethe sameproceduredescribedin Section2.4,
exceptthatcontributionsandpenaltiesareremoved. Thealgorithm
thenproceedsuntil all facesof themodelarecollapsedonplanes.

3.2 Computing textures

EachplanePi is assignedasetof collapsedfacesvalidF
e

�

Pi � during
thegreedyphase.We�rst �nd theminimumboundingrectangleof
theprojectionof thesefacesin the textureplane(usingtheCGAL
library[CGA n. d.]), thenwe shoota textureby renderingthefaces



usingan orthographicprojection. Texture resolutionis automati-
cally selectedaccordingto the object-spacesizeof the bounding
rectangle.

For properalpha-compositingandmip-mapping,we usea black
backgroundandprecompositedalpha[PorterandDuff 1984]. We
alsocomputea normalmapwhenrelightingis desired.

We observe that aswith any geometriccover technique,faces
can belongto the valid set of several planes. A naturalsolution
to minimize “cracks” betweenadjacentbillboards is thereforeto
rendersuchfacesontothetexturesof all planesfor which they are
valid. This operationis easilyperformedby renderingthe entire
scenein thetexture,usingextra clipping planesto restrictimaging
to thevalid zonearoundtheplane.Thistreatmentis legitimatesince
by de�nition thereprojectionerror in this valid zoneis suf�ciently
small.

3.3 Optimizing texture usage

In thissection,weshow how wecanalsooptimizethecompactness
of textures. We notethat thecontribution of a planeasde�ned by
Eq. 2 canbedueto primitivesthatarewidely separated.Thiscould
lead to billboardsthat containmostly empty spaces.In order to
alleviatethis,weincludeastepthatrestrictsthesetof trianglesthat
areprojectedontoa planeto a compactset.

We modify the greedyalgorithm and restrict validF
e

�

B � to a
maximal compactsubset. We note that compactnessissuesare
usuallydue to differentcomponentsof the scenebeingcollapsed
onto the sameplane. We can thereforeanalyzethe validity set
validF

e
�

B � into clusters anduseonly the clusterwith the highest
density.

The bucket-like partitioningalgorithmby Cazalset al. [Cazals
et al. 1995] is ideally suitedto this task. We projectall the facets
in validF

e
�

B � onto theplanein thecenterof bin B. We iteratively
attemptto separatethis setalonga direction �d. If the projection
of the facetsalong �d containsan empty interval, we split the set
validF

e
�

B � into two componentsandonly keepthelargestone.The
sameprocedureis recursively applieduntil thesetcannotbesepa-
rated.In practice,we usea discretizationof the2D directionspace
into four directionsseparatedby 45% .

Therestof thegreedyalgorithmremainsunchanged.It is impor-
tant to notethatprimitivesin validF

e
�

B � thatwerenot selectedin
the largestcompactsetwill be handledby subsequentiterationof
thegreedyselection.A planemight thereforebeselectedmultiple
timesto handledifferentclusters.

4 Implementation and results

We demonstratethe resultsof our greedyoptimizationtechnique.
We have focusedon thevisual quality of the results,without nec-
essarilyoptimizingfor resourceusage.Thetechniquealwayscon-
vergesandyields a billboard cloud whereall original faceshave
beencollapsedon (at least)a billboard, while enforcingthe error
bound.It is alsorobustwith respectto internalparameterchoices,
suchastheresolutionof thediscreteplanespace.

The only input parametersto our algorithmare(a) an (object-
spaceor image-space)errorthresholdeand(b) thedesiredtexel size
t in objectspace.In practicewe adviseto uset � 5e becausethe
texturealphamapencodesthecomplexity of thesilhouette,which
leadsto visually richersimpli�cation.

In all theexamplesshown below, we characterizethecostof the
billboardcloudrepresentationby (a) thenumberof billboardsused
and(b) the numberof texels usedfor the entirecollectionof tex-
tures.Wenotethattraditionalmeshsimpli�cation alsorequiresthe
storageof additionaltextureif theappearanceof theobjectis to be
preserved,e.g.[Cohenetal.1998;Cignonietal.1998;Sanderetal.

2000]. In particular, if the original object containsmultiple tex-
tures,they needto beresampledin orderto preventobjectvertices,
in their roleastexture-coordinateholders,to impedesimpli�cation.
Billboard cloudsrequiremore texels than traditionalappearance-
preservingsimpli�cation becauseof emptytexels.Recall,however,
thatthis useof transparency yieldsa higher-quality preservationof
thevisual richnessof silhouettes.Also notethat texturecompres-
sioncantypically reducememoryrequirementsby afactorof 4 to 8.
Thetechniqueby KrausandErtl [2002] for adaptive texturescould
alsobeusedto dramaticallyreducethecostof emptyportions.

Weusedasimplegreedypackingalgorithm[E. G.Coffmanetal.
1997]to storeall thetexturesof anentirebillboard-cloudinto asin-
gle texture,which optimizesmemoryusageandminimizestexture
switch.

Figure8 shows imagesof a numberof modelsandtheir corre-
spondingbillboardclouds.Notethatwearein therangeof extreme
simpli�cation, sincewe typically obtainfewer than200billboards.
Still, both thesilhouetteandimportant3D structureof theobjects
arewell captured(alsoseeaccompanying video).

We studiedthenumberof billboardsneededasa functionof the
maximumerror (Fig. 9). From the curve in log-log units, we ob-
serve that the numberof billboardsappearsto be roughly in 1� e.
Theregularity of thesecurvesis importantbecauseit suggeststhat
ourerror-basedalgorithmcanbeusedin abudget-basedfashionby
inverting thecurve. Thenon-monotonicityat theendof thecurve
is dueto thegreedynatureof ouroptimizationmethod.
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Figure9: Cost/errorcurvesfor thecastle,dinosauranda tree.The
x axis is thevalueof e (percentageof theboundingbox) andthey
axis is thenumberof billboards.The leftmostcurvesarein linear
units,while therightmostcurve 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

Figure10: Statisticsfor thesimpli�cations presentedin Figures8
and11. Timingsmeasuredon a 2 GHz PentiumIV processorwith
NVidia GeForce4 Ti4600with 128MB.

Figure11 shows a casewhereparallaxandtransparency effects
arevisually important,which would beextremelydif�cult to sim-
plify usingothertechniques.

As shown in the tablein Figure10, computationtimesarerea-
sonablefor pre-computation,but too long for online simpli�ca-
tion. The complexity of the methodis essentiallyO

�

kn� wheren



Castle(167billboards) Dino (110billboards) Madcat(171billboards)

Figure8: Resultsfor multi-textured,possiblynon-manifoldmodels.Top row: polygonalmodel.Bottomrow: billboardclouds.

Figure 11: An examplewith complex parallaxand transparency
throughobjectparts.Left: polygonalmodel.Right: 40 billboards.

is thesizeof theinput, andk thenumberof planesin thebillboard
cloud (densitycomputationis O

�

n� , and eachiteration costsan-
other O

�

n� ). Note that the densitycomputationcould be greatly
acceleratedby usingonly a randomsubsetof faces.Sincedensity
is usedonly asaguidefor planeselection,thisshouldnotaffect the
behavior of themethod.

Table1 providesrenderingspeeddatafor a billboardcloud. We
mustemphasizethatrenderingtimemeasurementsarealwayshard
to interpret, becauseof large variability with hardware, context
switches,andmeasurementprotocols.Herewe renderedmany in-
stancesof a billboardcloudmultiple timesandtook theaverageof
the framerateto deducea renderingtime perbillboardcloud. Dis-
playlistswereused,andthetexturebindingwasperformedfor each
instance(which incursa penaltycomparedto a context-sortof the
objects). The projectedwidth of the billboard wasapproximately
128pixels,which is in therangeexpectedfor extremelysimpli�ed
objects. Informal comparisonsshow that the renderingtime for a
60-planebillboard cloud is comparableto that of a 250-polygon
simpli�ed mesh. The precisevalidity domainof billboard clouds
andsimpli�ed meshes,however, deservesfurtherstudybecauseof
therenderingspeedvariationsdiscussedabove. In particular, bill-
boardcloudsareusuallylimited by �ll ratesandthecostof context
switching.Howeverusingabillboardcloudwith alargernumberof

planesoftendoesnot signi�cantly impederenderingperformance.
Similarly, usinga large numberof instancescandramaticallyre-
ducethecostof eachinstance,becauseit greatlyreducesthenum-
berof context switches.

If normalmapsarecomputedtogetherwith the textures,a bill-
boardcloudcanberelit in real-timeusingbumpmappingandpixel
shaders,e.g. [Wynn n. d.], asdemonstratedin Fig. 12. Billboard
cloudscanalsobe usedfor simpleshadow effects,by projecting
them onto the groundplaneor using projective texture mapping
[Segalet al. 1992]or texturedpolygonsusingonly thealphavalue
of thebillboardtextures.

Figure12: Relightingandshadow example(29billboards).

In order to discussthe potentialartifactsgeneratedby image-
basedtechniques,we usethe typology proposedby Décoretet al.
[Décoretet al. 1999]: Billboard cloudsdo not suffer from defor-
mationbecausean error-boundis usedfor their construction.No
resolutionmismatch occursbecausetexture resolutionis adaptive
in objectspace.More importantly, we completelyalleviate the in-
completerepresentationissuesinceour image-basedrepresentation
is constructedin objectspaceandrepresentsall triangles. This is
at thecostof potentiallydisplayingpartsof themodelthatarenot
visible. A strategy suchasimage-or visibility-drivensimpli�cation
couldalleviatethislimitation [LindstromandTurk2000;Zhangand
Turk 2002]. Our methoddoesnot suffer from rubbersheeteffects
thanksto bothour object-spaceconstructionandour maximumer-
ror bound. The cracks are the only artifactsthat are not explic-
itly preventedby themethod.They arehowever greatlyminimized
by projectingtriangleson multiple planes.We areworking on re-
ducingcrackartifactsby redistributing 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

Table1: Renderingtime (in ms)for differentnumberof billboardsin thecloud.Boundingbox of screenprojectionis about128 $ 128.

7 billboards 45billboards 110billboards

Figure13: Evolution of the crackswith respectto the numberof
billboards. 7 billboardsarenot enoughto producea high-quality
simpli�cation. Thegeneralappearanceis well-captured,but cracks
andthebillboardstructurebecomeproblematic,for examplein the
legs. In addition,somefeaturessuchasthe top of theheador the
tail seemdoubled.With morebillboardsthecracksarenoticeable
only whenzoomed.

view-independentapproachcannotfaithfully capturethe appear-
anceof an objectandcracksoccur (seeFig. 13 wherethe useof
only 7 billboardsresultsin cracks).

We mustemphasizeagainthatbillboardcloudsarenot intended
to replacemeshsimpli�cation for closeupsof objects.Instead,they
areintendedfor distantgeometryandcomplex objects,whenmesh-
simpli�cation techniquesbecomelessattractive. In a typicalappli-
cation,webelieve thatbillboardcloudsandmeshesshouldco-exist
in the sameway that gamescurrentlyuseboth meshesandcross-
billboardsfor trees.

5 Conc lusions

We have introducedthebillboard cloudasa new representationof
3D models,which effectively decouplesthe visual or geometrical
propertiesof thescenefrom its original description.By operating
in planespace,thealgorithmgainsa lot of �e xibility . Wehavepre-
senteda greedyoptimizationprocedurefor constructingbillboard
cloudsin an error-basedapproachusingeitheran object-spaceor
image-spaceerrormetric.

Billboard clouds are effective in simplifying complex models
with multiple texturesinto a small numberof texturedpolygons.
Comparedto othersimpli�cation methods,billboardcloudsmain-
tain precisesilhouettesaswell asinterestingparallaxeffectseven
into the rangeof extremesimpli�cation. Additionally, the texture
resamplingstepandthe replacementof detailedgeometryby tex-
turesallows muchbetter�ltering of complex models,anddramati-
cally reducesaliasingartifacts.

Our resultsdemonstratethe potentialof this representation,as
well asits �e xibility . We plan to extendour approachto the con-
structionof view-dependentbillboard clouds,wherethe simpli�-
cation is valid for a restrictedregion of space. We believe that
view-dependentbillboard cloudswill facilitateeven higher levels
of simpli�cation.

We believe thatthereexist many otherapplicationsfor billboard
clouds,wheretheexpressionof a complex sceneasa small setof
planarprimitivessimpli�es furtheroperations;thusthereis ample
roomfor interestingfuturework. This includescollision detection,
but alsosoft shadows, wheretheplanarnatureof billboardclouds
might leadto ef�cient approximations.

Many differenterror metricsshouldbe testedwith the method,
includingapplication-dependentcriteria.A budget-basedoptimiza-
tion method,providing the“best” billboardcloudfor a givenpoly-
gon/texture budget,would be extremelyusefulandonly involve a
modi�cation of theoptimizationstage.

Depthorderingimprovestherenderingof semi-transparentpoly-
gons.Weplanto investigatewhetherwe canapplytheideaof BSP
trees,e.g.constructionto enhancebillboardcloudquality. Relight-
ing canbe improved by bettercombiningthe normalandshading
modelstoredwith eachbillboard.Wecurrentlyuseasimplediffuse
model,andthecorrecthandlingof specularityrequiresthe�ltering
of differentspecularcomponentsthatprojectontothesamepixel.
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Appendix - Computation of r min &

r max

For eachvertex Mi of the face,for a directiondj amongof the 4
directionsdelimitingabin in

�

q � f � , wecomputetherange' r (i ) j � r *i ) j +

of planesthat intersectthe spherecenteredin Mi . It is given by
r ,i ) j � VM i -

dj .

e. We uniontheserangeson j andintersectthem

on i, that is r min � maxi min j
�

r (i ) j � andr max � mini maxj
�

r *i ) j � . In

the view-dependentcase,we user ,i ) j � VPi
,

-

dj where ' Pi
*

Pi
(

+

is
thevalidity segmentof Vi .
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