BlobTreeTrees

CallumGalbraith

PeterMacMurchy

Brian Wyvill

Departmenbf ComputerScience
University of Calgary
callum/peterm/blob@cpsc.ucaly.ca

Abstract

In recentyears several methodsfor modelingbotanical
treeshavebeenproposed. The geometryand topolagy of
treeslkeletonscanbewell describedby L-systemshowever,
there are several approacesto modelingsmoothsurfaces
to representranches,andnot all of the observedohenom-
enacanberepresentedby currentmethodsManytreetypes
exhibit non-smootheatuessud asbrandc barkridgesand
collars.

In this reseach a hierarchical implicit modelingsys-
temis usedto producemodelsof branching structuesthat
captule smoothbranding, branch collars andbranch bark
ridges.TheBlobTreeprovidessereral techniquego control
the combinationof primitives, allowing both smoothand
non-smootheffectsto be intuitively combinedin a single
blendvolume Irr egular effectsare implementedisingPre-
cise ContactModeling ConstructiveSolid Geometryand
spacewarping We showthat smoothblendscan be ob-
tained,withoutnoticeablebulging, usingsummatiorof dis-
tancebasedmplicit surfaces.L-systemsare usedto create
thebranding structure allowing botanicallybasedsimula-
tionsto beusedasinput.

1. Intr oduction

Modeling of branchingtopologiesfor botanicalstruc-
turesis a well-studiedproblem, asis their subsequenti-
sualization. However, generatinga realisticand smoothly
connectedsurface aroundan arbitrary branchingskeleton
remainsdif cult. Currentmethodsdo not capturethe sub-
tleties of the blendsat branchingpoints, in particularthe
branchbarkridge[28] andcollars,shavn in Figurel.

Previous work has focused on the construction of
smoothlyconnectedurfacesusingparametricimplicit, and
subdvision techniques.In this researcha methodis pro-
posedfor the next stepin generatingrealistic models of
trees. The approachusesskeletalimplicit surfacesin the
context of a hierarchicaldata structure called the Blob-

Figure 1. Photographs of poplar trees show-
ing: branch bark ridges, rings around
branc hes, branc h collar.

Tree [31], which combinesblendingoperationswith non-
blending operationssuch as Constructve Solid Geome-
try (CSG), spacialwarping, and PreciseContactModel-

ing (PCM) [13]. The methodcombinesPCM and blend-
ing to model both smoothblending and the branchbark
ridge at branchingpointsasappropriate.Sufcient blend-
ing control is demonstratedising summationof distance
basedskeletalimplicit primitivesto modelsmoothlyblend-
ing branchingstructureswithout noticeablebulging. This
obviatesthe needfor cornvolution surfaces,which impose
anincreasen computationahndimplementatiorcomplec-

ity. Non-smoothqualitiesof trees,suchas scarsformed
wherebranchesave beendiscardedarealsoeasilyincor



Figure 2. Photograph of an arbutus tree show-
ing smooth junctions between branc hes.

porated.Theresultingsurfacesareresolutionindependent,
providing awell-de ned surfaceatall levelsof detail.

Thewell-studiedcomputegraphicgechnique.-systems
[20, 27, 26] is usedto generatea string that encodesa
branchingstructure.The stringis thenusedto generatean
implicit surfaceretainingthe overall structureof the model
describedy the stringrewriting system.

2 Background

Researclinto methodgor modelingbotanicalstructures
initially focusedon the skeletalbranchingstructureof trees
and herbaceouplants[12, 17]. The simpleststepin the
guestfor realismwas the representatiorof internodesas
3D cylinders[10, 27]. A visually moreadwancedechnique
wastheuseof generalizeaylinders[5, 16,21, 23]. Unfor-
tunately generalizectylindersdo not properly capturethe
smoothgeometryof branchingpoints,shovn in Figure2.

Modeling of the geometryaroundbranchingpointswas

rst addressedby Bloomenthal,who initially proposedo
solve this problem by crafting parametricsurfaces|[5].
However, the methodis not easily extendedto arbitrarily
comple ramiformstructures.

Bloomenthalalso proposedhe useof implicit surfaces
[6], and corvolution surfaces[8], which t surfacesto
branchingstructuredn a generalway. A commonside ef-
fectof implicit surfaceds bulging, anunnatural-lookingn-
creasein girth wheretwo or more branchesare blending
together[6]. Corvolution surfacesbasedon skeletal line
segmentsarebulgefreefor non-ramiformstructuresbut do
exhibit bulging for ramiform structures. Using a polygo-
nal skeletal structurewith convolution removesbulging in
ramiform structuresput cannotproducecircular crosssec-
tions. In general,convolution surfacesimposean increase
in bothcomputationahndimplementatiocomplexity. Hart
modeledreesusingimplicit methodsanda procedurabark
texture [15]. Maritaud[22] modeledtreesusingcombina-
tion blending[6] and procedurabark texturing. Jin et. al
[18] usedcorvolution surfaceswith polynomialweightdis-
tributionsto modeltreesandotherramiformstructuresAll

Figure 3. A model built from the BlobTree

previouswork usingthesemethodgproducedmodelswhich
wereglobally smooth.

Tobler et. al. [30] rst proposedhe useof subdiision
surfacesfor the modeling of branchingstructures. They
procedurallygren ameshby repetitively applyingmeshop-
erationsincluding subdvision and growth. Relatedtech-
niguesusing subdvision wereintroducedby Aitken et. al
[2] andby Aklemanet. al.[3]. Thelattertwo techniquesire
globallysmoothfailing to capturehesmallerroughdetails.
Additionally, it is problematicto createthe initial subdvi-
sionmeshfor arbitrarily complex branchingstructures.

2.1 Implicit Surfaces

An implicit surface[7] S may be derived from a eld
functionF (x; y; z), andis de ned asthe setof pointsP =
(x;y; z) atwhichthevalueof F equals, asfollows:

S=fP=(xy;2)2R%F(x;y;2)=0g (1)

Implicit surfaces are an intuitive means for modeling
smoothlyblendingbranchingstructuresn computergraph-
ics[6]. A commonapproachsto rst de ne theunderlying
skeletal structure,then representachskeletal component
usingimplicit surface primitives, which have the inherent
ability to blend smoothlywith eachother In contrastto
othermethodsjmplicit surfacesusethe sameapproactre-
gardlessof the branchingstructures complity. Recently
implicit surfaceshave beenusedasthe basisfor morecom-
plex modelingsystemg1, 31] whichincorporatdechniques
suchascontrolledblending,boundedlending,CSG,PCM,
andspacialwarpingin hierarchicaktructures.



2.2 TheBlobTree

The BlobTree provides a hierarchicaldatastructurefor
thede nition of complex modelshasednimplicit surfaces.
Implicit surfaceprimitivesbasedn distanceelds areused
asleaf nodeswhile internalnodesconsistof operationon
arbitraryimplicit surfaces(seeFigure3). The BlobTreeis
an extensibledatastructure,currently supportingthe fol-
lowing modelingtechniques:CSG, spacewarping, PCM,
2D texturemapping[29], controlledblending[14], localre-
nement [19] and R-functions[24]. As Paslo [25] points
out, thereare problemswith usingthe max/minfunctions
for CSGin certaincircumstancesHowever, theseare not
problemsin the caseof the treeexamplespresentedn this
paper Operationon the BlobTreg suchasvisualizationof
a surface,dependonly on the ability to evaluatethe eld
function at ary point in space,which is performedby a
traversalof the BlobTree For example,a blendof m child
functionsF; is expressedunctionallyasfollows:

Fxy;z)=  Fi(xy;2) (2)
i=1
The power of this methodologycomesfrom the fact that
the large numberof operationgnentionedabove areeasily
implementedn the contet of atreetraversal[31].

Speci cation of BlobTreescan be donethrougha spe-
cialized interactve user interface, or using a procedural
approacheither throughthe interpretedlanguagePython,
or the C++ programminglanguage. Theseapproaches,
togetherwith the intuitive appealof combining geomet-
ric skeletalelementgo form models,make an appropriate
choicefor modelingcomple biologicalobjects.

2.3 PreciseContact Modeling

PreciseContactModeling(PCM)[11, 13] is amethodof
deformingimplicit surfacesn contactsituationgo maintain
aprecisecontactsurfacewith C* continuity Themethodis
only anapproximatiorto a properlydeformedsurface,but
is anattractve algorithmdueto its simplicity.

Thedeformatioris appliedby addingadeformatiorterm
d to the implicit function F. Thereare threecaseswhen
calculatingd, shovn in Figure4: in the interpenetration
region: d < 0, simulatingcompressiomndcreatingacon-
tactsurface;in the propagationregion: d > 0, modeling
local expansiondueto compressionn the interpenetration
region; elsewhee: d = 0, implying no deformation. A
completedescriptionof this functionis givenby Cani[9].

3 Modeling Trees

Initially, a branchinghierarcly representing botanical
treeis constructedusing L-systemswhich de nes length,

Figure 4. Precise contact modeling.

Figure 5. A BlobTreecone primitive .

baseradius,tip radius, position, and connectvity of each
internode(branchsegment).An instanceof a BlobTreedata
structureis thenbuilt by interpretingthe L-systemstring;

thus botanically basedsimulationsmay be usedas input.

Eachinternodeis representedy anindividual skeletalim-

plicit primitive, and a hierarcly of BlobTree operations
combinesthe primitives in a single blend volume. Both

smoothandnon-smoottblendingoperationsreappliedbe-

tweenprimitivesdependingn their relationshipwithin the

branchinghierarcly. Spacialwarpingand2D texture map-

ping are incorporatedo enhancehe photo-realisnof the

resultingmodels.

3.1 Modeling Branches

The increasecdcomplexity of corvolution surfacesover
implicit surfacess warrantedvhenthe modelrequiresper
fectly smoothblending betweenbranchsegments. How-
ever, it canbeobsenedthatthebranchingstructureof trees
exhibit smallamountf bulging atbranchingooints,andin
generalarenot perfectlysmooth.Skeletalimplicit surfaces
allow for sufcient controlover bulging for modelingreal-
istic trees thusconvolution surfacesarenot employed.

Individual internodesare representedy skeletal cone
primitives,shavn in Figure5. Wherer, de nesthebasera-
diusof theinternodeandr de nesthetopradius(r;  rp),
theradiusof theconeis settor., = r, r atthebaseand
r, = Oatthetop,andthedistanced; from theconeto the
visualizediso-surficeis d; = r;. Branchesaremodeledby



Figure 6. Bulg e when two line segments with
coincident end points are blended.
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Figure 7. Left: two skeletal primitives A and
B inter sect at branc hing point P, resulting in
bulging. Right: length of A is shortened to
reduce bulging.

summingthe elds de ned by coneprimitivesrepresenting
successie internodes.

An undesirabldeatureof summatiorblendingis theap-
pearancef bulges(Figure6) whereskeletalprimitivesin-
tersect.Bloomenthalnotedthatbulging in ramiform struc-
tures using cornvolution surfacesbasedon line sggments
maybereducedy offsettingthe skeletalelementg6]. The
sameapproachmay be usedwith skeletalimplicit surfaces
to reducethe bulging to an acceptablédevel for the model-
ing of trees,while retainingsmoothblends. The length of
the skeletal primitive representinghe basalinternodeA is
reducedoy anamount A, de nedin equatior3, whererg,
is thetop radiusof internodeB .

a = 175 e, (3)

Figure7 shawstheresultingiso-surbiceswvhenskeletalline
primitives A and B are blended. On the left, A and B
areconnectedt the branchingpoint P, resultingin alarge
bulge. In contrast,the right imageshaws the resultof re-
ducingthelengthof A by . This methoddoesnot com-
pletely remove the bulging betweeninternodeshut makes
it practicallyunnoticeablewhile maintainingalarge blend-
ing radiusin the interior angle betweenadjoining intern-
odes,shavn in Figure8. It wasfoundthatthe scalefactor
1:75usedn Equation3 couldbevariedby upto 3% without
affectingthe bulgeappreciably

Furtherto the methodintroducedabore, it is possible
to reducethe length of internodeB, anddisplaceit away
from the branchingpoint P alongits axis, while keeping

Figure 8. Two cone primitives with their end
points offset are blended using summation.
Left: 180 degrees separation. Right 90 de-
grees separation.

Figure 9. Examples of branc hing structures
using summation blend.

thelengthof A x ed. It wasfoundthatthis resultsin less
smoothblendswhenthe radiusdecreasesoticeablyfrom

A to B. Additionally, if the lengthsof both A andB are
reducedsothatneitherof the skeletalelementsactuallyin-

tersectgshebranchingoointP, thenanundesirabléndenta-
tion ontheelbaw of theblendoccurs.Thusthebaseof B is

x edto thebranchingpointP.

3.2 Branching Points

Oneof theadwantage®f usingimplicit surfacedo model
branchingstructuresis the automaticway in which ary
numberof branchesnaybe combined.The operatorased
to combinethebranchesrecommutatve, thusthebranches
maybede nedin any order Additionally, thereis no limit
to thenumberof brancheshatmaybecombinedatasingle
location,makingthe methoddirectly applicableto branch-
ing structuref arbitrarycompleity. Theonly problemis
to ensurghatno unwantedbulging occurs.

With a summationblend, the unwantedbulging is mit-
igatedby the fact that, in trees,the sum of the crosssec-
tional areasof the branchinginternodesB; is lessthanor
equalto the crosssectionalareaof the basalinternodeA
[27]. Thisimpliesthattheradiusof the eld of A is larger
thanthat dueto the branches.This disparityin eld radii



Figure 10. Branches combined with PCM,
then blended with base. Left: union of prim-
itives. Center: PCM combines the branc hes.
Right: basal internode is blended with the
branc hes after PCM is applied.

tendsto smoothout ary bulging. Figure9 shaws threeex-

amplesof branchingandtheamountof bulging is minimal

in all three. The branchingprimitives all intersectat the
branchingpoint, while thebasalinternodehasbeenreduced
in lengthby A from Equation3.

3.3 PreciseContactModeling at Branching points

While smoothlyblendingbranchingpointscanbegener
atedusingasimplesummatiorblend,theresultingsurfaces
do not modelthe appearancef the branchbarkridge. To
modelthis phenomenonPCM is employed. Althoughthe
formulation of PCM doesnot emulatethe growth of tree
bark, similar visual effects are obsered. Each primitive
modi es the eld dueto neighboringprimitives,by adding
to it in the propagtion region. The adwantagesof using
PCM in this way arethatit is easyto apply andthatthe
branchbark ridge canbe generatedvithout having to per
form a physically-basedimulation.

The eld F; of a branchingjunction J with basalin-
ternodeA andm branchinginternodesB;;i 2 [O;m 1]
is formedby rst combiningthe branchprimitivesB; with
eachotherusingPCM to producethe eld Fg. F; isthen
de ned asthe blendof Fg andthe eld Fo dueto A as
follows:

Fs
FJ =

PCM (Fg,;Fs,;: 5 Fs,, 1) 4)
Fg + Fa (%)

The procesds shavn in Figure 10, with the resultin the
right handimage. Unfortunately unwantedbulging is ob-
sened in the region just belav the branchingpoint. This
is causedy the PCM operatioraddingmaterialnotonly in
thespacebetweerbrancheshut alsoontheouterpartof the
branchingunction,dueto the branchingskeletalprimitives
intersectingandthusoverlappingat the branchingpoint.

In Section3.1,it wasrequiredthatthe baseof branching
skeletal elementsB intersectwith the branchingpoint P

Figure 11. Left: bulging from PCM reduced
by offsetting branc h primitives from P. Right:
use of PCM in higher order branc hing situa-
tions.

to producenatural-lookingblendsbetweeninternodes.To
apply PCM at a branchingjunction without bulging, this
requiremenimustbe altered. To reducethe bulging, each
branchB; is displacedaway from the branchingpoint P

alongits axis. Theamountof displacementg, is givenby
Equation6, wherer 5 is theradiusof the basalinternodeA,

andr; is theradiusof branchi:

B, =fa i (6)

To avoid a lossof blendingbetweenthe basalprimitive A
and the branchesthe length of A is increasedby ra
max(r;), wheremax(r;) is the maximumof the radii of
the child branches. This resultsin two equationsfor the
valueof A, whichis usedto reducethelengthof thebasal
primitive. Equation3 is usedwhenthe basalinternodehas
asinglebranchatits tip, andEquation? is usedwhenmul-
tiple branchesrepresentasfollows:

A= 275 max(ri) ra 7

The resultingblend when using this formulationis shavn
in the left imageof Figure11. This methodextendseas-
ily to higherorderbranchingnodesas showvn on the right
in Figure 11. Three effects of this formulation are ob-
sened: the rst obsenationis the formationof ridgesbe-
tweenbranchesthe seconds thatlarge branchesontinue
to blend smoothlywith the basalbranch;the third is that
smallerbranche®xhibit a collar wherethey blendwith the
maintrunk. As alateralbranchis increasedn diameterthe
collarwill graduallybecomea smoothblendwith themain
branchwhile maintainingabranchbarkridge betweeritself
andary otherbranchegresentAll threeof theseeffectsare
foundin realtrees.

3.4 Modeling Missing Organs

Trees,andindeedall plantsin nature,oftenloselateral
organsfor a variety of reasons. Sheddingorganscan be



Figure 12. Use of CSG to prune branc hes as
if they were cut off with a saw.

Figure 13. Use of negative potential elds to
create scars where organs have been lost.

intentional,asin the caseof deciduoudeaves,or uninten-
tional,aswhenabranchis broken. We wouldlik eto capture
theseeffectsin our model.

Thesurfaceleft behindwhenabranchis brokenis by no
meanssimpleto de ne, andthis phenomenois not present
in the proposedmethod. We speculateghat CSG may be
usedto capturetheseeffects. As a simpleexample,CSGis
usedto simulatethe effect of pruningabranchby cuttingit,
shavn in Figurel2.

To modelthescardeft behindwhena plantorganis lost,
a nggative potential eld is usedto make an indentation
into the structureof the tree. This negative potential eld
is blendedwith the BlobTreein the samelocationat which
ashortenedranchstubhasbeenplaced.By varyingthera-
diusof in uence of the branchstubandthe negative poten-
tial eld avariety of differentsizedscarscanbe achieved,
shavn in Figurel13.

3.5 Bendingthe Branches

Previous work involving tree modelinghasfocusedon
generatingperfectversionsof real world plant structures.
As aresult,mary modelsof plantstructuredendto betoo
rigid, andlack afeelingof life. TheBlobTreeprovidesaset
of spacialwarping operatorswvhich are usedto reducethe
regularity presentin the model. A goodexampleis to use
the Bendoperatoi4] to alterthe perfectlystraightindivid-
ualinternodes.

Randomlyapplyingbendresultsin avery arti cial look.

Figure 14. Spacial warping used to bend in-
ternodes. Bend is applied in the plane de-
ned by the internode and its basal internode .

Betterresultscanbe obtainedby applyingbendto individ-
ual skeletalprimitivesbasedon their positionin the hierar
chy andtheir relationshipto adjaceninternodes.

Thedirectionis chosersothattheresultof thebendwill
causethe bentinternodeto grow moredirectly away from
theaxisof its basainternodethenslowly bendbacktoward
its de ned terminationpoint. This choiceis basecdurelyon
aestheticandis notbasedn biologicalprinciples.

Thebendis parameterizedothatregardlessof whatan-
gleis chosenpr whatplanethebendoccursin, the bentin-
ternodewill have its initial andterminalpointsatthe same
locationasif it werenot bent. This allows individual in-
ternodego be bentwithout alteringthe connectity of the
surfaceor modifying the global positionof ary internodes.
In orderto achieve this effect, rotationsare applied, and
the length of the internodeis increaseddependingon the
amountof bend.

Figure 14 shavs a simpleexampleof bend. Thebranch
segmentwhich is collinearwith the basalinternodeis not
bentatall. Thelateralbranchis bentin theplanede ned by
its original positionandits basalinternode andits direction
of bendcausest to grow moredirectly away from the axis
of the basalinternode,then bendback toward its original
terminalpoint.

3.6 Applying Texture

The nal stepin building thetreemodelis to applytex-
tureto give a morerealisticappearanceThe BlobTreede-
nes severalmethodshatcanbe usedto apply 2D texture;
the moststraightforvard of themis used[29]. Individual
BlobTree primitives can be describedparametrically and
thus have their own natural2D coordinatesystems. The
global surfaceattributesat ary pointwill be determinediy
a linear combinationof the attributesde ned by the con-
tributing primitives at that point. Eachcontrituting prim-
itive usesits native 2D coordinatego determineits con-
tribution. This methodresultsin an automaticblendingof
texturesacrosdranchingpoints. Theeffectsaregoodwhen
viewing thewholetree. However, whenviewed from close



up the methodgivesa slightly unnaturalook to the texture

within regionsof blendif thetexturecontainsananisotropic
pattern.The poplartexture usedin Section4 doesnot have

this propertyandgivesgoodresultsfor all levelsof detail.

4 Results

Figure 15 shaws the resultsof our model,andwasren-
deredonanintel(R) Xeon(TM) CPU2.66GHzwith 1 Gb of
RAM usingdirectray tracing. It requiredjustunderl hour
torenderFigurel5ataresolutionof 1536x204&ixelswith
adaptve supersampling.The BlobTreemayalsobeviewed
using OpenGLwith an approximatepolygonmesh. It re-
quiresat least60 second4o generateenoughpolygonsto
be useful,prohibiting the useof the methodfor interactve
modeling. However, PCM allows us to intuitively model
the phenomenomnf the bark branchridge shavn in Figure
1. Thus,the lengtly visualizationtimes are offset by the
power of the modelingparadigm.

Currentproblemswith the methodareasfollows: more
work needsto be doneto correctly modelthe branchtips,
which arecurrentlytippedby hemisphericataps,andit is
dif cult to controlthe shapeof branchbarkridgesandcol-
lars. As aresultof thelatter problem,producingmodelsof
treeswith varying propertiesat the branchbark junctionis
notcurrentlypossible.

5 Conclusionsand Futur e Work

An outstandingproblem in the modeling of treesis
the constructionof a surface which capturesboth the
smoothandnon-smoothattributesof their branchingstruc-
ture. Whereagrevious methodshave focusedon smoothly
blendingbranchingunctionsandsimulatedoughbarktex-
ture,the methodpresenteds the rst to combinesmoothly
blending branchingjunctions with thosethat exhibit the
branchbarkridge andcollars. The methodreliesuponthe
BlobTreeto provide bothsmoothandnon-smoottoperators
to combineskeletalimplicit surfaceprimitives.

PCM wasusedto modelthe branchbark ridge andcol-
lars, two phenomenavhich have not beenmodeledby ary
previoustechniqueTheresultingsurfacesaresimilarto the
phenomenabseredin nature asillustratedby a modelof
apoplartree. Additional operationssuchasspacialwarp-
ing andCSG,canbe usedto enhancaealismin theresult-
ing model. The proposednethodenableghe productionof
complex modelsnot easilyobtainedoy othermeans.

Summatiorblendingof skeletalimplicit primitiveswith-
out noticeablebulging was shavn to be easily obtained.
Thus, the methodcomparedavorably to convolution sur
faces,which would imposean increasein computational
andimplementatiorcompleity.

Figure 15. A poplar tree model using PCM to
simulate the branc h bark ridg es.

While thebranchingstructurevasgeneratedsingtheL-
systemformalism,interactve techniquesnay alsobe used
to generatehe underlyingskeleton.

Futureareasof researclare:

Thedeformedelds resultingfrom PCM maybe used
asinput to a proceduraltexturing algorithmto mod-
ify the texture on the branchbark ridge, wherea dis-
colourationis obsered.

Providing greatercontrol over the shapeof the branch
barkridges.

Correlatingthe resultingbranchbark ridgeswith bio-
logically accuratemeasurementsf this phenomena.

Incorporatinginformation pertainingto the develop-
ment of non-smoothsurfacefeaturesinto the under
lying L-systemmodel.

Applying the modelto animationsof treegrowth, and
extendingthe methodto capturetime-varying effects
resultingfrom discardedrgans.



6 Acknowledgments

We wouldlik eto thankthemary studentsvho have con-
tributed toward implicit modelingresearchat the Univer-
sity of Calgary. In particular we thankDr. Prusinkievicz,
whosetree modelinginspiredthis work, andfor providing
the photographof anartutustree,shovn in Figure2. This
work is partially sponsoredby the NaturalSciencegandEn-
gineeringResearciCouncil.

References

(1]

(2]

(3]

(4]

5]

(6]
(7]
(8]

9]

(10]

(11]

(12]

(13]

V. Adzhiev, R. Cartwright,E. FausettA. Ossipw, A. Paslo,
andV. Sarchenlo. HyperFunproject: a frameawvork for col-
laborative multidimensionaF-repmodeling.In Proceedings
of Implicit Surfaces99, pagess9-69,Sept.1999.

M. AitkenandM. PrestonFoliagegeneratiorandanimation
for “The Lord of theRings: The Two Towers”. SIGGRAPH
2003DVD-ROM, ACM SIGGRAPH,New York, 2003.

E. Akleman,J. Chenb,andV. Srinivasan. A minimal and
completesetof operatorgor thedevelopmenof robustman-
ifold meshmodelers. Graphical Models 65(5):286—304,
Sep2003.

A. H. Barr. GloablandLocal Deformationsof Solid Prim-
itives. In Proceedingsof SIGGRAPH84, volume 18 of
ComputerGraphics Proceedings,Annual Confeence Se-
ries, page21-30,1984.

J. Bloomenthal. Modeling the Mighty Maple. In Proceed-
ingsof SIGGRAPHL985 volumel19, pages305-311ACM,
Jul 1985.

J. Bloomenthal. Sleletal Designof Natural Forms Ph.D.
dissertationlJniversity of Calgary, 1995.

J. Bloomenthal,editor. Introductionto Implicit Surfaces
MorganKaufmann,|SBN 1-55860-233-X,1997.

J. Bloomenthaland K. Shoemak. Corvolution surfaces.
In Proceeding®f SIGGRAPHL99], page251-256 ACM,
1991.

M.-P. Cani. Layered models with implicit surfaces.
In Graphics Interface (GI'98) Proceedings Vancouer,
CanadaJun1998. Invited paper publishedunderthe name
Marie-PauleCani-Gascuel.

P. deReffye, C. Edelin,J. Franon, M. Jager, andC. Puech.
Plant modelsfaithful to botanical structureand develop-
ment. In Proceeding®f SIGGRAPHL988 pagesl51-158.
ACM, 1988.

M. DesbrurandM.-P. Cani-GascuelActiveimplicit surface
for animation.Graphicsinterface'98, pagesl43-150June
1998.ISBN 0-9695338-6-1.

D. Frijters and A. Lindenmayer A modelfor the growth
and o wering of Aster novae-angliaeon the basisof table
(1,0)L-systems.In G. Rozenbay andA. Salomaagditors,
L-systemd, ectue Notesin ComputeiSciencel 5, page4—
52. SpringerVerlag,Berlin, 1974.

M.-P. Gascuel. An Implicit Formulationfor PreciseCon-
tactModelingBetweenFlexible Solids. ComputeiGraphics
(Proc. SIGGRAPHI3), pages313—-320 August1993.

(14]

(15]

(16]

(17]

(18]

(19]

(20]

[21]

(22]

(23]

(24]

[25]

(26]

[27]

(28]
(29]

(30]

(31]

A. Guy and B. Wyvill. ControlledBlending For Implicit
Surfaces.In Implicit Surfaces95, Apr. 1995.

J.C. HartandB. Baker. Implicit modelingof treesurfaces.
In Proceeding®f Implicit Surfaces96, pagesl43—-1520ct
1996.

M. Holton. Strands,gravity, and botanicaltree imagery
ComputerGraphicsForum, 13(1):57-671994.

H. Honda.Descriptionof theform of treesby theparameters
of thetree-like body: Effectsof the branchingangleandthe
branchlengthon the shapeof thetree-like body Journal of
Theoketical Biology, 31:331-3381971.

X. Jin, C.-L. Tai, J. Feng,and Q. Peng. Corvolution sur
facesfor line skeletonswith polynomial weight distribu-
tions. Journal of GraphicsTools, 6(3):17-282001.

X. LiangandB. Wyvill. Hierarchicaimplicit surfacere ne-
ment. Proc. ComputerGraphicsinternational,HongKong,
pages291-2982001.

A. Lindenmayer Mathematicaimodelsfor cellularinterac-
tion in development,Parts| andll. Journal of Theoetical
Biology, 18:280-3151968.

B. Lintermann and O. Deussen. Interactve modeling
of plants. IEEE Computer Graphics and Applications
19(1):56-651999.

K. Maritaud. Renduréalisted'arbresvusde presenimages
de synttese PhD thesis, University de Limoges, France,
DecembeR003.

P. E. OppenheimerRealtime designandanimationof frac-
tal plantsandtrees. In Proceedingof SIGGRAPH1986
volume?20, pagess5-64,Aug 1986.

A. Paslo, V. Adzhiev, A. Sourin,andV. Savchenlo. Func-
tion representatiom geometrionodeling:conceptsimple-
mentatiorandapplicationsTheMisual Computey2(8):429—
446,1995.

G. Paslo, A. Paslo, M. lkeda,and T. Kunnii. Bounded
Blending Operations. In Proceedingsf the International
Confeence on Shape Modeling and Applications (SMI
2002) pages95-103.|EEE ComputerSociety May 2002.

P. Prusinkievicz, M. Hammel, J. Hanan, and R. Mech.
Handbookof Formal Languages chapterVisual modelsof
plantdevelopment.Springe+Verlag,Berlin, 1996.

P. Prusinkigvicz and A. Lindenmayer The Algorithmic
Beautyof Plants SpringerVerlag,New York, 1990.

A. Shigo.TreeAutopsy. TreeCare Industry, 7(6),Jun1996.
Tigges.M. andWyvill, B. Texture Mappingthe BlobTree.
Implicit Surfaces3, Jun1998.

R. F. Tobler, S. Maierhofer and A. Wilkie. Mesh-Based
Parametrized_-SystemsAnd GeneralizedSubdvision for
GeneratingComplex Geometry International Journal of
ShapeModeling 8(2):173-191Pec2002.

B. Wivill, E. Galin, and A. Guy. ExtendingThe CSG
Tree.Warping,BlendingandBooleanOperationsn anIm-
plicit SurfaceModelingSystem ComputeiGraphicsForum,
18(2):149-158Jun1999.



