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Abstract

Thispaperpresents systenfor modelinglichensandsimulatingtheir propagationandgrowthin a virtual scene
Lichenscolonizealmosteverysubstatein nature andplay animportantrole in thevisualappeaanceof a natural

object. The propagation of lichensover the substate is performedby an OpenDiffusion Limited Aggregation
modelconstainedby the characteristicsof the environment Thedesignercan control the developmenbf lichens
with simpleparametes. Renderinghe complex geometryandtexture of lichensis achievedby instantiatingthree
dimensionalichenmodelsstoredin an atlas of shapesreatedafter real world images. Thelichensobtainedby
our appmoad consideably increasetherealismof comple natural scenes.

CatagyoriesandSubjectDescriptorgaccordingo ACM CCS) I.3.3[ComputerGraphics]Three-Dimensionabraph-

icsandRealism

Keywords: plantmodeling ecosystemsimulation lichengrowth,ernvironmentsensitivenorpha@enesis.

1. Intr oduction

Synthesizingrealistic imagesof landscapesovered with
vegetation is a challenging and important problem in
computer graphics. Complex scenesinclude natural liv-
ing ecosystemsuchasforestdDHL 98], gardengPJIM94]
stonestatuesor monumentsand even fallen leavesin au-
tumn. The challengestemsfrom the complity and di-
versity of biological speciesinteractingtogetherand with
their ervironment. Beautiful and realisticimagesof com-
plex natural environmentshave been producedby mary
computergraphicsresearcherandartistsin the Im indus-
try. Unfortunately the renderedmodelsare often too per
fect, which betrayshe syntheticnatureof thescene Several
techniquessimulatingthe physical and chemicalphenom-
enathat agestondDEL 99,CDM 02] and metallic struc-

turegDH96] in a naturalervironmenthave beenproposed.

Although lichensare presentalmosteverywherein nature,
theimpactof this biological specieshasnot receved much
attentionin the computergraphicscommunity

In this paper we presenta systemfor modelinglichens
and simulating their propa@tion and growth in a virtual
scenelichensarevery resistanandmaylive on mary dif-
ferentstructuresandmaterialssuchasstone woodandeven
corrodedmetal. They playanimportantrolein therealismof
anaturalsceneThepresenc®f lichensprovidestheviewer
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Figure 1: Lichensgrowingover a fallen branch.

with a hint aboutthe ageand orientationof treesor stones
in an ecosystemas well asindirect indicationsaboutthe
weatherandthe characteristicef theernvironment.

1.1. Relatedwork

Thegrowth of lichensis abiologicalmorphogenesiprocess
thatchangesheappearancef theobjectwhichis colonized.
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Ourwork relateso agingandweatheringechniquesandto
ervironmentsensitve plantgrowth methods.

Aging and weathering Several techniquesfor modelling
theimperfectionsandthe degradationof anotherwiseorig-
inal objecthave beenproposed Physically basedmethods
simulate both physical and chemical phenomenasuch as
the erosionof stoneby water[DEL 99], corrosionin ma-
rine ervironments[CSOB rust formationfMDGO01, CS03]
patina covering buried object§CS00] metallic pati-
nas producedby rain[DH96], crack§HTK98] and frac-
turegfOH99]. Microscopicphenomenauchastheoxidation
of metalgenerallyinvolve comple simulationsthat gener
ate a texture that storesthe imperfectionsand changesn
appearancewhereadarger scalephenomenauchasfrac-
tures,erosionor cracksproducelocal or global changesn
the geometryof the model. Several proceduralapproaches
for modellingsurfaceimperfectionssuchhasdustaccumu-
lation[WNH97] or impactdEPDO1] have beenproposedas
well. Contraryto physically basedtechniquesthosemeth-
odsprovide greatercontrolandavoid time consumingsimu-
lations.

Ecosystemsimulations Simulatingthein uence of theen-
vironmentover the developmentof plantsliving in a com-
plex ecosystenhasreceved a lot of attentionin the com-
putergraphicscommunity MechandPrusinkievicz [MP96]
proposedan OpenL-Systemto modelthe interactionsbe-
tweenplantsandtheenvironment.Deusseretal. [DHL 98]
proposeda methodthatsimulateshe growth of plantscom-
petingfor territory. Lane and Prusinkievicz [LP02] extend
this principleto awholeecosystenincludingdifferenttypes
of plants.The parametersf the ervironmentaffect boththe
growth of the plantsandthe spatialdistribution of the dif-
ferentspeciesRecentmethodsevaluatedirect and indirect
lighting accuratelyand ef ciently by hierarchicalradiosity
technigqueshatsimulatetheradiantenegy transferbetween
plantmodelsandotherobjectsin thescengSSBDO03.

Modelling lichens SumnefSumn] developeda mathemati-
cal modelbasedon a Diffusion Limited Agregation (DLA)
model[WS81]. The principle consistsin moving a particle
randomlyin anareacontaininganaggreateof particlesand
solidifying its positionif it getsinto contactwith the cluster
This mathematicainodelmalesit possibleto createshapes
with a multitude of dendritesorganizedinto a fractal pat-
tern. The proposedmethodprovides somecontrol over the
shapeof the onelichen clusterby parameterizinghe prob-
ability of aggreation by a function of the local curvature.
Unfortunately this approactdoesnot take into accountthe
characteristicof the ervironmentand createsalmostper
fect regular patternswith equallysizedlobesthatcannotbe
foundin nature.Moreover, hundredof thousand®f parti-
clesareneededo generatea singlelichen cluster which is
bothtime andmemorydemanding.

Recently CutlerfCDM 02] presentedh weatheredstone

statuemodelwherelichenswererepresentetly coloredpar

ticles. Thosemethodsthat modellichensastexturesfail at
creatingcorvincing realisticimagesasthey do not capture
thecomplex threedimensionafractal patternof lichens.

1.2. Contrib utions

The compleity anddiversity of the lichen patternsshapes
and textures[BSS0] makes modeling every single lichen
by handimpossible.Our approachconsistsin distributing
sporesover the objectsin the scene simulatingthe lichen
propagtionto capturethe comple distribution patternsof
realworld lichens,andcomputingthe nal complex geome-
try usinganatlasof texturedmeshmodelsfor every kind of
lichenas rst suggesteth [FPB92] Ourcontritutionsareas
follows:

Lichen atlases We proposea systemfor modelingthreedi-

mensionalichensafter real world imagesand storingtem-
plate modelsinto an atlas.Our complex lichenmodelscap-
ture the complity and diversity of the lichen patterns,
shapesndtextures.Lichenscolonizingsurfacesareinstan-
tiated from the templatemodelsof the atlasso asto sae

memory

Lichen seedingand propagation We simulateseedingoy
dispersinglichen sporesover the objectsin the sceneand
transportingor removing sporeshatareblown away by the
wind or washedby rain water ows. The propagtion of
lichensis performedby anoriginal OpenDiffusion Limited
Aggregation (OpenDLA) modelthat captureshe develop-
mentof severallichensin uenced by the ervironment,lim-
ited by self collisionsandcompetingfor space.

Control The designemay control the patternsformed by

lichen growth by adjustingthe biological parametersf the

lichen andits sensitvity to directandindirectlighting and
moisture.The characteristic®f the ervironmentare coded
astexture mapsthat may be generateceitherautomatically
by physically basedsimulations,or createcby handby the

designer

The remainderof this paperis organized as follows.
Section2 recalls the fundamentalsof lichen biology and
present@noverviev of theimportantparametershatin u-
enceits development.In Section3, we describeour lichen
modeling systemand addresdichen seeding,propagtion
andatlasinstantiation.Section4 presentssomeimplemen-
tation detailsof our OpenDLA algorithm,aswell astim-
ings. Eventually we shov someimagesillustratingrealistic
lichen growth over syntheticobjectsin complex naturalen-
vironmentsin Section5.

2. Fundamental conceptsin biology

Lichensare composite symbioticorganismsmadeup from
memberf asmary asthreekingdoms.The dominantpart-
ner is a fungus.Fungi are incapableof making their own

© TheEurographic#ssociationandBlackwell Publishing2004.
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Figure 2: Different types of lichens (courtesyof Sylvia
Sharnof and StepherSharnof).

food and usually provide for themseles as parasitesor
decomposersThe lichen fungi (kingdom Fungi) cultivate
partnersthat manufcturefood by photosynthesisSome-
timesthe partnersarealgae (kingdomProtista) ,othertimes
cyanobacteria(kingdom Monera), formerly called blue-
greenalgae.

Classi cation Lichens may be arbitrarily classi ed into
threegrowth forms that do not re ect how the lichensare
relatedto eachother Differentspecieswithin a genusmay
have differentgrowth forms (Figure2).

Crustosdichensform cruststhataresotightly attachedo
the rocks, trees,sidevalks, or soils they grow on that they
cannotbe removed without damaginghe substrateFoliose
lichens are somavhat leaf-like, composedof lobes. They
arerelatively looselyattachedo their substratesysuallyby
meansof rhizomes.Their lobeshave upperandlower sides
andusuallygrow parallelto the substrateFructicosdichens
are the mostthree-dimensionalThey are usuallyroundin
crosssection,and mostare branchedThey canbelike lit-
tle shrubsgrowing upward, or they canhangdown in long
strands.

Lichen growth Lichensgrow in the leftover spotsof the
naturalworld that are too harshor limited for most other
organisms.They are pioneerson bare rock, desertsand,
clearedsoil, deadwood, animalbones rusty metal,andliv-
ing bark.Able to shutdown metabolicallyduring periodsof
unfavourableconditions,they cansurvive extremesof heat,
cold,anddrought.

© TheEurographic#ssociationandBlackwell Publishing2004.

Given appropriateamountsof light and moisture,clean
air, andfreedomfrom competition lichenscancolonizeal-
mostary undisturbedurface Mostlichens,especiallycrus-
toselichens,grow very slowly, oftenlessthanonemillime-
tre per year Fructicoselichens are an exception as they
cangrow up to 20 millimetresperyear Lichensgrow from
sporesthat aretransportechot only by the o w of droplets
of rain andthe wind, but alsoby smallanimalsandinsects.
Therefore sporesmay be almosttransportecarywhere,but
thelocal characteristicef theervironmentwill eitherfavour
or preventthemfrom springinga new lichen.

Lichensgrow very slowly becausehe photosynthesiss
slowed by the strandsof the fungi covering the cells of the
algaewhich lters incominglight. Thereforelichensneeda
lot of light, althoughfor mostspeciespnly indirectlighting
favoursgrowth, whereasstrongdirectsunlighting burnsthe
cells andis a limiting factor Lichensalso needwater and
moistureto develop,anddevelop on poroussubstratesuch
aswood or porousstonethatretainwaters.

3. Modeling and simulating lichen growth

Our goal is to provide the designerwith simple tools to
control the location, the distribution patternandthe geom-
etry of lichensin a naturalsceneThe creationof lichensis
performedin threesteps(Figure 3). First, we spreadichen
sporesover the objectsthatwill be colonized(Section3.1).
Then, lichens propagte over the surface, competingfor
spaceand favourable conditions(Section3.2). Sporesare
corvertedinto a particle systemconstrainedto propagte
over the triangle meshof the colonizedobjects.The lichen
patternsare obtainedby invoking an OpenDiffuseLimited
Aggregation (OpenDLA) modelthattakesinto accountthe
characteristicef theenvironment.Eventually we createthe
complex geometryandtexture of lichens(Section3.3). The
particlesspreadover the surface of colonizedobjectsare
transformednto texturedmeshmodelsby instantiatingeem-
platelichenmodelsstoredin alichenatlas.

3.1. Seedinglichens

In this section,we addresshe dispersiorof sporeghatwill
develop and propagte colonies over the substrateif the
properlighting and moistureconditionsare met. All those
physical and biological parametersare very hardto simu-
late. The seedingprocesss a key stepof the algorithmasit
characterizethe distribution of lichensin the sceneLocat-
ing sporesseedinglichensby handwould be cumbersome
though.We have developedtwo complementaryechniques
for controlling the dispersionof lichen seedsin a virtual
ecosystem.

Wind and water o w simulations In nature,we obsene
thatmostlichensdevelopon partsof surfaceshatareeasily
accessiblebut also protectedfrom gustsof wind and rain
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Figure 3: Overviav of our lichengrowthsimulation

o ws.We proposeglobalproceduraapproachhatconsists
in randomlydispersingsporesn someregionsof the scene.
In oursystemthedesignemaycontrolregionswherespores
arespavnedwith boundingspheres.

Figure 4: Seedegionsandlichengrowthusingaccessibility
andwater ow simulations.

Sporesstick to the surfacedependingon the characteris-
tics of thesubstrateits local geometrythetypeof thelichen
andthe local accessibilitfMil94] of the surface.A candi-
datesporethatlies in a highly accessibleegion is removed
to take into accounthe factthatwind may blown the spore
away. Sporeghatlie in aregionthatis hardlyaccessiblare
alsoremorved. Flow simulationsmay be performedas pro-
posedn [DPH96 to simulaterain washingandtransporting
sporesFigure4 shavs a stonecolonizedby lichens.Spores
may stick to the stoneon its side,nearthe grass,in regions
that are not exposedto the rain andthe wind. Sporeswere
randomlyspreadn light-blue regionswith mediumaccessi-

bility.

Painting Since the previous approachis computationally
demandinge proposea secondechniquethat consistsn
spreadingsporesdirectly over the surfaceof the objectsin
thesceneby painting.

The color of the virtual paint de nes the local density
of sporesThis approactprovidesthe designemwith atight
control over the seedingprocessFigure5 illustrateshow a
lichen symbolwas createdby constrainingsporesto areas
paintedby thedesigner

Figure 5: Seedingegionscharacterizedby painting

3.2. Lichen propagation

Our propagtion algorithmproceedsn two steps.The rst
stepevaluateghe moistureandlighting parametersver the
surfaceof colonizedobjects.Simulationstake into account
thetrajectoryof the sunin the sky hemi-spherethe disper
sion of rain water and moisturesourcessuch as rivers or
lakes. Thoseparametersire storedin the descriptionof the
objectsin the scenegraphto speedup future queries.

The secondstepinvokesan OpenDiffusion Limited Ag-
gregation (OpenDLA) modelthatdistributesparticlesover
the surfaceforming a multitude of dendritesorganizedinto
a fractal pattern.The Open-DLA modelenablesus to cap-
ture the developmentof several lichensin uenced by the
ervironmentand competingfor spacein favourableareas.
Lichensstopgrowing at the borderof unfavourableregions
or whenthey tendto fold ontothemseles.

3.2.1. Characteristics of the ervironment

Simulatingthecharacteristicef theenvironmentis essential
to obtainarealisticdistribution of thelichensin thesceneas
well asrealisticlichenpatterns.

Lighting Lighting plays a major role in the growth of
lichens. Indirect lighting is favourable to most lichens,
whereadlirectlighting limits their development Therefore,
we createtwo differentlighting maps.Direct and indirect
lighting may be evaluatedaccuratelyandef ciently by hier
archicalradiositytechniqueshatsimulatetheradiantenegy

© The Eurographic#AssociationandBlackwell Publishing2004.
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transferbetweerplantmodelsandotherobjectsin thescene
asproposedn [SSBD03].Thosemethodsarecomplex how-
ever, andmustbe appliedto all theobjectsin thescene.

In our system,we only needto evaluatelighting for ob-
jects that will be colonized.Thoseobjectsmay be easily
identi ed in thescenggraphasthenodeghatholdthelichen
sporesspreadduring the seedingstep.We rely on stochas-
tic Monte Carlo ray tracing techniqueso approximatedi-
rect andindirect lighting. The trianglesof the meshesare
reoiganizedinto a BSP datastructureto speedup compu-
tations.We computethe amountof directlight asproposed
in [MP96] by evaluatingthe integral of the amountof light
coming from the sunin the day The trajectoryof the sun
is discretizedinto a setof light sourcesWe avoid aliasing
by usinga differentstochasticsamplingof the trajectoryof
the sun after the methodpresentedby Keller et Heidrich
in[KHO1].

Moistur e Moisture also plays an important part in the
growth of lichens.Lichensareveryresistanto droughthow-

ever, asthey areableto shutdovn metabolicallyduring pe-
riods of unfavourablewaterconditions.Simulatingthe o w

of rain waterin a whole sceneaswell asthe in uence of

watersourcessuchasriversor pondswould be a computa-
tionally demandingprocessthough. Therefore,in our sys-
tem,themoisturemapis de ned by the userwith a threedi-

mensionapaintinginterfacethatallows him to de ne which

regionsin the scenearewetor dry.

3.2.2. The OpenDLA algorithm

In this section,we presentour OpenDLA algorithm that
simulatesthe propagtion of lichensover the substratelm-
plementatiordetailsareprovidedin Section4.

Sporesare rst transformednto seedparticlesthat will
progressiely grow into clusterscompetingfor spaceand
favourable development conditions with the others. The
standarddLA model[WS81] aggreyatesparticlesinto clus-
tersthatform shapesith multiple dendritesorganizedin a
fractal pattern.In this approachthe probability of aggrea-
tion of a particle,denotedas P (p), doesnot take into ac-
countthe characteristicef theervironment.In contrastour
OpenDLA modelde nesP (p) asacombinationof atheo-
reticalprobability of aggreyationfunction,denotedasA (p),
that characterizethe shapeof the cluster anda probability
function E(p) thatde neswhetherthe environmentfavours
or limits lichengrowth.

Startingfrom a seedparticle, the OpenDLA algorithm
incrementally createsa cluster of particles by randomly
moving new particlesover the meshand aggreating them
to a clusterwheneer they comeinto contact. Therefore,
lichengrowth is inhibited by neighbourindichensthathave
alreadycolonizeda surface. Figures5-6 illustrate several
lichenscompetingfor space:clustersstop growing at their
interface.

© TheEurographic#ssociationandBlackwell Publishing2004.

Figure 6: Several lichenclustess competingor space

We control lichen propagtion by evaluatingthe proba-
bility of aggreation of a particle during its randomwalk
alongthe surface.Let p denotea particle,the probability of
aggreation of a particle is characterizedy a distribution
function,denotedasP (p), de ned asfollows:

P(p) = E(P) A(p)

Theoretical aggregation The probability of aggreation of
a particle,denotedas A (p), is a function of the local den-
sity of neighbouringparticlesthat characterizeshe lichen
patternwithout the in uence of the ervironment.Let n(p)
denotethe numberof neighbouringparticles we rely onthe
following distribution function that follows the Pareto law
(rich getricher):

A(p)=a+ (1 a)e s(np) 1)*

The numberof neighbouringparticlesn(p) is evaluatedby
searchinghe numberparticleswithin a distancer of p. Let
r denotethe radius of the particle. The parameter has
anin uence over the resultinglichen pattern:small values
(r  2r) producecompactpatterns,whereaslarge values
(r  3r) createlacy patterns.Figure 7 shavs somelichen
patternghatwereproducedwith our systemby varyingthe
controlparameters, t anda in the probability of aggreja-
tion A (p) andtheradiusr involvedin thefunctionn(p).

s=03_t
a=102r

4 s=03 t=15
25 a=10%r=225

Figure 7: Patternsobtainedwith differentparametes

Theparametes controlstheoverallaspecbf thepattern:
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high valuesresultin nonisotropicpatternsvhereadow val-

uestendcreateroundedshapesThe parametet character
izesthe shapeof dendrites:the lobesor dendritesare the
moredenseasthe parametet getshigher Eventually a is

abiasparametein the probabilityof aggreationthatforces
particlesto stick evenif they shouldhave not: highervalues
producethicker dendriteswhereadower valuescreatethin

strands.

In uence of the ervironment The ervironmentfunction,
referredto asE(p), combineghe sensitvity of thelichento
indirectanddirectlighting andmoistureparametershatare
evaluatedat the centerof the particlep:

E(p) = min(l (p); L (p); W (p))

wherel (p), L(p), andW (p) arethe functionsfor indirect
lighting, direct lighting, and moisture conditions, respec-
tively. Thosefunctionsreturn valueswithin interval [0; 1],
high valuesmeanthat conditionsare favourable,low val-
uesmeanthatconditionsare unfavourable.Therefore E(p)
is equalto 1 if the characteristicof the ervironmentare
favourableatthelocationof a particlep, andequalto 0 oth-
erwise.Every kind of lichenis characterizedby optimal di-

4
Crustose —
Foliose —
Fructicose
,,

Direct lighting Indirect lighting Water

Figure 8: Lighting and moistue sensitivity for different
kindsof lichens

rectlighting, indirectlighting andmoistureconditions.Fig-
ure8 shavs somesensitvity curvesfor crustosefolioseand
fructicoselichensthat were derived from biological obser
vations.The curvesre ect thatthe crustosdichenis more
resistantto the direct light thanthe otherkinds of lichens,
whereasthe foliose lichen will tendto develop on porous
stoneor wood substrateéhatretainmoisture.

3.3. Generatingthe complexshapeof lichens

All lichenshave very complex color and texture patterns,
which makes proceduralmodeling very dif cult. Our ap-

proachconsistsin modeling a variety of realistic lichens
shapesafter imagesand storing themin a lichen atlasfor

every kind of lichen. The particlesgeneratedy the lichen

propagtion algorithm are instantiatedinto mesh models
taken from the lichen atlas,which enableausto save mem-
ory and createlarge areascoveredby a variety of lichens
efciently. The instantiationschemeselectsmodelsin the

databasafterthetype of thelichen,theageandtherelative

orientationof the particlein the cluster

Lichen atlases A lichenatlasis organizedasatablestoring
differenttextured modelsof the samelichen type that are
classi edaccordingo theirage(Figure9). Classi cationby
ageis animportantfeatureaslichensmay have completely
differentgeometriesn theirlife.

Age
g

Figure 9: A lichenatlas with different geometricpatterns,
gur esstandfor therelativeoccurrenceprobabilities.

Within each age intenal, several models of the same
lichen with different characteristicsare representedand
storedin sub-tablesaccordingto their orientation(growing
upward or downward) andsize.Every modelis alsocharac-
terizedby its relative probability of appearanceyhich can
be providedafterbiologicalobsenations.

Lichen instantiation schemeOur lichen instantiation
schemaeteratively transformshe particlesof aninput clus-
ter into a setof threedimensionakextured modelsthat are
instanceselectecamongthecollectionof modelsin thecor
respondindichenatlas(Figure10).

Lichen Atlas Models Instantiated Final Model

Figure 10: Thesharedrefeenceinstantiationprocess

The selectionprocesgproceedasfollows. Givena parti-
clepj, we rst selecthetablein thelichenatlascorrespond-
ing to theageof theparticle.Then,we selectpossiblemodels
in the tablewhosesize meetthe orientationgrowth andac-
cessibilityrequirementsEventually we selecta modelran-
domly amongthedifferentremainingpossibilitiesaccording
to their relative occurrenceprobability The selectednodel
is instantiatedby a sharedeference.

Modeling complex lichens We have developeda interac-
tive methodfor modelingcrustosdichens.Crustosdichens
that form almosttwo dimensionabumpy crustsand shells
aremodeledusingcellulartexturegFLCB95] implemented
astexturedheight eld models.

© TheEurographic#ssociationandBlackwell Publishing2004.
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Figure 11: Thecellular texture editor for crustosdichens

The editing processbagins with the selectionof a crus-
toselichen image. The designerselectsinterestingfeature
regionsin theimageto extractsmallerimages,andinterac-
tively de nes a correspondindheight eld for every small
image.The nal cellulartextureis obtainedoy mappingthe
sub-imagentheheight eld. Figurellshavsascreershot
of theinterfaceof our crustosdichenmodelingtool.

Crustosdichensform spotsthat exhibit a radial distribu-
tion. Therefore,young particlescloseto the borderof the
clusterwill have adifferentshapeandtexturethanolderpar
ticles at the centerof the cluster which enablesusto char
acterizethe relative orientationand position of the cellular
textureseasily

Foliose andfructicoselichensthat producethreedimen-
sional leaf-like lobesandlittle shrubsgrowing upward are
createdusing speci ¢ L-SystemgLin68]. The correspond-
ing texture mapis obtainedrom realworld images.

4. Implementation details

In this sectionwe presentheimplementatiordetailsof our
modi ed OpenDLA algorithm. The propagation of lichen
over the surface of the colonizedobjectsis performedby
constraininga particle systemto the trianglemeshesStart-
ing from a seedparticle,our methodincrementallycreates
clusterof particlesby randomlymaoving new particlesover
themeshandpossiblyaggreatingthemto the clusterwhen
collisionsoccutr

As a lichen clustermay involve hundredof particles,we
needef cient algorithmsfor moving a particle over the tri-
anglemeshandfor detectinghecollision betweerparticles.

Triangle meshrepresentation Trianglesmeshesireimple-
mentedusinga half-edgedata-structurCKS98].1n ourim-
plementationa half-edgecontainsonly areferencdo aver-
tex andareferenceo its oppositehalf-edgewhicharecoded
asintegers.Trianglesarecodedashalf-edgetriples,andthe
next andprevioushalf edgesareprocedurallyde ned assug-
gestedn [CKS9§ to save memory This compactalf-edge

© TheEurographic#ssociatiorandBlackwell Publishing2004.

representatioprovidesus with sufcient topologicalinfor-
mationfor moving a particleover the surfaceef ciently .

Particle representation Particles store geometricaldata
characterizingheir location over a triangle mesh.A parti-
cleis characterizedy anindex to thelichen clusterandits

agein the creationin the lichen cluster A particleis con-
strainedo thetrianglemeshandis geometricallyde ned by

its center radius,andanindex to its supportingtriangle. A

particlealsostoresarotationanglethatis usedfor orienting
the instanceof the modelin the lichenatlas.The normalof

a particleis simply de ned asthe normalof its supporting
triangle.

Diffusion Limited Aggregation Let us recall the funda-

mentalsof the DLA algorithm [WS81]. Given a starting
particle denotedas pg, the algorithmincrementallycreates
a clusterof particlesby aggreating particlesmoving ran-

domly over the surfaceandthat comeinto contactwith the

cluster In generalnew particlesare createdat a x ed dis-

tanceR of po. If theparticlesmoveto faraway from pg, they

areremovedfrom the simulation.

- - Death radius

RS 93
&S 0
0 %ooo Qoooo\
OO 00 O/OO\QO On
09y pp
P N
Original DLA Modified DLA

Figure 12: Theoriginal andmodi ed DLA algorithms.

This approachs computationallyjdemandingasthe par

ticles may have very long and complex movementbeforea
collision andaggreationoccurswith the cluster Our modi-
ed modelimprovesperformancey creatingnew particles
at a small distancefrom a particle of the cluster Let C de-
notea clusterof particles,andlet r denotethe radiusof the
particles(Figure12). Adding a new particlep to thecluster
is performedasfollows:

1. Selectaparticlep; of theclusterCrandomlyandcreatea
candidateparticlep atadistance2r + e of particlep;.

2. Movethe candidateparticlep in arandomdirectionover
thesurfacewith a smalldistanced.

2.1 If p comesinto contactwith the clusterC, thencheck
if aggreation occursusingthe aggreation probabil-
ity P(p) = E(p) A(p). If conditionsfor aggreyation
aremet, stick the candidateparticleandaddit to the
cluster otherwiseremove it from the simulation.

2.2 If p collideswith anothercluster or moves too far
away from pj, remove it from the simulation.

Step1 of the algorithmimproves speedby addingnew
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particlesnot too far away from the existing cluster e is a
parametethat guaranteeshat new particlesare createdfar
away enoughfrom the randomlyselectedbarticlep; sothat
collision with the clustershouldbe avoidedat the very rst
stepof the algorithm.In our simulations,e wassetto r=2.
Step2:1 of thealgorithmensureshatthe clusterwill notde-
velopin regionswherethecharacteristicef theervironment
prevent propagtion. Step2:2 of the algorithm performsa
collision detectionbetweengrowing clustersand simulates
lichenscompetingfor space.

Moving particles ef ciently The positionof a particlep is

de ned by theindex i of its supportingriangleT, andby its

centerc. Let & denotea normalizedrandomdirectionvector
in the planeof thetriangleT, andl denotethewalk distance.
Thenew positionof the particleis computedasfollows:

1. Computetheintersectiorpobetweertheedgesoftriangle
T with theray startingat c andwith directiond.

2. If kpp‘k > |, thensetthe nal positionof the particleto
p+ | & andterminate.

3. OtherwisetheparticlemovesoutsideT, somove thepar
ticleto p0 andseti to theindex of thetriangleneighbour
ing T. Let n denotenormal of the triangle neighbour
ing T, the new directionis computedby evaluatingthe
tangentvectort = @~ A, which de nes the new direc-
tion @ = A"t in the new triangle. Updatethe distance
=1 kppok andreturnto Stepl of thealgorithmuntil
movementends.

Collision detection Collision detectionbetweena candi-
date particle and the particles of the growing cluster is
the mostcomputationallyjdemandingstepof the algorithm.
A straightforward approachthat checksall collisions be-
tweenparticleshasO(n) compleity, which makesthe clus-
tergrowth aO(nz) process.

Figure 13: Collision detectionbetweera particle (yellow)
anda subsebf the particlesof the existing cluster(green).

We reducethe numberof collision detectioncalls asfol-
lows. Given a candidateparticlep in atriangleT, we only
computethe collision betweerp andthe subsebf particles
that lie in the trianglesin the 1-ring neighbourhoof T
(Figure 13). We pre-processhe triangle meshego createa
tablestoringtheindexesof thetrianglesin the 1-ring neigh-
bourhoodof a giventriangle,which enablesusto avoid on
the y topologicalqueriesthat are computationallyexpen-
sive.

Timings Tablel reportstimingsfor propagtinglichenpar

ticles over a variety of meshmodels.The two stonesjree,
mascotandbranchmodelsreferto theimagesshowvn in Fig-

uresb, 15, 16 and 1 respectiely. The numberof triangles
of the meshmodels,aswell asthe numberof lichen clus-
tersandtheoverallnumberof particlesinvolvedin theOpen
DLA algorithmarealsoreported.

Triangles Clusters Particles Time

Stone 450 5 505 50
Eurographics 2400 71 2400 483
Tree 450 5 54 1
Mascot 8388 26 2000 150
Branch 8212 24 522 26

Table 1: Timings(in secondsjor propagating lichenparti-
clesusingthe OpenDLA algorithm

In most casesthe lichen propagtion stepmay be per
formedin lessthanone minute. The only exceptionto this
is the Eurographicdogo (Figure 5) coveredwith crustose
lichens,which involves mary clusterscompetingfor space
andthereforerequiresmary collision detectioncalls.

5. Results

We appliedour methodto modelsererallichenspropagting
over trees,rocksand stonemonumentsThe corresponding
imagesareshowvn throughouthis documentFor reference,
someof the real lichenswe attemptedo modelare shavn
in Figure2. Spreadindichensandcontrollingtheir patterns
andgeometnyin eachscenavasperformedn approximately
half anhour.

Figure 14 shaws a stonestatuein a gardencolonizedby
greenalgae. The parameter®f the ernvironmenthave been
computedautomatically The greenalgaedevelopin there-
gionsthatarenot exposedto the directlight of the sun,and
favour shadav regions.

6. Conclusionand futur e work

We have presentech modelthat synthesizeslifferentkinds
of lichensover surfacesThegrowth of thelichenis obtained
by usinganOpenDiffusionLimited Aggregationsimulation
that modelsthe propagtion of lichensinteractingwith the
ervironmentand competingfor favourableconditions.We
modelthe compleity of shapesandtexture andthe diver
sity of thelichenpatternsby instantiatinghreedimensional
lichensshape®rganizedin alichenatlas.We have alsopro-
posedsometoolsto modelrealisticlichen modelsafterim-
ages.

© TheEurographic#ssociationandBlackwell Publishing2004.
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Figure 14: Greenalgaecolonizinga stonestatue

A key featureof our systemis its e xibility andcontrol.
Given an input ecosystendescription the designercan ei-
ther rely on lighting and water ow simulationsto auto-
matically computethe regions wherelichen will seedand
develop, or directly control lichen growth areasby speci ¢
tools. A vastvariety of lichenspatternsand shapesanbe
synthesizedy controlling a few parametersNew kinds of
lichensmay be incrementallyaddedin the lichen atlasto
generateomple scenes.

In a nearfuture, we plan to further investicate the cre-
ationof somespeci c lichenssuchasAlectoria-Sarmentosa
(Figure2) thathangdown in long strandsandthatcannotbe
modelledwith ourapproachWe arealsoworkingonlichens
interactingwith the ervironmentin aninformationfeedback
loop. In ourimplementationpnly the light andwateraffect
thelichens:in reality the lichensshouldreciprocallyaffect
the ervironmentandchangets parametersocally.
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