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Abstract

In recentyears several methodsfor modelingbotanical
treeshavebeenproposed. Thegeometryand topology of
treeskeletonscanbewell describedbyL-systems;however,
there are several approachesto modelingsmoothsurfaces
to representbranches,andnot all of theobservedphenom-
enacanberepresentedbycurrentmethods.Manytreetypes
exhibit non-smoothfeaturessuch asbranch barkridgesand
collars.

In this research a hierarchical implicit modelingsys-
temis usedto producemodelsof branching structuresthat
capture smoothbranching, branch collars andbranch bark
ridges.TheBlobTreeprovidesseveral techniquesto control
the combinationof primitives, allowing both smoothand
non-smootheffects to be intuitively combinedin a single
blendvolume. Irregular effectsare implementedusingPre-
cise ContactModeling, ConstructiveSolid Geometryand
spacewarping. We showthat smoothblendscan be ob-
tained,withoutnoticeablebulging, usingsummationof dis-
tancebasedimplicit surfaces.L-systemsare usedto create
thebranchingstructureallowingbotanicallybasedsimula-
tionsto beusedasinput.

1. Intr oduction

Modeling of branchingtopologiesfor botanicalstruc-
turesis a well-studiedproblem,as is their subsequentvi-
sualization. However, generatinga realisticandsmoothly
connectedsurfacearoundan arbitrary branchingskeleton
remainsdif�cult. Currentmethodsdo not capturethesub-
tleties of the blendsat branchingpoints, in particularthe
branchbarkridge[28] andcollars,shown in Figure1.

Previous work has focused on the construction of
smoothlyconnectedsurfacesusingparametric,implicit, and
subdivision techniques.In this research,a methodis pro-
posedfor the next step in generatingrealistic modelsof
trees. The approachusesskeletal implicit surfacesin the
context of a hierarchicaldata structurecalled the Blob-

Figure 1. Photographs of poplar trees sho w­
ing: branc h bark ridg es, rings around
branc hes, branc h collar .

Tree [31], which combinesblendingoperationswith non-
blending operationssuch as Constructive Solid Geome-
try (CSG), spacialwarping, and PreciseContactModel-
ing (PCM) [13]. The methodcombinesPCM and blend-
ing to model both smoothblendingand the branchbark
ridge at branchingpointsasappropriate.Suf�cient blend-
ing control is demonstratedusing summationof distance
basedskeletalimplicit primitivesto modelsmoothlyblend-
ing branchingstructureswithout noticeablebulging. This
obviatesthe needfor convolution surfaces,which impose
anincreasein computationalandimplementationcomplex-
ity. Non-smoothqualitiesof trees,suchas scarsformed
wherebrancheshave beendiscarded,arealsoeasilyincor-



Figure 2. Photograph of an arbutus tree sho w­
ing smooth junctions between branc hes.

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

Thewell-studiedcomputergraphicstechniqueL-systems
[20, 27, 26] is usedto generatea string that encodesa
branchingstructure.Thestring is thenusedto generatean
implicit surfaceretainingtheoverall structureof themodel
describedby thestringrewriting system.

2 Background

Researchinto methodsfor modelingbotanicalstructures
initially focusedon theskeletalbranchingstructureof trees
and herbaceousplants[12, 17]. The simpleststepin the
questfor realismwas the representationof internodesas
3D cylinders[10, 27]. A visuallymoreadvancedtechnique
wastheuseof generalizedcylinders[5, 16,21, 23]. Unfor-
tunately, generalizedcylindersdo not properlycapturethe
smoothgeometryof branchingpoints,shown in Figure2.

Modelingof thegeometryaroundbranchingpointswas
�rst addressedby Bloomenthal,who initially proposedto
solve this problem by crafting parametricsurfaces [5].
However, the methodis not easily extendedto arbitrarily
complex ramiformstructures.

Bloomenthalalsoproposedthe useof implicit surfaces
[6], and convolution surfaces[8], which �t surfacesto
branchingstructuresin a generalway. A commonsideef-
fectof implicit surfacesis bulging,anunnatural-lookingin-
creasein girth wheretwo or more branchesare blending
together[6]. Convolution surfacesbasedon skeletal line
segmentsarebulgefreefor non-ramiformstructures,but do
exhibit bulging for ramiform structures.Using a polygo-
nal skeletalstructurewith convolution removesbulging in
ramiformstructures,but cannotproducecircularcrosssec-
tions. In general,convolution surfacesimposean increase
in bothcomputationalandimplementationcomplexity. Hart
modeledtreesusingimplicit methodsandaproceduralbark
texture [15]. Maritaud[22] modeledtreesusingcombina-
tion blending[6] andproceduralbark texturing. Jin et. al
[18] usedconvolutionsurfaceswith polynomialweightdis-
tributionsto modeltreesandotherramiformstructures.All

Figure 3. A model built from the BlobTree.

previouswork usingthesemethodsproducedmodelswhich
weregloballysmooth.

Tobler et. al. [30] �rst proposedthe useof subdivision
surfacesfor the modelingof branchingstructures. They
procedurallygrew ameshby repetitively applyingmeshop-
erationsincluding subdivision and growth. Relatedtech-
niquesusingsubdivision wereintroducedby Aitken et. al
[2] andby Aklemanet. al. [3]. Thelattertwo techniquesare
globallysmooth,failing tocapturethesmallerroughdetails.
Additionally, it is problematicto createthe initial subdivi-
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 asthesetof pointsP =
(x; y; z) atwhich thevalueof F equals0, asfollows:

S = f P = (x; y; z) 2 R3; F (x; y; z) = 0g (1)

Implicit surfaces are an intuitive means for modeling
smoothlyblendingbranchingstructuresin computergraph-
ics[6]. A commonapproachis to �rst de�ne theunderlying
skeletal structure,then representeachskeletal component
using implicit surfaceprimitives,which have the inherent
ability to blend smoothlywith eachother. In contrastto
othermethods,implicit surfacesusethesameapproachre-
gardlessof thebranchingstructure's complexity. Recently,
implicit surfaceshavebeenusedasthebasisfor morecom-
plex modelingsystems[1, 31] whichincorporatetechniques
suchascontrolledblending,boundedblending,CSG,PCM,
andspacialwarpingin hierarchicalstructures.



2.2 The BlobTree

The BlobTreeprovidesa hierarchicaldatastructurefor
thede�nition of complex modelsbasedonimplicit surfaces.
Implicit surfaceprimitivesbasedondistance�elds areused
asleaf nodes,while internalnodesconsistof operationson
arbitraryimplicit surfaces(seeFigure3). The BlobTreeis
an extensibledatastructure,currently supportingthe fol-
lowing modelingtechniques:CSG,spacewarping,PCM,
2D texturemapping[29], controlledblending[14], local re-
�nement [19] andR-functions[24]. As Pasko [25] points
out, thereareproblemswith using the max/min functions
for CSGin certaincircumstances.However, thesearenot
problemsin thecaseof the treeexamplespresentedin this
paper. Operationson theBlobTree, suchasvisualizationof
a surface,dependonly on the ability to evaluatethe �eld
function at any point in space,which is performedby a
traversalof theBlobTree. For example,a blendof m child
functionsFi is expressedfunctionallyasfollows:

F (x; y; z) =
mX

i =1

Fi (x; y; z) (2)

The power of this methodologycomesfrom the fact that
the largenumberof operationsmentionedabove areeasily
implementedin thecontext of a treetraversal[31].

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

2.3 PreciseContact Modeling

PreciseContactModeling(PCM)[11,13] is amethodof
deformingimplicit surfacesin contactsituationsto maintain
aprecisecontactsurfacewith C1 continuity. Themethodis
only anapproximationto a properlydeformedsurface,but
is anattractivealgorithmdueto its simplicity.

Thedeformationis appliedby addingadeformationterm
d to the implicit function F . Thereare threecaseswhen
calculatingd, shown in Figure4: in the interpenetration
region: d < 0, simulatingcompressionandcreatingacon-
tactsurface;in the propagationregion: d > 0, modeling
local expansiondueto compressionin the interpenetration
region; elsewhere: d = 0, implying no deformation. A
completedescriptionof this functionis givenby Cani[9].

3 Modeling Trees

Initially, a branchinghierarchy representinga botanical
tree is constructedusingL-systems,which de�nes length,

Figure 4. Precise contact modeling.

Figure 5. A BlobTreecone primitive .

baseradius,tip radius,position,andconnectivity of each
internode(branchsegment).An instanceof aBlobTreedata
structureis thenbuilt by interpretingthe L-systemstring;
thus botanicallybasedsimulationsmay be usedas input.
Eachinternodeis representedby anindividual skeletalim-
plicit primitive, and a hierarchy of BlobTree operations
combinesthe primitives in a single blend volume. Both
smoothandnon-smoothblendingoperationsareappliedbe-
tweenprimitivesdependingon their relationshipwithin the
branchinghierarchy. Spacialwarpingand2D texturemap-
ping are incorporatedto enhancethe photo-realismof the
resultingmodels.

3.1 Modeling Branches

The increasedcomplexity of convolution surfacesover
implicit surfacesis warrantedwhenthemodelrequiresper-
fectly smoothblendingbetweenbranchsegments. How-
ever, it canbeobservedthatthebranchingstructuresof trees
exhibit smallamountsof bulgingatbranchingpoints,andin
generalarenot perfectlysmooth.Skeletalimplicit surfaces
allow for suf�cient controlover bulging for modelingreal-
istic trees,thusconvolutionsurfacesarenotemployed.

Individual internodesare representedby skeletal cone
primitives,shown in Figure5. Wherer b de�nesthebasera-
diusof theinternodeandr t de�nesthetopradius(r t � r b),
theradiusof theconeis setto r cb = r b � r t at thebaseand
r ct = 0 at thetop,andthedistancedi from theconeto the
visualizediso-surfaceis di = r t . Branchesaremodeledby



Figure 6. Bulg e when two line segments with
coincident end points are blended.

surface
Non-blended

B B

A A

P P

Blended surface

Figure 7. Left: two skeletal primitives A and
B inter sect at branc hing point P, resulting in
bulging. Right: length of A is shor tened to
reduce bulging.

summingthe�elds de�ned by coneprimitivesrepresenting
successive internodes.

An undesirablefeatureof summationblendingis theap-
pearanceof bulges(Figure6) whereskeletalprimitivesin-
tersect.Bloomenthalnotedthatbulging in ramiformstruc-
tures using convolution surfacesbasedon line segments
maybereducedby offsettingtheskeletalelements[6]. The
sameapproachmaybeusedwith skeletalimplicit surfaces
to reducethebulging to anacceptablelevel for themodel-
ing of trees,while retainingsmoothblends.The lengthof
theskeletalprimitive representingthebasalinternodeA is
reducedby anamount� A , de�ned in equation3, wherer B t

is thetop radiusof internodeB .

� A = 1:75� r B t (3)

Figure7 shows theresultingiso-surfaceswhenskeletalline
primitives A and B are blended. On the left, A and B
areconnectedat thebranchingpoint P, resultingin a large
bulge. In contrast,the right imageshows the resultof re-
ducingthe lengthof A by � A . This methoddoesnot com-
pletely remove the bulging betweeninternodes,but makes
it practicallyunnoticeable,while maintaininga largeblend-
ing radius in the interior anglebetweenadjoining intern-
odes,shown in Figure8. It wasfoundthat thescalefactor
1:75usedin Equation3 couldbevariedby upto 3%without
affectingthebulgeappreciably.

Further to the methodintroducedabove, it is possible
to reducethe lengthof internodeB , anddisplaceit away
from the branchingpoint P along its 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.

the lengthof A �x ed. It wasfound that this resultsin less
smoothblendswhenthe radiusdecreasesnoticeablyfrom
A to B . Additionally, if the lengthsof both A andB are
reducedsothatneitherof theskeletalelementsactuallyin-
tersectsthebranchingpointP, thenanundesirableindenta-
tion ontheelbow of theblendoccurs.Thusthebaseof B is
�x edto thebranchingpointP.

3.2 Branching Points

Oneof theadvantagesof usingimplicit surfacestomodel
branchingstructuresis the automaticway in which any
numberof branchesmaybecombined.Theoperatorsused
to combinethebranchesarecommutative,thusthebranches
maybede�ned in any order. Additionally, thereis no limit
to thenumberof branchesthatmaybecombinedatasingle
location,makingthemethoddirectly applicableto branch-
ing structuresof arbitrarycomplexity. Theonly problemis
to ensurethatnounwantedbulgingoccurs.

With a summationblend, the unwantedbulging is mit-
igatedby the fact that, in trees,the sumof the crosssec-
tional areasof the branchinginternodesB i is lessthanor
equalto the crosssectionalareaof the basalinternodeA
[27]. This implies that theradiusof the �eld of A is larger
thanthat dueto the branches.This disparity in �eld radii



Figure 10. Branc hes 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 any bulging. Figure9 shows threeex-
amplesof branching,andtheamountof 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-
atedusingasimplesummationblend,theresultingsurfaces
do not modelthe appearanceof the branchbark ridge. To
modelthis phenomenon,PCM is employed. Although the
formulation of PCM doesnot emulatethe growth of tree
bark, similar visual effects are observed. Eachprimitive
modi�es the�eld dueto neighboringprimitives,by adding
to it in the propagation region. The advantagesof using
PCM in this way are that it is easyto apply, and that the
branchbark ridge canbe generatedwithout having to per-
form aphysically-basedsimulation.

The �eld FJ of a branchingjunction J with basalin-
ternodeA andm branchinginternodesB i ; i 2 [0; m � 1]
is formedby �rst combiningthebranchprimitivesB i with
eachotherusingPCM to producethe �eld FB . FJ is then
de�ned as the blend of FB and the �eld FA due to A as
follows:

FB = PCM (FB 0 ; FB 1 ; :::; FB m � 1 ) (4)

FJ = FB + FA (5)

The processis shown in Figure 10, with the result in the
right handimage. Unfortunately, unwantedbulging is ob-
served in the region just below the branchingpoint. This
is causedby thePCMoperationaddingmaterialnotonly in
thespacebetweenbranches,but alsoontheouterpartof the
branchingjunction,dueto thebranchingskeletalprimitives
intersecting,andthusoverlappingat thebranchingpoint.

In Section3.1,it wasrequiredthatthebaseof 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
requirementmustbe altered. To reducethe bulging, each
branchB i is displacedaway from the branchingpoint P
alongits axis. Theamountof displacement� B i is givenby
Equation6, wherer A is theradiusof thebasalinternodeA,
andr i is theradiusof branchi :

� B i = r A � r i (6)

To avoid a lossof blendingbetweenthe basalprimitive A
and the branches,the length of A is increasedby r A �
max(r i ), wheremax(r i ) is the maximumof the radii of
the child branches.This resultsin two equationsfor the
valueof � A , which is usedto reducethelengthof thebasal
primitive. Equation3 is usedwhenthebasalinternodehas
a singlebranchat its tip, andEquation7 is usedwhenmul-
tiple branchesarepresent,asfollows:

� A = 2:75� max(r i ) � r A (7)

The resultingblendwhenusingthis formulationis shown
in the left imageof Figure11. This methodextendseas-
ily to higherorderbranchingnodesasshown on the right
in Figure 11. Three effects of this formulation are ob-
served: the �rst observation is the formationof ridgesbe-
tweenbranches;thesecondis that largebranchescontinue
to blendsmoothlywith the basalbranch;the third is that
smallerbranchesexhibit a collar wherethey blendwith the
maintrunk. As a lateralbranchis increasedin diameter, the
collar will graduallybecomea smoothblendwith themain
branchwhile maintainingabranchbarkridgebetweenitself
andany otherbranchespresent.All threeof theseeffectsare
foundin realtrees.

3.4 Modeling Missing Organs

Trees,andindeedall plantsin nature,often loselateral
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 scar s where organs have been lost.

intentional,asin the caseof deciduousleaves,or uninten-
tional,aswhenabranchis broken.Wewouldliketo capture
theseeffectsin ourmodel.

Thesurfaceleft behindwhenabranchis brokenis by no
meanssimpleto de�ne, andthisphenomenonis notpresent
in the proposedmethod. We speculatethat CSG may be
usedto capturetheseeffects.As a simpleexample,CSGis
usedto simulatetheeffectof pruningabranchby cuttingit,
shown in Figure12.

To modelthescarsleft behindwhenaplantorganis lost,
a negative potential �eld is usedto make an indentation
into the structureof the tree. This negative potential�eld
is blendedwith theBlobTreein thesamelocationat which
ashortenedbranchstubhasbeenplaced.By varyingthera-
diusof in�uence of thebranchstubandthenegative poten-
tial �eld a varietyof differentsizedscarscanbeachieved,
shown in Figure13.

3.5 Bending the Branches

Previous work involving treemodelinghasfocusedon
generatingperfectversionsof real world plant structures.
As a result,many modelsof plantstructurestendto betoo
rigid, andlacka feelingof life. TheBlobTreeprovidesaset
of spacialwarpingoperatorswhich areusedto reducethe
regularity presentin the model. A goodexampleis to use
theBendoperator[4] to altertheperfectlystraightindivid-
ual internodes.

Randomlyapplyingbendresultsin averyarti�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 .

Betterresultscanbeobtainedby applyingbendto individ-
ual skeletalprimitivesbasedon their positionin thehierar-
chy andtheir relationshipto adjacentinternodes.

Thedirectionis chosensothattheresultof thebendwill
causethe bentinternodeto grow moredirectly away from
theaxisof its basalinternode,thenslowly bendbacktoward
its de�ned terminationpoint. Thischoiceis basedpurelyon
aestheticsandis notbasedonbiologicalprinciples.

Thebendis parameterizedsothatregardlessof whatan-
gle is chosen,or whatplanethebendoccursin, thebentin-
ternodewill have its initial andterminalpointsat thesame
locationas if it werenot bent. This allows individual in-
ternodesto bebentwithout alteringtheconnectivity of the
surfaceor modifying theglobalpositionof any internodes.
In order to achieve this effect, rotationsare applied,and
the length of the internodeis increaseddependingon the
amountof bend.

Figure14 shows a simpleexampleof bend.Thebranch
segmentwhich is collinearwith the basalinternodeis not
bentatall. Thelateralbranchis bentin theplanede�nedby
its originalpositionandits basalinternode,andits direction
of bendcausesit to grow moredirectly away from theaxis
of the basalinternode,thenbendback toward its original
terminalpoint.

3.6 Applying Texture

The�nal stepin building thetreemodelis to applytex-
ture to give a morerealisticappearance.TheBlobTreede-
�nes severalmethodsthatcanbeusedto apply2D texture;
the moststraightforward of themis used[29]. Individual
BlobTree primitives can be describedparametrically, and
thus have their own natural2D coordinatesystems. The
globalsurfaceattributesat any point will bedeterminedby
a linear combinationof the attributesde�ned by the con-
tributing primitivesat that point. Eachcontributing prim-
itive usesits native 2D coordinatesto determineits con-
tribution. This methodresultsin an automaticblendingof
texturesacrossbranchingpoints.Theeffectsaregoodwhen
viewing thewholetree.However, whenviewedfrom close



up themethodgivesa slightly unnaturallook to thetexture
within regionsof blendif thetexturecontainsananisotropic
pattern.Thepoplartextureusedin Section4 doesnot have
thispropertyandgivesgoodresultsfor all levelsof detail.

4 Results

Figure15 shows the resultsof our model,andwasren-
deredonanIntel(R)Xeon(TM)CPU2.66GHzwith 1 Gbof
RAM usingdirectray tracing.It requiredjust under1 hour
to renderFigure15ataresolutionof 1536x2048pixelswith
adaptivesuper-sampling.TheBlobTreemayalsobeviewed
usingOpenGLwith an approximatepolygonmesh. It re-
quiresat least60 secondsto generateenoughpolygonsto
beuseful,prohibiting theuseof themethodfor interactive
modeling. However, PCM allows us to intuitively model
thephenomenonof thebarkbranchridgeshown in Figure
1. Thus, the lengthy visualizationtimesareoffset by the
powerof themodelingparadigm.

Currentproblemswith themethodareasfollows: more
work needsto be doneto correctlymodelthe branchtips,
which arecurrentlytippedby hemisphericalcaps,andit is
dif�cult to control theshapeof branchbarkridgesandcol-
lars. As a resultof thelatterproblem,producingmodelsof
treeswith varyingpropertiesat thebranchbark junction is
not currentlypossible.

5 Conclusionsand Futur eWork

An outstandingproblem in the modeling of trees is
the constructionof a surface which capturesboth the
smoothandnon-smoothattributesof their branchingstruc-
ture. Whereaspreviousmethodshave focusedon smoothly
blendingbranchingjunctionsandsimulatedroughbarktex-
ture,themethodpresentedis the�rst to combinesmoothly
blending branchingjunctions with thosethat exhibit the
branchbark ridgeandcollars. Themethodreliesuponthe
BlobTreeto providebothsmoothandnon-smoothoperators
to combineskeletalimplicit surfaceprimitives.

PCM wasusedto modelthebranchbark ridgeandcol-
lars, two phenomenawhich have not beenmodeledby any
previoustechnique.Theresultingsurfacesaresimilar to the
phenomenaobservedin nature,asillustratedby a modelof
a poplartree. Additional operations,suchasspacialwarp-
ing andCSG,canbeusedto enhancerealismin theresult-
ing model.Theproposedmethodenablestheproductionof
complex modelsnoteasilyobtainedby othermeans.

Summationblendingof skeletalimplicit primitiveswith-
out noticeablebulging was shown to be easily obtained.
Thus, the methodcomparesfavorably to convolution sur-
faces,which would imposean increasein computational
andimplementationcomplexity.

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

While thebranchingstructurewasgeneratedusingtheL-
systemformalism,interactive techniquesmayalsobeused
to generatetheunderlyingskeleton.

Futureareasof researchare:

� Thedeformed�elds resultingfrom PCM maybeused
as input to a proceduraltexturing algorithm to mod-
ify the texture on the branchbark ridge,wherea dis-
colourationis observed.

� Providing greatercontrolover theshapeof thebranch
barkridges.

� Correlatingthe resultingbranchbark ridgeswith bio-
logically accuratemeasurementsof thisphenomena.

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

� Applying themodelto animationsof treegrowth, and
extendingthe methodto capturetime-varying effects
resultingfrom discardedorgans.
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