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Abstract

In recent years several methods for modeling botanical
trees have been proposed. The geometry and topology of
tree skeletons can be well described by L-systems; however,
there are several approaches to modeling smooth surfaces
to represent branches, and not all of the observed phenom-
ena can be represented by current methods. Many tree types
exhibit non-smooth features such as branch bark ridges and
collars.

In this research a hierarchical implicit modeling sys-
temis used to produce models of branching structures that
capture smooth branching, branch collars and branch bark
ridges. The BlobTree provides several techniquesto control
the combination of primitives, allowing both smooth and
non-smooth effects to be intuitively combined in a single
blend volume. Irregular effects are implemented using Pre-
cise Contact Modeling, Constructive Solid Geometry and
space warping. We show that smooth blends can be ob-
tained, without noticeable bulging, using summation of dis-
tance based implicit surfaces. L-systems are used to create
the branching structure allowing botanically based simula-
tionsto be used asinput.

1. Introduction

Modeling of branching topologies for botanical struc-
tures is a well-studied problem, as is their subsequent vi-
sualization. However, generating a realistic and smoothly
connected surface around an arbitrary branching skeleton
remains difficult. Current methods do not capture the sub-
tleties of the blends at branching points, in particular the
branch bark ridge [28] and collars, shown in Figure 1.

Previous work has focused on the construction of
smoothly connected surfaces using parametric, implicit, and
subdivision techniques. In this research, a method is pro-
posed for the next step in generating realistic models of
trees. The approach uses skeletal implicit surfaces in the
context of a hierarchical data structure called the Blob-

Figure 1. Photographs of poplar trees show-

ing: branch bark ridges,
branches, branch collar.

rings around

Tree [31], which combines blending operations with non-
blending operations such as Constructive Solid Geome-
try (CSG), spacial warping, and Precise Contact Model-
ing (PCM) [13]. The method combines PCM and blend-
ing to model both smooth blending and the branch bark
ridge at branching points as appropriate. Sufficient blend-
ing control is demonstrated using summation of distance
based skeletal implicit primitives to model smoothly blend-
ing branching structures without noticeable bulging. This
obviates the need for convolution surfaces, which impose
an increase in computational and implementation complex-
ity. Non-smooth qualities of trees, such as scars formed
where branches have been discarded, are also easily incor-



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

porated. The resulting surfaces are resolution independent,
providing a well-defined surface at all levels of detail.

The well-studied computer graphics technique L-systems
[20, 27, 26] is used to generate a string that encodes a
branching structure. The string is then used to generate an
implicit surface retaining the overall structure of the model
described by the string rewriting system.

2 Background

Research into methods for modeling botanical structures
initially focused on the skeletal branching structure of trees
and herbaceous plants [12, 17]. The simplest step in the
quest for realism was the representation of internodes as
3D cylinders [10, 27]. A visually more advanced technique
was the use of generalized cylinders [5, 16, 21, 23]. Unfor-
tunately, generalized cylinders do not properly capture the
smooth geometry of branching points, shown in Figure 2.

Modeling of the geometry around branching points was
first addressed by Bloomenthal, who initially proposed to
solve this problem by crafting parametric surfaces [5].
However, the method is not easily extended to arbitrarily
complex ramiform structures.

Bloomenthal also proposed the use of implicit surfaces
[6], and convolution surfaces [8], which fit surfaces to
branching structures in a general way. A common side ef-
fect of implicit surfaces is bulging, an unnatural-looking in-
crease in girth where two or more branches are blending
together [6]. Convolution surfaces based on skeletal line
segments are bulge free for non-ramiform structures, but do
exhibit bulging for ramiform structures. Using a polygo-
nal skeletal structure with convolution removes bulging in
ramiform structures, but cannot produce circular cross sec-
tions. In general, convolution surfaces impose an increase
in both computational and implementation complexity. Hart
modeled trees using implicit methods and a procedural bark
texture [15]. Maritaud [22] modeled trees using combina-
tion blending [6] and procedural bark texturing. Jin et. al
[18] used convolution surfaces with polynomial weight dis-
tributions to model trees and other ramiform structures. All
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Figure 3. A model built from the BlobTree.

previous work using these methods produced models which
were globally smooth.

Tobler et. al. [30] first proposed the use of subdivision
surfaces for the modeling of branching structures. They
procedurally grew a mesh by repetitively applying mesh op-
erations including subdivision and growth. Related tech-
niques using subdivision were introduced by Aitken et. al
[2] and by Akleman et. al. [3]. The latter two techniques are
globally smooth, failing to capture the smaller rough details.
Additionally, it is problematic to create the initial subdivi-
sion mesh for arbitrarily complex branching structures.

2.1 Implicit Surfaces

An implicit surface [7] S may be derived from a field
function F'(z,y, z), and is defined as the set of points P =
(x,y, z) at which the value of F' equals 0, as follows:

S ={P=(v,y,2) € R F(x,y,2) =0} (D)

Implicit surfaces are an intuitive means for modeling
smoothly blending branching structures in computer graph-
ics [6]. A common approach is to first define the underlying
skeletal structure, then represent each skeletal component
using implicit surface primitives, which have the inherent
ability to blend smoothly with each other. In contrast to
other methods, implicit surfaces use the same approach re-
gardless of the branching structure’s complexity. Recently,
implicit surfaces have been used as the basis for more com-
plex modeling systems [1, 31] which incorporate techniques
such as controlled blending, bounded blending, CSG, PCM,
and spacial warping in hierarchical structures.



2.2 TheBlobTree

The BlobTree provides a hierarchical data structure for
the definition of complex models based on implicit surfaces.
Implicit surface primitives based on distance fields are used
as leaf nodes, while internal nodes consist of operations on
arbitrary implicit surfaces (see Figure 3). The BlobTree is
an extensible data structure, currently supporting the fol-
lowing modeling techniques: CSG, space warping, PCM,
2D texture mapping [29], controlled blending [14], local re-
finement [19] and R-functions [24]. As Pasko [25] points
out, there are problems with using the max/min functions
for CSG in certain circumstances. However, these are not
problems in the case of the tree examples presented in this
paper. Operations on the BlobTree, such as visualization of
a surface, depend only on the ability to evaluate the field
function at any point in space, which is performed by a
traversal of the BlobTree. For example, a blend of m child
functions F; is expressed functionally as follows:

F(x,y,z) = ZFi(.’L',y,Z) 2
=1

The power of this methodology comes from the fact that
the large number of operations mentioned above are easily
implemented in the context of a tree traversal [31].

Specification of BlobTrees can be done through a spe-
cialized interactive user interface, or using a procedural
approach either through the interpreted language Python,
or the C++ programming language. These approaches,
together with the intuitive appeal of combining geomet-
ric skeletal elements to form models, make an appropriate
choice for modeling complex biological objects.

2.3 Precise Contact Modeling

Precise Contact Modeling (PCM) [11, 13] is a method of
deforming implicit surfaces in contact situations to maintain
a precise contact surface with C*! continuity. The method is
only an approximation to a properly deformed surface, but
is an attractive algorithm due to its simplicity.

The deformation is applied by adding a deformation term
d to the implicit function F'. There are three cases when
calculating d, shown in Figure 4: in the inter penetration
region: d < 0, simulating compression and creating a con-
tact surface; in the propagation region: d > 0, modeling
local expansion due to compression in the interpenetration
region; elsaswhere: d = 0, implying no deformation. A
complete description of this function is given by Cani [9].

3 Modeling Trees

Initially, a branching hierarchy representing a botanical
tree is constructed using L-systems, which defines length,
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Figure 4. Precise contact modeling.

Figure 5. A BlobTree cone primitive.

base radius, tip radius, position, and connectivity of each
internode (branch segment). An instance of a BlobTree data
structure is then built by interpreting the L-system string;
thus botanically based simulations may be used as input.
Each internode is represented by an individual skeletal im-
plicit primitive, and a hierarchy of BlobTree operations
combines the primitives in a single blend volume. Both
smooth and non-smooth blending operations are applied be-
tween primitives depending on their relationship within the
branching hierarchy. Spacial warping and 2D texture map-
ping are incorporated to enhance the photo-realism of the
resulting models.

3.1 Maodeling Branches

The increased complexity of convolution surfaces over
implicit surfaces is warranted when the model requires per-
fectly smooth blending between branch segments. How-
ever, it can be observed that the branching structures of trees
exhibit small amounts of bulging at branching points, and in
general are not perfectly smooth. Skeletal implicit surfaces
allow for sufficient control over bulging for modeling real-
istic trees, thus convolution surfaces are not employed.

Individual internodes are represented by skeletal cone
primitives, shown in Figure 5. Where r;, defines the base ra-
dius of the internode and r; defines the top radius (r; < r3),
the radius of the cone is set to ., = r, — r; at the base and
r., = 0 at the top, and the distance d; from the cone to the
visualized iso-surface is d; = r;. Branches are modeled by



Figure 6. Bulge when two line segments with
coincident end points are blended.
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Figure 7. Left: two skeletal primitives A and
B intersect at branching point P, resulting in
bulging. Right: length of A is shortened to

reduce bulging.

summing the fields defined by cone primitives representing
successive internodes.

An undesirable feature of summation blending is the ap-
pearance of bulges (Figure 6) where skeletal primitives in-
tersect. Bloomenthal noted that bulging in ramiform struc-
tures using convolution surfaces based on line segments
may be reduced by offsetting the skeletal elements [6]. The
same approach may be used with skeletal implicit surfaces
to reduce the bulging to an acceptable level for the model-
ing of trees, while retaining smooth blends. The length of
the skeletal primitive representing the basal internode A is
reduced by an amount ¢ 4, defined in equation 3, where 7,
is the top radius of internode B.

04 =175%rp, 3)

Figure 7 shows the resulting iso-surfaces when skeletal line
primitives A and B are blended. On the left, A and B
are connected at the branching point P, resulting in a large
bulge. In contrast, the right image shows the result of re-
ducing the length of A by §4. This method does not com-
pletely remove the bulging between internodes, but makes
it practically unnoticeable, while maintaining a large blend-
ing radius in the interior angle between adjoining intern-
odes, shown in Figure 8. It was found that the scale factor
1.75 used in Equation 3 could be varied by up to 3% without
affecting the bulge appreciably.

Further to the method introduced above, it is possible
to reduce the length of internode B, and displace it away
from the branching point P along its axis, while keeping
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Figure 8. Two cone primitives with their end
points offset are blended using summation.
Left: 180 degrees separation. Right 90 de-
grees separation.
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Figure 9. Examples of branching structures
using summation blend.

the length of A fixed. It was found that this results in less
smooth blends when the radius decreases noticeably from
A to B. Additionally, if the lengths of both A and B are
reduced so that neither of the skeletal elements actually in-
tersects the branching point P, then an undesirable indenta-
tion on the elbow of the blend occurs. Thus the base of B is
fixed to the branching point P.

3.2 Branching Points

One of the advantages of using implicit surfaces to model
branching structures is the automatic way in which any
number of branches may be combined. The operators used
to combine the branches are commutative, thus the branches
may be defined in any order. Additionally, there is no limit
to the number of branches that may be combined at a single
location, making the method directly applicable to branch-
ing structures of arbitrary complexity. The only problem is
to ensure that no unwanted bulging occurs.

With a summation blend, the unwanted bulging is mit-
igated by the fact that, in trees, the sum of the cross sec-
tional areas of the branching internodes B; is less than or
equal to the cross sectional area of the basal internode A
[27]. This implies that the radius of the field of A is larger
than that due to the branches. This disparity in field radii
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Figure 10. Branches combined with PCM,
then blended with base. Left: union of prim-
itives. Center: PCM combines the branches.
Right: basal internode is blended with the
branches after PCM is applied.

tends to smooth out any bulging. Figure 9 shows three ex-
amples of branching, and the amount of bulging is minimal
in all three. The branching primitives all intersect at the
branching point, while the basal internode has been reduced
in length by § 4 from Equation 3.

3.3 PreciseContact Modeling at Branching points

While smoothly blending branching points can be gener-
ated using a simple summation blend, the resulting surfaces
do not model the appearance of the branch bark ridge. To
model this phenomenon, PCM is employed. Although the
formulation of PCM does not emulate the growth of tree
bark, similar visual effects are observed. Each primitive
modifies the field due to neighboring primitives, by adding
to it in the propagation region. The advantages of using
PCM in this way are that it is easy to apply, and that the
branch bark ridge can be generated without having to per-
form a physically-based simulation.

The field F; of a branching junction J with basal in-
ternode A and m branching internodes B;,i € [0,m — 1]
is formed by first combining the branch primitives B; with
each other using PCM to produce the field Fg. F); is then
defined as the blend of Fz and the field F4 due to A as
follows:

Fp =
F; =

PCM(FBO,Fgl,...,FBm_l) 4)
Fp+Fy 5)

The process is shown in Figure 10, with the result in the
right hand image. Unfortunately, unwanted bulging is ob-
served in the region just below the branching point. This
is caused by the PCM operation adding material not only in
the space between branches, but also on the outer part of the
branching junction, due to the branching skeletal primitives
intersecting, and thus overlapping at the branching point.
In Section 3.1, it was required that the base of branching
skeletal elements B intersect with the branching point P
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Figure 11. Left: bulging from PCM reduced
by offsetting branch primitives from P. Right:
use of PCM in higher order branching situa-
tions.

to produce natural-looking blends between internodes. To
apply PCM at a branching junction without bulging, this
requirement must be altered. To reduce the bulging, each
branch B; is displaced away from the branching point P
along its axis. The amount of displacement ¢z, is given by
Equation 6, where r 4 is the radius of the basal internode A,
and r; is the radius of branch i:

0, =TaA—T; (6)

To avoid a loss of blending between the basal primitive A
and the branches, the length of A is increased by r4 —
max(r;), where maz(r;) is the maximum of the radii of
the child branches. This results in two equations for the
value of § 4, which is used to reduce the length of the basal
primitive. Equation 3 is used when the basal internode has
a single branch at its tip, and Equation 7 is used when mul-
tiple branches are present, as follows:

04 =275 x max(r;) — T4 )

The resulting blend when using this formulation is shown
in the left image of Figure 11. This method extends eas-
ily to higher order branching nodes as shown on the right
in Figure 11. Three effects of this formulation are ob-
served: the first observation is the formation of ridges be-
tween branches; the second is that large branches continue
to blend smoothly with the basal branch; the third is that
smaller branches exhibit a collar where they blend with the
main trunk. As a lateral branch is increased in diameter, the
collar will gradually become a smooth blend with the main
branch while maintaining a branch bark ridge between itself
and any other branches present. All three of these effects are
found in real trees.

3.4 Modeling Missing Organs

Trees, and indeed all plants in nature, often lose lateral
organs for a variety of reasons. Shedding organs can be
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Figure 12. Use of CSG to prune branches as
if they were cut off with a saw.
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Figure 13. Use of negative potential fields to
create scars where organs have been lost.

intentional, as in the case of deciduous leaves, or uninten-
tional, as when a branch is broken. We would like to capture
these effects in our model.

The surface left behind when a branch is broken is by no
means simple to define, and this phenomenon is not present
in the proposed method. We speculate that CSG may be
used to capture these effects. As a simple example, CSG is
used to simulate the effect of pruning a branch by cutting it,
shown in Figure 12.

To model the scars left behind when a plant organ is lost,
a negative potential field is used to make an indentation
into the structure of the tree. This negative potential field
is blended with the BlobTree in the same location at which
a shortened branch stub has been placed. By varying the ra-
dius of influence of the branch stub and the negative poten-
tial field a variety of different sized scars can be achieved,
shown in Figure 13.

3.5 BendingtheBranches

Previous work involving tree modeling has focused on
generating perfect versions of real world plant structures.
As a result, many models of plant structures tend to be too
rigid, and lack a feeling of life. The BlobTree provides a set
of spacial warping operators which are used to reduce the
regularity present in the model. A good example is to use
the Bend operator [4] to alter the perfectly straight individ-
ual internodes.

Randomly applying bend results in a very artificial look.

12

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

Better results can be obtained by applying bend to individ-
ual skeletal primitives based on their position in the hierar-
chy and their relationship to adjacent internodes.

The direction is chosen so that the result of the bend will
cause the bent internode to grow more directly away from
the axis of its basal internode, then slowly bend back toward
its defined termination point. This choice is based purely on
aesthetics and is not based on biological principles.

The bend is parameterized so that regardless of what an-
gle is chosen, or what plane the bend occurs in, the bent in-
ternode will have its initial and terminal points at the same
location as if it were not bent. This allows individual in-
ternodes to be bent without altering the connectivity of the
surface or modifying the global position of any internodes.
In order to achieve this effect, rotations are applied, and
the length of the internode is increased depending on the
amount of bend.

Figure 14 shows a simple example of bend. The branch
segment which is collinear with the basal internode is not
bent at all. The lateral branch is bent in the plane defined by
its original position and its basal internode, and its direction
of bend causes it to grow more directly away from the axis
of the basal internode, then bend back toward its original
terminal point.

3.6 Applying Texture

The final step in building the tree model is to apply tex-
ture to give a more realistic appearance. The BlobTree de-
fines several methods that can be used to apply 2D texture;
the most straightforward of them is used [29]. Individual
BlobTree primitives can be described parametrically, and
thus have their own natural 2D coordinate systems. The
global surface attributes at any point will be determined by
a linear combination of the attributes defined by the con-
tributing primitives at that point. Each contributing prim-
itive uses its native 2D coordinates to determine its con-
tribution. This method results in an automatic blending of
textures across branching points. The effects are good when
viewing the whole tree. However, when viewed from close



up the method gives a slightly unnatural look to the texture
within regions of blend if the texture contains an anisotropic
pattern. The poplar texture used in Section 4 does not have
this property and gives good results for all levels of detail.

4 Reaults

Figure 15 shows the results of our model, and was ren-
dered on an Intel(R) Xeon(TM) CPU 2.66GHz with 1 Gb of
RAM using direct ray tracing. It required just under 1 hour
to render Figure 15 at a resolution of 1536x2048 pixels with
adaptive super-sampling. The BlobTree may also be viewed
using OpenGL with an approximate polygon mesh. It re-
quires at least 60 seconds to generate enough polygons to
be useful, prohibiting the use of the method for interactive
modeling. However, PCM allows us to intuitively model
the phenomenon of the bark branch ridge shown in Figure
1. Thus, the lengthy visualization times are offset by the
power of the modeling paradigm.

Current problems with the method are as follows: more
work needs to be done to correctly model the branch tips,
which are currently tipped by hemispherical caps, and it is
difficult to control the shape of branch bark ridges and col-
lars. As a result of the latter problem, producing models of
trees with varying properties at the branch bark junction is
not currently possible.

5 Conclusionsand Future Work

An outstanding problem in the modeling of trees is
the construction of a surface which captures both the
smooth and non-smooth attributes of their branching struc-
ture. Whereas previous methods have focused on smoothly
blending branching junctions and simulated rough bark tex-
ture, the method presented is the first to combine smoothly
blending branching junctions with those that exhibit the
branch bark ridge and collars. The method relies upon the
BlobTree to provide both smooth and non-smooth operators
to combine skeletal implicit surface primitives.

PCM was used to model the branch bark ridge and col-
lars, two phenomena which have not been modeled by any
previous technique. The resulting surfaces are similar to the
phenomena observed in nature, as illustrated by a model of
a poplar tree. Additional operations, such as spacial warp-
ing and CSG, can be used to enhance realism in the result-
ing model. The proposed method enables the production of
complex models not easily obtained by other means.

Summation blending of skeletal implicit primitives with-
out noticeable bulging was shown to be easily obtained.
Thus, the method compares favorably to convolution sur-
faces, which would impose an increase in computational
and implementation complexity.

Figure 15. A poplar tree model using PCM to
simulate the branch bark ridges.

While the branching structure was generated using the L-
system formalism, interactive techniques may also be used
to generate the underlying skeleton.

Future areas of research are:

e The deformed fields resulting from PCM may be used
as input to a procedural texturing algorithm to mod-
ify the texture on the branch bark ridge, where a dis-
colouration is observed.

e Providing greater control over the shape of the branch
bark ridges.

e Correlating the resulting branch bark ridges with bio-
logically accurate measurements of this phenomena.

e Incorporating information pertaining to the develop-
ment of non-smooth surface features into the under-
lying L-system model.

e Applying the model to animations of tree growth, and
extending the method to capture time-varying effects
resulting from discarded organs.
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