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Abstract

A methods proposedor photo-ealisticmodelingandvisualizationof a growingtree Recenwisualizationmeth-
odshavefocusedon producingsmoothlyblendingbranching structues, however, thesemethoddail to account
for the inclusionof non-smootHeatuessud as branc bark ridgesand bud scalescais. Thesefeatuiesconsti-
tute an importantvisual aspectof a living treg and are also observedo vary over time The proposedmethod
incorporatesthesefeatuies by usingan hierarchical implicit modelingsystemwhich providesa variety of tools
for combiningsurfacecomponentin both smoothand nonsmoothcon gurations.A procedual interfaceto this

systensupportsthe useof inversemodeling which is a global-to-localmethodologywhele the local properties
of plant organsare describedn termsof their global positionwithin the tree architectue. Inverse modelingis

usedto de ne boththe treestructue at any time, and a continuousdevelopmentakequencdor the treefroma

seedling Thesaedniquesprovide an intuitive paradigmfor the de nition of comple treegrowth sequenceand

their subsequentisualization,basedsolely on observedohenomenaThus,a key advantae is that they do not

require anyknowled@ of, or simulationof, the underlyingbiological processes.

CatgyoriesandSubjectDescriptorgaccordingo ACM CCS) 1.3.5[ComputerGraphics]:.Curwe, surface,solid, and
objectrepresentationk3.7 [ComputerGraphics]:Animation

1. Intr oduction into the BlobTree system[WGG99, which includestools
for precisecontactmodeling(PCM) [DCG94, constructve
solid geometry(CSG)andvariousotherblendingmethods.
Only by combining PCM and GBB, is sufcient control
achievedto modelthe appearancef the branchbarkridges
andbud scalescarsduringthelife of atree.

Branchingstructuresvith smoothlyblendingjunctionsarea
key featureof mary naturalphenomendgherbaceousglants,
trees,coral, shells,icicles, speleothemsanimals).Several

methodshave beenappliedto modelthis phenomenorhow-

ever, a major failing of previous work in this areacomes
from the obserationthatmary branchingstructuresarenot
universally smoothly blending. Commonfeaturesof trees
suchasthe branchbarkridge shawvn in Figure 1, may com-
bine both smoothand non smoothcomponentsn a single
branchingpoint. Anotherfeatureof trees the bud scalescar
shavn in Figurel, mayvary from anonsmoothto asmooth
blendovertime. Thesesituationshave notbeenmodeledyet.

A generalizedblending method basedon the idea of
bounded blending [PPIK0Z, referred to as generalized
boundedblending(GBB), is proposedo modelthesephe-
nomenausing implicit surfaces.This methodprovides an
intuitive way to modelboth the branchbark ridge and bud
scalescarsover time. The methodhas beenincorporated Figure 1: Photagraphsof poplar treesshowing:the branch
bark ridge (left), bud scalescais at age two years (center),
andfour yeairs (right).
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A common approachto modeling developmental se-
quence®f plantgrowth is to simulatethetemporaldevelop-
mentof plantstructuresbasedon biologically derived rules
thatcontrolplantinternalfunctionalityusingmorphogenetic
or physiologicallybasedapproachefdREF 88, PL9(. The
developmentand nal structureof a plant model emeges
from the developmentakules.lt is usuallyfound, however,
that (a) visual realismrequiresa goodunderstandingf the
underlyingprocessand(b) globalcharacteristicef a plant's
features,suchas crovn shapeor branchdistribution, can-
not be explicitly speci ed. A methodis alsointroducedto
describethe developmentalgrowth of a treeusinga global-
to-local methodolgy [PMKLO1]. Theadwantageof this ap-
proachis thatcomplex developmentakequencemaybede-

ned without knowledgeof the underlyingbiological pro-

cessesRatherthemethodallows speci cationof themodel
in adirectmannebasedolelyonobsenedphenomendJs-
ing thesetechniquesiealisticvisualizationf growing trees
maybeachiezed. Themethods demonstratebly its applica-
tion to a growing modelof Populusdeltoides(EasternCot-
tonwood).

2. Previouswork

The simplest step in the quest for realism of branch-
ing structures was the representationof internodes
as 3D cylinders [dREF 88, PL90. A visually more
adwanced technique was the use of generalizedcylin-
ders [Blo85, LD99, Hol94, Opp86 PMKLO1].  Unfor-
tunately these techniquesdo not properly capture the
geometryof branchingpoints.

Modeling of the geometryaroundbranchingpoints was
rst addressedoy Bloomenthal,who proposedto solve
this problem by crafting parametricpatches[Blo85]. A
more recent method is the use of subdvision surfaces,
models of branching structureswere createdby Tobler
et. al. [TMWO02], who procedurallygren a mesh,thensub-
divided the resultingcontrol mesh.Relatedtechniquesus-
ing subdvisionto modelbrancheswereintroducedy Weta
Digital in the Im “Lord of theRings:TheTwo Towers”[AP]
andby Aklemanet.al. [ACS03. However, all of thesemeth-
odsareglobally smooth,andit is problematicto construct

modelsof arbitrarily complex branchingstructures.

A limited implicit model of treeswas proposedby Hart
[HB96], Maritaud [Mar03 usedimplicit surfacesin com-
binationwith procedurabarktexturing methodsandJin et
al. [JTFPO] usedconvolution surfacesto modelbranching
structuresjncluding trees. Thesemethodsall de ned uni-
formly smoothblendingat branchingpoints.

2.1. Plant modeling

Mary researcherhave studiedthe creationof plantmodels
andproposedrangeof methodghatmaybeusedto model,
simulate, and visualize plant structures.These methods

Figure 2: Left: Plant structues are consideed in terms
of axes(brandes) of different branching order. Right: A
branch consistsof a sequenceof constructionalunits re-
ferred to as metames, consistingof an internodeand as-
sociatedeafandlateral bud, if present.

include modelsbasedon parameter§Hon71, WP9], frac-
tals [Man82 FFC82 Opp8§, particle systems [RB8Y,
spline skeletons [Blo85, Hol94], stochastic sys-
tems [FG86 VEJA89], graph structures [LD99], and
rewriting systemgdREF 88, PL9(Q.

In this researchan extensionof the global-to-localmod-
eling methodology| PMKLO1, M03] is usedto describethe
developmentof a tree.Prusinkiavicz et al. [PMKLO1] pre-
senteda modelingapproachfor static plant structureshat
focusedonintuitive anddirectcontrolof aplant's globalap-
pearancePlantstructuresvereexplicitly describedn terms
of graphically de ned, continuousfunctions that express
plantcomponentstharacteristicasfunctionsof their posi-
tion within the plantstructure Thesefunctionswerereferred
to aspositionalinformation

The useof positionalinformationfor interactvely mod-
eling plant developmentwas presentedn [M03], suitable
for generatingrealistic plant developmentwithout detailed
knowledge of biological processef plant development.
The key ideawas to departfrom the biological develop-
mentparadigmthatthe shapeof anorganis implicitly con-
tainedin its growth history[Tho61]. Thespatialdistribution
of plantcomponentsvasisolatedfrom theirtemporaforma-
tion andgrowth. The proposednodelingprocessconsisted
of threesteps:using proceduralalgorithmsto describethe
architecturalarrangemenof plantcomponentsusing posi-
tional informationto de ne the spatialdistribution of plant
componentdor the nal structure,andusingpositionalin-
formationto specifytheformationandgrowth of plantcom-
ponents.This work was limited to modelingplantswith a
singleseasorof growth, andassuchis not directly applica-
ble to modelingthe growth of trees.

In the scopeof this researchplantsare considerecasan
assemblagef plantcomponentsith a structuredescribed
in termsof axes [JL87, GCC97. Theaxisof order0 is the
mainaxis,axesof order1 arethe branchexonnectedo the
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main axis, andso on (Figure 2). A branchconsistsof a se-
guenceof constructionalnitsreferredto asmetames, con-
sistingof aninternodeandassociateteaf andlateralbud, if

presen{Bel9]] (Figure2). A lateralbud maydevelopinto a
o wer or giveriseto alateralbranch.

2.2. Growth characteristics of Populusdeltoides

Figure 3: Sizeof lateral branchesgenerlly decieaseswith
distancefromtheapical shoot.

Thereaderis referredto [Hos9Q Wil84] for amorethor
oughdescriptiorof treedevelopmentaindform. Relesantob-
senationssummarizingthe phenomenanodeledin this re-
searcharede ned below.

Treesdiffer from otherplantsin thatthey grow overmary
years,andexperiencetwo typesof growth, primary growth
andsecondangrowth. Primarygrowth is the elongation of
preformedmetamersrom a bud producedby the previous
yearsgrowth. Internodesceaseto elongate after their rst
year of growth, and experiencesecondarygronth, charac-
terized by the steadythickening of branchesand produc-
tion of bark. One yearsgrowth arising from a single bud
is de ned as a shoot,andtypically consistsof a sequence
of metamerseachwith associatedeaf andlateralbud, ter-
minatedby an apical bud. Shootsmay vary in length,and
numberof metamerspasedon positionin the global tree
hierarcly.

In Populusdeltoides shootsarising from budsproduced
by acommonshootin thepreviousyear have afairly regular
patternof lengthsrelative to eachother The apicalbud pro-
ducesthe longestshoot,the lateralbud closestto the tip of
theshootproduceghenext longestshoot,andthelengthsof
lateralshootsdecrease®or lateralbudsfartherfrom thetip,
shawn in Figure 3. Lateralbuds nearthe baseof the shoot
may not producea branchat all. Therearemary exceptions
to theseguidelines but we adhereto theseruleswhencon-
structingour model.Whena shootgrows, the bud scalesare
lost, and bud scalescarsare obsened (Figure 1) asa ring
aroundthe branch.Bud scalescarsfrom the apical shoot
slowly disappearas bark grows over them, and the scars
from lateralshootsaregraduallyreplacedby a branchbark
ridge (Figurel).

Branchinganglesvary basecdn lengthof shootandtime.
Longer shootshave smallerbranchinganglesthan shorter

¢ TheEurographic#ssociationandBlackwell Publishing2004.

shoots.Obsened anglesrangefrom approximately80 de-
greedor shortshootgo 35degreesfor longshootsThevari-
ationin branchingangleovertime resultsfrom gravitational
forcespulling larger branchesdown. This also affects the
shapeof branchesvertime. Branchegypically curve gently
upwardtowardavailablelight. Longerbranchesnayhave an
S curve, wherethey benddownward closeto their base and
the tips gently curve upward again. The shapeof the trunk
is alsovariable.Typically this is a responseo ervironmen-
tal conditions,resultingfrom variablebranchingdensityon
differentsidesof thetree.

Crown shapevariesover time. A youngtreeresembles
broomstick for its rst few years,growing rapidly upward
with shortbranchesAs the tree agesit tendsto a rounded
crown, with long well developedbranchesBranchingden-
sity also varieswith time. Brancheswhich do not receie
enoughlight will die,andeventuallybelost. Typically these
aresmallerbranchesn theinterior of thetree.

3. Implicit surfaces

An implicit surface[Blo97] S may be derived from a eld
function F(x;y; 2), andis de ned asthe setof pointsP =
(x;y; 2) atwhichthevalueof F equalsD, asfollows:

S=fP=(xy,2 2 R:F(xYy2) = Og 1)

Implicit surfaces are an intuitive means for modeling
smoothlyblendingbranchingstructuresn computergraph-
ics[Blo95, BS9]. A commonapproaclhisto rst de ne the
underlying skeletal structure,then representeach skeletal
componenusingan implicit surfaceprimitive, which have
the inherentability to blend smoothlywith eachother In
contrasto othermethodsimplicit surfacesusethe sameap-
proachregardlessof the compleity involved. Recentlyim-
plicit surfaceshave beenusedas the basisfor more com-
plex modelingsystemgWGG99 ACF 99] which incorpo-
ratetechniquesuchascontrolledblending,boundedlend-
ing, CSG, PCM and spacialwarpingin hierarchicalstruc-
tures.

PCM is a methodof deformingimplicit surfacesin con-
tactsituationsto maintaina precisecontactsurfacewith ct
continuity[Gas93 DCG94. The methodis only anapprox-
imationto a properlydeformedsurface,but is an attractve
algorithmdueto its simplicity. More recentlyit hasbeenap-
plied to corvolution surfacesof an articulatedskeletonin a
branchingsituation wheredistantpartsof theskeletoncould
be de ned not only to avoid blending,but to deformeach
otherusingPCM[AJC0Z. Oneproblemwith this methodis
thatit did notallow thesurfaceggeneratedy adjacenskele-
tal elementgo bebothin ablendandcontactsituationatthe
sametime.
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Figure 4: Input elds de ned by B1(p) (PCM - left) and
B2(p) (Blend- right) to Fg.

Figure 5: Applicationof Fg, theboundingeld b= Fy(p) is
visualizedby two transpaentsurfacestheinneronebound-
ing aregionwhere Fy(p) = 1 andtheouteronerepresenting
thezewo surfacer,(p) = 0.

3.1. Generalizedboundedblending

Paslo introducedtheideaof boundedlending[PPIK0Z, in
whichtwo functionalsolidsde nedby eld functionsF; and
F,, couldbelocally blendedbaseddn a third bounding eld

function F,. This methodallowed an intuitive control over
local blendingbetweentwo solids,but wasonly de ned to
allow eitherablendingor nonblendingsituationbetweerf;
andb,.

Generalizecboundedblendingallows smoothinterpola-
tion betweentwo arbitrary blend operatorsandis de ned
at a point p by a function Fyg(p). Fg dependson a set of
eld functions,F1(p);F(p);:::F(p) de ning eld values
fi = F(p), andabounding eld functionFy(p). Two blend-
ingfunctionsBs (fq; f2;:::fn) andBy( fy; fp;::: fn) arealsore-
quired,which mayuseary de nable blendingmethod,such
assummationgorvolution, PCM, or CSG.F, mustmeetthe
following criteriain orderto producesmoothinterpolation
betweerB; andB;:

B(p) 2 [0:1]
riP = 0 when Fy(p) = 0
riP = 0 when Fy(p) = 1
The eld valueof functionFy(p) atpoint p, is givenby:
by = By(fy;:; fn) 2)
by = Bp(fy;:; fn) (3)
Fo(p) = Fo(p) br+ (1:0 Fu(p)) b2 4

Figure 6: Modifyingthetexture in theregion of PCM defor
mation.Exampleimage (left) and branch bark ridge model

(right).

Figure 7: Evolution of bud scale scars and branch bark
ridge overtime Left-right: 1 year 4 years, 7 years, 10years.

Good resultscan be obtainedby making F, a sigmoid
function,whichdecreasesmoothlyfrom 1to 0 over[0; 1]. In
thisresearchr, wasde ned asadistancdunctioncomputed
by Fy(p) = ((1 r)2)3 wherer is thedistancefrom a skele-
tal primitive, however arbitrary elds could be usedfor Fy,
including non-smoothelds suchasproducedby CSG op-
erations.Application of Fg to combinetwo line primitives,
with B; andB, de nedasPCMandblendasshavnin Figure
4, producegheresultshavn in Figure5, wherethebounding
eld F, is visualizedastwo transparensurfaces.Theinner
oneboundsaregionwhereF, = 1, andthe outeronevisual-
izesthe zerosurfaceof F,. F, is de ned suchthatits value
is 0 everywhereoutsidethis region.

3.2. Visualization of treefeatures

ThefunctionF, (seesection3.1) is appliedto modelthebark
ridgeridgesandbud scalescarsin treesby interpolatingbe-
tweenblendand PCM. This is appropriateasin naturethe
shapeis a consequencef the collision betweenbark vol-
umesand PCM was designedo model collision deforma-
tions. It canalso be obsered that the collision volumeis
boundedandthereis a smoothchangefrom the deformed
partof the volumeto the smoothlyblendedpart. To capture
theblackenedcolourof the branchbarkridge,thebounding
eld de ned by b= F,(p) is usedto determinetexture at-
tributesin the region of PCM asshown in Figure6. On the
left the samesituationis shovn asin Figure 5, exceptthat
wherethe eld is modi ed by the PCM blend,the surface
attributesare de ned by the bounding eld, illustrated by
the greenridge. On the right we seethe applicationof tex-
ture mapsanda black colour de ned by the bounding eld
to producevisually realisticresults.

¢ TheEurographic#AssociationandBlackwell Publishing2004.
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To modelthe variationof bud scalescarsandthe branch
barkridge over time, the eld functionF, is modi ed over
time.Resultdor asimplebranchingsituationoverthecourse
of severalyearsareshowvn in Figure7. Thebud scalescaron
the main branchis graduallylost, andthe bud scalescarof
thelateralbranchbecomes branchbarkridge.

4. Global-to-local modeling of a growing tree

In this section,the descriptionof the model of tree growth
is givenfor brancheof order0 (thetrunk) and1. It is then
extendedto higherorderbranchesand animation.The fol-
lowing notationis usedthroughouthis section;y 2 [0; ymax]
denoteghecurrentyearaftergerminationwhereymaxis the
maximumageof the tree. Length of a branchin yeary is
denotedasly, andthefollowing inequalityis enforced:

ly+ Imin < ly+1 (5)

wherelpin is a userde ned minimum lengthof shoot.The
termx denoteghe global positionof a branchalongits par
entbranch,andxy 2 [0; 1] the relative positionof a branch
alongits parentin yeary, wherexy = x=Ip, andlp, is the
length of the parentbranchin yeary. The relative posi-
tion of a branchalongits parentin yearymax is denotedby
Xmax 2 [0; 1] whereXmax= %=l py., andlp,., is the lengthof
theparentranchin yearymax Localparametersf treecom-
ponentsaredeterminednteractvely by theuserwith graph-
ically de ned functionsG overthedomain[0; 1]. Unlessoth-
erwisestatedthesefunctionsarede nedin termsof Xy, Xmax
ortimety = y=ymax For example thelengthof thetrunk by
yearis de ned by Gy, asfollowsly = G(ty).

4.1. Structur e of branches

The rst stepis to de ne thelengthof eachbranchfor each
year A useful obsenation is that branchesof every order
may be consideredas a seriesof growth incrementspro-
ducedannually The differencein lengthfrom oneyearto
thenext determineshelengthof thatyearsshoot.

Thelengthof thetrunk, or branchof order0, is treatedas
aspecialcaseandis determinedy Gy, asabove. Thelength
of orderl branchess determinedy theuseof two functions
Gs1(xy) de ning the desiredsilnouetteof the treewhenit is
young,andGs(Xy) whenit is mature Thelengthof abranch
in eachyearis thendeterminedsfollows:

Ip, (1 ty) Ga(xy)+ty Ge(xy)) (6)
maxlg,;ly 1+ Imin) (7

|dy
ly

wherely, is thedeterminedengthbeforeenforcingequation
5. Resultingbranchlengthsare shawvn in Figure 8, where
eachyearsgrowth is colouredalternatelyin blue andred.
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Thenew yearsgrowth is shavn in greenThebandsof colour
represena contourfor eachyearsgrowth. It canbeseerthat
the contoursbecomemore roundedas the tree ages.Note
thatthe inputxy to functionsGg; andGsp variesfor a given
branchby year Thisimpliesthatit is notpossibleto individ-
ually controlthe appearancef a speci ¢ branchusing Gg
andGg. Thethird stepoffersasolutionto this problem.

Figure 8: Lengthof branchesvisualizedby year Each years
growth is coloured alternately blue then red. New years
growthin green.

The secondstep is to de ne localized orientation for
branch segments. This is done by interpolating between
Go1(Xy), de ning local orientationsfor a theoreticaloranch
of length 0, and Gga(Xy), de ning local orientationsfor a
branchof maximumlengthlmax For eachgrowth increment
alongagivenbranch,adesiredcheadingg is speci ed by in-
terpolatingbetweenthesetwo curves as follows, wherexy
representghe position of the growth incrementalong the
currentbranch,andnot the positionof the branchalongits
parent:

|y=|max (8)
(1 sq) Gor(xy) + sq Goz(xy) ©)

S
a

During constructiorof thebranch gachsegmentis rotated
by anappropriatemountelativeto its predecessauchthat
it is orientedatanangleq away from theoriginal headingof
thebranch A positive headings de nedto orientthebranch
morein thedirectionof its parentandanegative headinchas
the reverseeffect. By de ning Go; to beincreasinglyposi-
tive, shorterbranchegendto grovw moreupwardalongtheir
length. Gy is de ned to beinitially negative, andthenin-
creasinglypositive, which givesan S shapecturve to longer
branchesand simulatingthe effect of gravity uponthem.
Theresultis shavn in Figure9.

The third step associates scalefactor s,, de ned by
Gps(Xmax) With eachbranchasfollows:

S = Gps(Xmax) (10)

Thescalefactoris usedin severalwaysin themodelingpro-
cesslnitially it providesa directmethodfor controllingthe
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Figure 9: Localizedorientation of branch segmentsis de-
ned by interpolating betweentwo functions,one for short
brandhes,andonefor long brandes.

appearancef individual brancheswhichis not possibleus-
ing thefunctionsGg andGg. Onceabranchesengthis de-
terminedby Gg; andGg, it is scaledby s,. An exaggerated
exampleis showvn in Figure10.

Figure 10: Modifyingbranc lengthwith thescalefactorsy,.

The fourth stepde neshow long abranchlivesbeforeit
islost. A function G representinggea of abranchwhenit
is lostis de ned asfollows:

a= Ga(s) (11)

Theresultis thatshorterbranchesvill tendto belostsooner
than long onesof the sameorder as shavn in Figure 11

Note that shorterbranchesemainnearthe top of the tree
wherethey have ayoungerage.Shortbranchesearthebot-

tom from Figure 10 have beenshed.Using the length of

branchedo determinetheir lifespanis avoidedin orderto

allow shortbranchef high orderto live longerthanlower

orderbranche®of greatedength,a phenomenowbseredin

realtrees.

Finally, the radiusof a branchis de ned as a function
of position along the branch,and stochasticvariationsare
addedto the branchorientationto createa morelifelik e tree
model.

Figure 11: Modeling loss of branches. Shorter branches
are only observednear the top of the tree whee they are

younger.

4.2. Higher order branches

Section4.1 describedthe use of positionalinformation to
determinethe structureof branche®f order0 and1. To ex-
tend the methodto higher order branches paracladialre-
lationshipsbetweenthe main and lateral branchesare as-
sumed ,thatis, the sameinformationis recursvely applied
to branche®f higherbranchingorder To accounffor varia-
tionsin branchorders,somemodi cations aremadeasfol-
lows.

Lengthof higherorderbranchess de ned aswith order
1 brancheshut arescaledbasedon the orderof branching.
Equation? is modi ed asfollows:

I = maxlg,;ly 1+ lmin)
Y 0:5 order+ 1

(12)

Theresultis narraver crowns of branchegelative to their
lengthwhencomparedo the trunk. Note thatthis doesnot
affect the branchscalefactor s, of the branch.Ratherwe
rede neequationlO asfollows:

So= Sh, Gbs(Xmax) (13)

wheresy, is the parentbranchs scalefactor Branchcuna-
tureis de ned basedn lengthof the branchandis notmod-
i ed for higherorders Similarly, thelifespanof higherorder
branchess determinedasin equationl1usings, from equa-
tion 13 asinput. Finally, lateralbranchewill notbe created
if s is below auserde ned thresholdspin.

4.3. Structur e and developmentof shoots

In eachyeat a new shootwill grow from the apicalbud of
eachbranch,andfrom someof the lateralbuds.Eachshoot
is composedf several metamersyhich may producenew
lateralbranchesn thefollowing year

If a shootgrows in yeary, thenthe length of the shoot
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Figure 12: Growthof a shootover 1 year

Isisdenedasls=ly I, 1 wherelyandly ; arethede-
ned lengthsfor thebranchcontainingtheshoot.Eachshoot
is composedf a numberof metamersn de ned by Gm as
follows:

m= Gm(q) where g= ls=s,,, (14)

wherels,,, is themaximumlengthof ashoot.Oncethenum-
berof metamerhasbeende ned, thelengthof internodes;

is assumedo be equalfor eachmetameiin the shootwhere
li = Is=m. In the yeara shootis grown. Eachmetamermwill

producea lateral leaf. The position of a lateral organ rel-
ative to its parentshootis given by xs 2 [0;1]. A graphi-
cally de ned functionG (xs) de nesthesizeof leaffor each
metamer

In the yearfollowing a shootsgrowth, it will producelat-
eral branchesLateral branchedfor a given shootare con-
structedasin the previous two sectionswith the modi ca-
tion that all lateral branchesusethe position of the shoot
alongthebranchto determineheirlengthsandscalevalues.
In additionto this, the scalevalues, for eachlateralbranch
is furthermodi ed by agraphicallyde ned function Gs¢(Xs)
which de nes anotherscalevalue as a function of the lat-
eral branchs position alongthe shoot.Equation13 is thus
modi ed asfollows:

S = Gss(Xs) S, Gps(Xmax) (15)

wherexmax is the positionof the shootalongthe branch As
notedin Section2.2, thelongestateralshootwill beformed
by thelateralbud closesto the shoottip. Gssis de ned ap-
propriatelyto modelthis phenomenon.

Lateral branchesare arrangedn a spiral phylotactic ar-
rangement,where the lateral branch of each successie
metameris placedat an angle of 137:5 degreesfrom the
previous onein the planeperpendiculato the axis of the
branch.To avoid repetitive patternsin the nal structure,
causedby the longestbranchfrom one yearsshootbeing
nearly coplanarwith the longestbranchfrom the previous

¢ TheEurographic#ssociationandBlackwell Publishing2004.

Figure 13: Foliage successiomver oneyear

yearsshoot,the metamercountm for a given shootis re-
stricted to only allow internodecountssuch that the two
longestlateral branchesn the currentshootare placedat
anangleatleast40 degreesaway from thelongestbranchof
thepreviousyearsshoot.

The developmentof a single shootis specied as in
[M03]. The developmentof each metameris considered
to be identical,andis given by graphicallyde ned growth
curwes for internode elongation, leaf growth, and bud
growth. Growth curvesof subsequennetamersreoffsetin
timeresultingin acontinuousievelopmenbf asingleshoot.
Theresultof applyingthis processs shavn in Figure12.

5. Results

Three animationsillustrating various aspectsof a grow-
ing Populusdeltoidesmodel were produced.Framesfrom
bbridge.mpgareshavn in Figure 7, which demonstratéhe
effectivenes®f theproposednethodn modelingthebranch
bark ridge and bud scalescarsover time. The grossfea-
turesaremodeledalthoughmorework needso be doneon
the bark texture andits placementFigure 12 shavs frames
from shoot.mpgillustrating the growth of a shootover one
year Notethe visible bud scalescarat the baseof the shoot
wherethe bud scalesare lost. Finally, populus.mpghavs
the growth of a Populusdeltoidesover 27 years,including
successioof foliagein eachyearshavnin Figurel3. Figure
14 shaws (from left to right) a seriesof imagesof realtrees
atdifferentstageof growth. Notethe shapeanddistribution
of the brancheds matchedquite closely by the generated
imagesfrom populus.mpghowvn in Figure15.

While the use of implicit surfacesto visualize the re-
sulting modelsis an advantagefor producingmore photo-
realisticmodelsof growing trees,they alsovastly increase
thecomputationatompleity of therenderingpipeline.The
high frequeng natureof a tree model doesnot reactwell
to standardpolygonizationtechniquesFigure 16 shawvs a
polygonizedapproximatiorbasecbn 21024 voxel gridand
renderedn OpenGLontheleft, andaray tracedimagewith
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Figure 14: Photgraphsof Populusdeltoideg EasternCottonwoodpt several developmentattages.

Figure 15: Implicit surfacemodelsof PopulusdeltoidegEasternCottonwood)t several developmentatteges.

Figure 16: Polygonizedrenderingwith 1024 voxel grid
(left), ray tracedimage at 768 pixels(right).

768 pixels and no anti-aliasingon the right. The polygo-
nized model required350 secondgo createthe polygons,
but evenwith avery ne voxel grid, the high frequeng de-
tails aremissing.In contrastthe ray tracedimagerequired
only 430secondo produceanimagewhich capturesalmost
all of thehigh frequeng detail.

Giventhenon-interactie goalof a photo-realisti@nima-
tion of treegrowth, ray tracinghasbeenusedto produceall
threeanimationgfor its vastly superiorimagequality. Ren-
dering time for populus.mpgvaried from 2 secondsto 30
minutesperframe,with anti-aliasing,on a PentiumlV pro-
cessorwith 1Gb of RAM. Much of the time for the later
frameswasdueto memoryintensve acceleratioralgorithms
which resultedin swappingmemoryto the hard drive. As
an example,the nal imagein Figure 15 contains181,692
primitives, 222200operationnodes,andrequired1.4 Gb of
RAM to ray traceef ciently . It is estimatedhat30% of the
renderingtime wasspentswappingmemory

With the high renderingtimes per frame,constructionof
the modelwas correspondinglyslow. It requiredl weekto

¢ TheEurographic#AssociationandBlackwell Publishing2004.
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ne tunetheparametersncethealgorithmwasdetermined.
Experiencewith anotherplant modeling systembasedon
L-systemsand parametricallyde ned surfaces[PMKLO01],
which wastheinspirationfor this work, leadsto the conclu-
sionthatwithouttherenderingdelayfor eachiterationin the
modelingprocessthe entireanimationcould be de ned in
a singleday The intuitive natureof the graphicallyde ned
functionsusedto controllocal propertiesof plantorgansis
afundamentahspecof this proces§PMKLO01, M03], dras-
tically reducingthe amountof guesswrk involved in this
processcomparedo othermethodsThe resultingstructure
couldthenbegivento theray tracerto producehigh quality
rendering®f a correspondingmplicit surface.

6. Conclusions

In this work we have proposedhe useof a procedurakys-
temfor modelingtreegrowth which includesa combination
of smoothandnon-smootteatureqot previously modeled.
The systembuilds implicit surfacesas hierarchicalBlob-

Trees[WGG99, andcontainsmary usefultools for repre-
sentinggrowing treesjncludinggeneralizedhoundedlend-
ing as introducedin this work. The use of graphicalin-

teractvely de ned functionsfor specifyingmodel parame-
ters,combinedwith theinversemodelingparadigmandim-

plicit surfaces providesanintuitive and powerful approach
to modelinggrowing trees.We demonstratehat a realistic
proceduralimodelof a growing tree canbe built usingthis

approachwhich enablesmodelingof featureswhich have

notbeernrepresentedsingothermethodsSpeci cally it was
demonstratethatsmoothvisualizationganimationspf ag-

ing bud scalescarsandbranchbarkridgesin developmental
treemodelscanbe obtained.

The main contrikutionsof this work aresummarizede-
low:

The conceptof generalizedboundedblendingis intro-

duced.

A combinatiorof blending precisecontactmodeling,and
generalizedooundedblend is usedto representoranch
junctions(bud scalescarsandbranchbarkridges).

A methodis presentedor producingsmoothanimations
of growing treesusingtheinversemodelingparadigm.

There are mary areasof future work. The proposed
method has thus far beenappliedto only one speciesof
tree. As it is an extensionof the techniquesdescribedin
[PMKLO1, M03], and given the wide ranging successof
thesemethodswe believe thatits applicationto mary other
tree specieswill prove successful Application of known
techniquesfor computing radius of branches[SYHK64],
and orientationof plant organssuchas leaves and lateral
branchegWP99, shouldbe includedin our modelof tree
growth. Bifurcating structuresin older treeshave not been
incorporatedn thecurrentmethodologyOurtexturing algo-
rithmis aprimitive one,andmorework onrealistictexturing
aroundbranchjunctionsis required.

¢ TheEurographic#ssociationandBlackwell Publishing2004.

References

[ACF 99] ADzHIEV V., CARTWRIGHT R., FAUSETT E.,
OssiPov A., PASKO A., SAVCHENKO V.: Hy-
perFunproject: a framework for collaboratve
multidimensionaF-repmodeling.In Proceed-
ingsof Implicit Surfaces99 (1999),pp.59-69.

3

[ACS03] AKLEMAN E., CHENB J., SRINIVASAN V.: A
minimal and completesetof operatordor the
developmentof robust manifold meshmodel-
ers.GraphicalModels65, 5 (Septembe003),

286-304.2

[AJCO02] ANGELIDIS A., JEPP P, CANI M.: Im-
plicit modelling with skeleton curves: Con-
trolled blendingin contactsituations. In Pro-
ceedingsof the International Confeence on
ShapeModelingand Applications(SMI 2002)
(May 2002),IEEE ComputerSociety pp. 137—

144. 3

[AP] AITKEN M., PRESTON M.: Foliagegeneration
andanimationfor “The Lord of theRings: The
Two Towers”. SIGGRAPH2003DVD-ROM,
ACM SIGGRAPH,New York, 2003. 2

BELL A. D.: PlantForm: AnlllustratedGuide
to Flowering Plant Morpholagy. Oxford Uni-
versity PressOxford, 1991. 2

[Bel9l]

[Blo85] BLOOMENTHAL J.: Modeling the Mighty
Maple. In ComputerGraphics (SIGGRAPH
85 Confeence Proceedings)1985), vol. 19,

pp.305-311. 2

[Blo95] BLOOMENTHAL J.: Sleletal Designof Nat-
ural Forms Ph.D. dissertationUniversity of

Calaary, 1995. 3

[Blo97] BLOOMENTHAL J. (Ed.): Introductionto Im-
plicit Surfaces Morgan Kaufmann,ISBN 1-

55860-233-X1997. 3

[BS91] BLOOMENTHAL J., SHOEMAKE K.: Corvo-
lution surfaces.In Proceeding®f SIGGRAPH

1991(1991),ACM, pp.251-256. 3

DESBRUN M., CANI-GASCUEL M.-P: Ac-
tive implicit surfacefor animation. Graphics
Interface'98 (Junel1998),143-150.ISBN 0-
9695338-6-1.1, 3

[DCGY8]

[dREF 88] DE REFFYE P, EDELIN C., FRANCON J.,
JAEGER M., PUECH C.: PlantModels Faith-
ful to Botanical Structureand Development.
In ComputerGraphics (SIGGRAPH88 Con-
ferenceProceedings)1988),vol. 22, pp. 151—
158. 2

[FFC82] FourNIER A., FusseL D., CARPENTER



[FG86]

[Gas93]

[GCC97]

[HBY6]

[Hol94]

[Hon71]

[Hos90]

[JL87]

[JTFPO1]

[LD99]

[M03]

[Man82]

[Mar03]

[Opp8é]

C. Galbraith, L. Mindermanr& B. Wyvill / Implicit Visualizationand InverseModelingof Growing Trees

L.: Computerrenderingof stochasticmod-
els. Communicationsfthe ACM 25, 6 (1982),
371-384.2

FOURNIER A., GRINDAL D. A.: TheStochas-
tic Modeling of Trees. In Proceedingsof
Graphicsinterface'86 (1986),pp.164-172.2

GASCUEL M.-P.: An Implicit Formulation
for PreciseContactModeling BetweenFlex-
ible Solids. ComputerGraphics (Proc. SIG-
GRAPH93) (August1993),313-320. 3

GoDIN C., COSTES E., CARAGLIO Y.: Ex-
ploring plant topological structure with the
AMAPmMod software:anoutline. SilvaFennica
31, 3(1997),357-368. 2

HART J. C., BAKER. B.: Implicit modelingof
tree surfaces. In Proceedingf Implicit Sur
faces'96 (Octoberl996),pp.143-152. 2

HoLTON M.: Strandsgravity, and botanical
treeimagery ComputerGraphicsForum13, 1
(1994),57-67. 2

HoNDA H.: Descriptionof theform of treesby
theparametersf thetree-like body Journal of
Theoetical Biology 31 (1971),331-338. 2

HoslE R.: NativeTreesof Canada Fitzhenry
and Whiteside Ltd., Markham, ON, Canada,
1990. 3

JANSSEN J. M., LINDENMAYER A.. Models
for the Control of BranchPositionsand Flow-
eringSequencesf Capitulain Mycelismuralis
(L.) Dumont (Compositae). Nenv Phytolayist
105, 2 (1987),191-220. 2

JN X., TAI C., FENG J., PENG Q.: Corvolu-
tion surfacedor line skeletonswith polynomial
weightdistributions.Journal of GraphicsTools
6, 3(2001),17-28. 2

LINTERMANN B., DEUSSEN O.: Interactve
Modeling of Plants.|IEEE ComputerGraphics
andApplications19, 1 (1999),56-65. 2

MUNDERMANN L.: Inverse modeling of
plants PhD thesis, University of Calgary,
2003. 2,7,8,9

MANDELBROT B. B.: TheFractal Geometry
of Nature. W. H. FreemarandCo., SanFran-
Cisco0,1982. 2

MARITAUD K.: Renduéalisted'arbresvusde
présenimagesde synthése PhD thesis,Uni-
versitydeLimoges,France PecembeR003. 2

OPPENHEIMER P. E.: Real-Time Designand
Animation of Fractal Plantsand Trees. In

[PL9O]

[PMKLO1]

[PPIKO2]

[RB85]

[SYHK64]

[Tho61]

[TMW02]

[VEJAS9]

[WGG99]

[Wilg4]

ComputerGraphics (SIGGRAPH86 Confer
enceProceedings)1986),vol. 20, pp. 55-64.
2

PRUSINKIEWICZ P., LINDENMAYER A.: The
AlgorithmicBeautyof Plants SpringefVerlag,
New York, 1990. 2

PRUSINKIEWICZ P.,, MUNDERMANN L.,
KARWOWSKI R., LANE B.: TheUseof Posi-
tonal Information in the Modeling of Plants.
In SIGGRAPH2001 ConfeenceProceedings
(2001), Fiume E., (Ed.), Annual Conference
SeriesACM SIGGRAPH,pp.289-300. 2, §,
9

Pasko G., Pasko A., IKEDA M., KUNNII
T.: Boundedblendingoperations.In Proceed-
ings of the International Confeenceon Shape
Modeling and Applications(SMI 2002) (May
2002),IEEE ComputeiSociety pp.95-103. 1,
3

REEVES W. T., BLAU R.: Approximateand
ProbabilisticAlgorithmsfor ShadingandRen-
dering StructuredParticle Systems. In Com-
puter Graphics (SIGGRAPH85 Confeence
Proceedings}1985),vol. 19, pp.313-322. 2

SHINOZAKI K., YODA K., HozumI K., KIRA

T.: A quantitatve analysisof plantform - the
pipe theorymodel,i. basicanalysis.Japanese
Journal of Ecolagy 14, 3 (1964),97-105. 9

THOMPSON D. W.: On Growth and Form.
CambridgdJniversityPressCambridge1961.
2

ToBLERR. F., MAIERHOFER S., WILKIE A.:

A MultiresolutionMesh GeneratiomApproach
for ProceduraDe nition of Complex Geome-
try. In Proceedingof the International Con-
ferenceon ShapeModeling and Applications
(SMI12002) (May 2002),IEEE ComputerSo-
ciety, pp.35-42. 2

VIENNOT X. G., EYROLLES G., JANEY N.,
ARQUES D.: CombinatorialAnalysisof Ram-
i ed PatternsandComputerdmageryof Trees.
In ComputeiGraphics(SIGGRAPH9 Confer
enceProceedings)1989),vol. 23, pp. 31-40.
2

WryviLL B., GALIN E., Guy A.: Extend-
ing The CSG Tree. Warping, Blending and
Boolean Operationsin an Implicit Surface
Modeling System.ComputerGraphicsForum
18,2 (Junel999),149-158. 1, 3,9

WILSON B.: TheGrowing Tree The Univer-

¢ TheEurographic#ssociationandBlackwell Publishing2004.



C. Galbraith, L. Mindermanr& B. Wyvill / Implicit Visualizationand InverseModelingof Growing Trees

sity of MassechuesettBress,Amherst, USA,
1984. 3

[WP95] WEBER J., PENN J.: CreationandRendering
of RealisticTrees. In SIGGRAPHI5 Confer
enceProceedingg1995), Annual Conference
Seriespp.119-128.2,9

¢ TheEurographic#ssociatiorandBlackwell Publishing2004.



