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Problem Description
Recent movements in the graphics hardware field provide direct hardware support for tessellation
which should improve the performance of GPU-based subdivision. To take advantage of this in
visualization of trees, a system for generating single body polygonal models of these subjects is
needed. These should be generated with a high degree of subdivision in mind.

The goal is to define a parametric system for generating tree models, taking into account natural
rules of growth. The models must be suitable for and exhibit a high level of realism after
subdivision. Accompanying rendering methods for achieving near-photorealistic appearance
should be explored.
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Abstract

The main contribution of this thesis is a parametric method for generation of
single-mesh polygonal tree models that follow natural rules as indicated by
da Vinci in his notebooks [Ric70]. Following these rules allow for a relati-
vely simple scheme of connecting branches to parent branches. Proper branch
connection is a requirement for gaining the benefits of subdivision. Techniques
for proper texture coordinate generation and subdivision are also explored.

The result is a tree model generation scheme resulting in single polygonal
meshes susceptible to various subdivision methods, with a Catmull-Clark ap-
proximation method as the evaluated example.

As realistic visualization of tree models is the overall objective, foliage ap-
pearance and the impression of a dense branching structure is considered. A
shader-based method for accurately faking high branch density at a distance is
explored.
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Glossary

CPU Central Processing Unit.

DAG Directed Acyclic Graph.

DirectX 11 Microsoft’s API for handling multimedia related tasks, including
graphics. DirectX 11 is the latest of the series.

GPU Graphics Processing Unit.

LOD Level of detail. In computer graphics, typically denotes a scheme for
decreasing the complexity of a mesh based on distance, viewing angle
or other metrics to avoid rendering details that will not be visible for the
viewer, and thus increasing the efficiency of rendering.

Mesh In computer graphics, an interconnected network of vertices, defining
edges and faces, typically representing a 3D model.

MIP-level When using MIP maps for textures, the texture is stored in different
resolutions. The originally sized texture is MIP-level 0, the next level is
typically half the width and height of the previous level till the last, which
is 1x1 pixels. MIP-levels are chosen based on occupied screen space to
reduce flickering.
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Polygon Closed path of straight lines defining a surface, usually planar, but
not necessarily so in computer graphics.

Shader A program designed to run on a GPU, usually performing operations
on vertex primitives or fragments.

Subdivision In computer graphics, the process of calculating a smooth surface
based on a coarse mesh.

Tessellation In computer graphics, the process of dividing a polygon face into
many smaller faces.

Vertex The fundamental primitive for describing meshes/graphs. In compu-
ter graphics, a vertex describes a corner of a surface (three vertices des-
cribes a triangle, etc.).
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Chapter 1
Introduction

1.1 Motivation

Generation of tree models is not a new field. Several models and methods of
generation already exist, one of which is the basis for the method in this thesis.
However, a common shortcoming of these methods is that they either ignore
the geometric side or let the resulting geometry be unconnected at branching
points. Instead, child branches (usually represented by tapered cylinders) tend
to originate inside its parent branch’s geometry.

This causes several problems. Firstly, animation (e.g. wind displacements)
usually makes the child branch’s point of attachment appear to move around
on the parent branch. Secondly, the texture mapped to these surfaces have no
continuity at branching points, making the attachment seem unrealistic, even
without animation.

With recent evolutions in the field of graphics hardware, another problem have
also become more relevant for the casual gaming or simulation industry aiming
for high realism. The lack of proper branch connections makes the tree models

1



Chapter 1. Introduction

unsuitable for subdivision.

1.1.1 Target Scale

When talking about tree rendering, it is important to define which scale is tar-
geted. In the work by Garcia et al. [GSSK05], three scales are defined; vehicle
scale, human scale and insect scale. As may be deduced from the names, ve-
hicle scale refers to relatively large viewing distances, where the trees are back-
ground objects never viewed up close. Human scale refers to relatively close
distances, usually viewed from the ground, but with the ability to walk around
a tree and viewing it from different angles. At the insect scale, one may imagine
walking around on the tree itself, tripping in ridges and leaves. The geometry
at this scale must naturally be highly detailed and natural-looking for a realistic
experience.

In this report, the target scale is usually closest to the human scale, moving to-
wards insect scale.

1.1.2 Tessellation-Enabled Hardware

Let us define two terms for this context.

Tessellation is the process of taking a geometric primitive and dividing it into
many smaller primitives, increasing the density, or resolution, of the original
geometry.

Subdivision is the process of taking a coarse mesh and tessellating it into a finer
mesh, adding smoothness and/or detail in the process. Subdivision surfaces
are common in 3D content creation software, allowing the artist to manipulate
a small set of points relative to the generated smooth surface.

The new generation of graphics hardware have built-in support for tessel-
lation. Looking at the new DirectX 11 [Gee08] pipeline (see figure 1.1), we
have the addition of three stages. The hull shader follows the traditional ver-

2



1.1. Motivation

tex shader, setting up parameters for tessellation in the fixed tessellator. The
tessellator outputs the geometry with increased resolution to the domain sha-
der, which determines the positions and attributes of the generated geometric
points (vertices). These are then passed to the geometry shader or pixel shader
as before.

Figure 1.1: DirectX 11
rendering pipeline

The result is the ability to perform subdivision directly
in hardware, without the need of sending the high re-
solution geometry from CPU to GPU. Sending geome-
try may be a costly process, and could very well be-
come the bottleneck for high quality rendering of po-
lygon meshes.

It is also possible to animate the mesh on the graphics
hardware, prior to tessellation. This gives the benefits
of cheap animation of a coarse mesh, and the visual
quality of a high resolution subdivision mesh.

1.1.3 Subdividing Tree Models

Subdivision of tree models may be beneficial in seve-
ral ways. First of all, the increased resolution together
with smoothing should make the tree model more vi-
sually appealing, hiding geometric discontinuities and
enabling support for a high level of detail, by for example displacement map-
ping.

Second of all, reducing the amount of geometry that needs to be transferred
from the CPU to the GPU may increase performance of high quality rendering
of trees. This may in the future enable entire forest scenes to be rendered with
subdivision.

Another benefit of subdivision in hardware is the innate LOD (Level of Detail)
scheme present due to the dynamic control of tessellation factors. By setting
the tessellation factors based on distance from viewer, the amount of subdivi-

3



Chapter 1. Introduction

sion can be reduced or turned off when the gained detail or quality would be
wasted.

Subdivision requires properly connected geometry. This is not usually the case
with existing methods for tree generation, and they will therefore not obtain
one of the main benefits of subdivision, namely smoothing the coarseness at
branching points as needed.

1.2 Problem Area

The primary focus of this project is the generation of polygonal tree meshes
suitable for subdivision on tessellation-enabled hardware. This entails the need
for properly connected geometry. The visual appearance should also be close to
realistic. Therefore, texture coordinate generation and treatment at subdivision
is an important aspect of the process.

Foliage and the appearance of a dense branch structure is another aspect of
achieving realism. Techniques for generation of these elements and related vi-
sual improvements are therefore included as a natural extension to the problem
area.

1.3 Overview

Chapter 2 describes some earlier work in this and related fields.

Chapter 3 is a summary of the work conducted by myself in the specialization
project, the autumn of 2009, on which the work in this thesis is heavily based.

Chapter 4 and 5 describes the methodology and the implementation thereof,
as conducted during this spring.

Results are shown and discussed in chapter 6, and the report is concluded in
chapter 7, together with some suggestions for future work.

4



Chapter 2
Related Work

2.1 Subdivision

In computer graphics, subdivision is the process of converting a coarse mesh
to a smooth, higher resolution mesh. Numerous methods exist, some of which
are described here.

2.1.1 Catmull-Clark Subdivision

Catmull and Clark [CC78] proposed a method for subdividing a mesh consis-
ting of quadrilateral faces, or quads. The process is known as Catmull-Clark
subdivision.

One level of Catmull-Clark subdivision will replace each quad with four. Each
created quad has one corner vertex of the original quad, a common face vertex,
and two edge vertices. The face vertex is the centroid of the original quad
(average of all four vertices). The vertices created at each edge are defined as

5
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the average of its edge’s two vertices, and the two face centroids of the adjacent
quads. At boundaries, edge vertices are set to the edge midpoint, to avoid
degeneration.

After the five new vertices have been calculated, the four vertices defining the
original quad are adjusted to the location resulting from the following formula:

Padjusted = F̄ + 2Ē + (n− 3)P
n

(2.1)

Where F is the set of centroids of the faces connected to the vertex, E is the set
of midpoints (plain average of the two end points) of the connected edges, n is
the number of connected edges (valence) and P is the original point.

The result is a smoothed mesh with four times the number of quads as the
original mesh. The traditional example of a cube subdivided into a sphere
approximation is shown in figure 2.1.

Figure 2.1: Catmull-Clark subdivision of a cube down to level threea

aImage shared by Wikipedia user Romainbehar under the Creative Commons Attribution Sha-
reAlike 3.0 License

6



2.1. Subdivision

Figure 2.2: Edge point and points used for the weighted average in Loop subdivision

2.1.2 Loop Subdivision

Loop subdivision as presented in [Loo87] works on a mesh consisting of tri-
angles. Each triangle is replaced by four triangles.

Each edge of a triangle is assigned an edge vertex (E). This vertex is calculated
based on the three vertices in the triangle (P1, P2 and P3), in addition to the
final vertex of the triangle at the opposite side of the edge (P4). See figure 2.2.
These vertices are weighted as follows, where P1 and P2 are the points defining
the edge in question.

E = 3
8(P1 + P2) + 1

8(P3 + P4)

The resulting edge vertices are used together with the original vertices to define
four triangles. Three of which consist of two edge vertices and an original
vertex, and the fourth defined exclusively by the the new edge vertices.

The original vertices are then adjusted to the position of a weighted average of
the old position and the originally connected edges’ end points. The weighted
formula is as follows:

7
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Vnew = (1− nβ)Vold + β

n∑
i=0

Pi

Figure 2.3: Loop subdivision of an
icosahedron to level one and two.
Image by Simon Fuhrmann.

Where n is the number of edges containing
V , Pi is the opposing endpoint of edge i, and
a possible choice for β is:

β =
{ 3

16 if n = 3
3

8n otherwise

An example of Loop subdivision is shown in
figure 2.3.

2.1.3 Approximation

Performing a full subdivision level by level
as described above is not directly mappable
to the new graphics pipeline. Instead, ap-
proximation techniques are necessary.

One is created by Loop and Schaefer [LS08],
where Catmull-Clark subdivision is approxi-
mated with bicubic patches. Patches with
an arbitrary number of control points are
converted to regular bicubic patches before they are evaluated directly in the
desired resolution.

The result is a fairly fast and highly accurate approximation of the Catmull-
Clark limit surface. The process is also mappable to the new graphics pipeline,
where the conversion to the regular bicubic patch may be performed at the
vertex or hull shader stage, and the direct evaluation can be performed at each
generated point in the domain shader. See section 5.4.2 for details.

8



2.2. Lindenmayer-systems

Figure 2.4: “Weeds” generated using an L-system in 3D. Image released into the public domain.

Other approaches have been available prior to hardware supported tessella-
tion [BS05, SJP05, PEO09, KKM07, KP05]. ATI/AMD graphics hardware have
also included non-standard tessellation support for some time, but this was
implemented as a stage prior to the vertex shader [TBB09].

2.2 Lindenmayer-systems

Lindenmayer-systems (L-systems) [Lin68, PL90] are commonly used for gene-
rating complex models, especially for simulating phenomena exhibiting self-
similar fractal patterns or repetitiveness in growth.

L-systems take rule strings combined with symbol replacement to recursively
expand an initial string to a predefined depth. The result is then interpreted in
some manner to generate output of the desired type.

An example of interpretation is generating geometry with the transformation
scheme called turtle graphics [Ad81], known from the programming language
Logo. The concept is to treat the rules as commands to a “turtle robot”, which
always executes the commands relative to its current transformation. Genera-
ting geometry can be based on turtle moves and spawns due to recursion.

Using L-systems is one of the traditional tree generation methods. An example
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of weed-like models are seen in figure 2.4. However, to avoid the obvious self-
similarity that often arise in L-systems, and achieve realistic trees, the rule set
can become very complex. This makes it cumbersome to find where a change
is required to achieve a certain outcome, or predict the outcome of any altera-
tions, leading to a try-fail approach

A more intuitive approach with easily observable cause-effect relationships
might then be desirable.

2.3 Parametrized Tree Models

Weber and Penn [WP95] designed a parametric system for generating tree mo-
dels. The parameters were selected to be intuitive rather than represent bota-
nical phenomena.

This is opposed to some predecessors of Weber and Penn. De Reffye et al.
[dREF+88], among others, created strict botanical models, which lack the in-
tuitive relationship between parametric input and desired output. Oppenhei-
mer, on the other hand, used a fractal based method in [Opp86] to generate
tree models.

Honda’s parametric system for describing the form of trees [Hon71] may be
one of the more intuitive approaches prior to Weber and Penn. Honda did ho-
wever differentiate between dichotomous (branch split) and monopodial (pri-
mary branch continues the parent branch’s direction) branching, somewhat
increasing the complexity.

Weber and Penn’s model allows for great flexibility, with parameters selec-
ted for intuitive recognition, even for botanically ignorant users. They include
example sets of parameter values that may be used as starting points to create
and tweak real-looking tree models.

Parameters include tree branching depth, deviation angles, split factors, length
ratios, curvature, rotation and various parameters for describing branch shapes
(taper, lobes, trunk flare), pruning and foliage.
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The freedom provided by the chosen parameters does not impose the restric-
tion of generating realistic tree models. Unnatural angles, growth rates and
rotations may be chosen freely. This may or may not be a positive side effect,
depending on intended usage.

The parametric model in itself does not impose a certain way of interpreting
the result into a tree model. However, the solution proposed by Weber and
Penn is to generate cylinders per branch segment, with no direct connection at
branch splits or child branch attachments.

The resulting mesh of this approach cannot benefit from subdivision, as connec-
tion points would not be smoothed. Animation (e.g. wind movements) will
likely result in unnatural displacement of connection points, as the cylinders
typically are animated from the starting points placed inside parent branches’
geometry.

2.4 Creating a Single Polygonal Mesh

To benefit from subdivision, the generated tree models should be properly
connected at branching points.

Lluch et al. [LVM04] proposed a solution for generating properly connected
meshes from models created using L-systems. Their focus was on branching
points, where they suggested a stepwise interpolation of each of the child
branches’ connection points and the parent’s connection point. At each step, an
outline of all the interpolations is used as the basis for the generated geometry
volume.

The generated mesh from this method will have dense geometry at connection
points. This is not desirable when subdivision should be applied later, as one
goal is to reduce the complexity of the base geometry to reduce the load on
GPU memory and CPU-GPU bandwidth. However, the resulting mesh could
be simplified using other methods as a post-process.

Maierhofer [Mai02] presented an extension to L-systems, a rule based system
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Figure 2.5: Connection of several child segments. Figure from [SE05]

for generating single polygonal meshes of arbitrary complex geometry. Tree
model generation was one of the demonstrated usages.

2.4.1 Connection at Branching Points

Skjermo and Eidheim [SE05] presented an algorithm based on the extended
SMART algorithm [FKFW02, FFKW02]. The article suggested how to treat
connection points when converting a tree structure – stored as a DAG (Directed
Acyclic Graph) – into a polygonal mesh.

The DAG is processed from the root, generating four-sided geometry along
each tree segment’s length. The end points are then squares, and the problem
in question is how to connect several child segments appropriately to these end
points.

At each level in the DAG structure, the child segments are treated according to
the following cases.

If there are no child segments, the parent segment is concluded with a single
cross section. If there is only one child segment, it is connected directly, with
only a single cross section generated between the parent and child segments.

If there are more than one, the child segments are sorted by their diameter in
descending order. A box is appended to the parent segment, and the first child
segment is connected to its top. The next segment is then attached to the most
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appropriate of the four remaining sides of the box, creating another box in the
process. The next child is then attached to the appropriate side of this box, and
so on. This is demonstrated in figure 2.5.

If the primary child segment (regardless of count) has a direction that deviates
more than 90 degrees from its parent’s direction, a backward connection is
made. A box is appended to the parent segment, but instead of connecting
the primary child segment to the top, it is connected to the most appropriate
side, generating another box for connecting any remaining child segments.

2.5 Texture Coordinate Generation

Maierhofer [Mai02] proposed a solution for generating texture coordinates for
branching structures. The proposal was to simply increase the v-coordinate
together with the distance from the root. The u-coordinate is not so straightfor-
ward.

Figure 2.6: Suggested generation scheme for texture coordinates in the u-dimension at bran-
ching points. u1 = 0.0+0.5

2 , u2 = 0.5+1.0
2 . Figure from [Mai02]
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Maierhofer suggests using a mirrored wrap of the u-coordinate space from
front to back of a branch. Working with square cross sections, this means assi-
gning the front vertex a u-value of zero, the back vertex a u-value of one, and
the two side vertices a u-value of 0.5.

The result is the complete texture wrapped around from front to back on both
sides of the branch.

At branching points, the attached branch should inherit the u-values from its
parent for the bottom two vertices. This dictates the remaining two values to
complete the dual wrapping. To smooth the resulting texture distortion, the
u-values at the parent segment’s vertices are set to an average of their neigh-
bouring vertices’ and connected vertices’ u-values, as shown in figure 2.6.
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Chapter 3
Previous Work

This Master’s Thesis follows a project entitled Parametric Generation of Trees for
Rendering on Next Generation GPUs, conducted the autumn of 2009 by myself,
with supervisor Torbjørn Hallgren, and co-supervisors Jo Skjermo and Odd
Erik Gundersen. This project will be referred to as the specialization project.

The specialization project resulted in a method for polygonal mesh generation
using a parametric system based on Weber and Penn’s parametric tree genera-
tion [WP95] with additional traits taking natural branching rules into account.

An investigation of texture coordinate generation schemes suitable for subdi-
vision, with the goal of reducing artefacts to improve realism, resulted in a
custom method based on an approach presented by Maierhofer [Mai02].

The resulting meshes were subjected to tests of subdivision schemes using
CPU-based subdivision implementations. Catmull-Clark subdivision [CC78]
was the preferred method in the end. Catmull-Clark limit surfaces are also
commonly used as a target reference for approximation techniques.

This chapter will highlight and summarize the project results. Additionally,
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some involved explanations are included where it is necessary in order to
achieve a full understanding of the following chapters.

3.1 Natural Branching Rules

Da Vinci noted in [Ric70] that the sum of all branches’ cross sectional area is
equal at any distance from the root. In other words, the sum of the cross-
sectional area of the children at a branching point is equal to the parent’s cross-
sectional area, or:

r2
parent =

n∑
i=0

r2
i (3.1)

Where rparent is the parent branch’s radius and ri is the ith child branch’s ra-
dius.

Murray [Mur26, Mur27] suggested that the correct exponent for the formula is
approximately 2.49, with the exception of small trees, where an exponent of 3
seems to hold true.

Due to the variability of this exponent, it was introduced as a new parameter
of the tree generation method proposed in the specialization project, called the
tree shape exponent.

Another observation of da Vinci was the relationship between the radii dis-
tribution at branching points with the deviation angles away from the parent
branch’s direction. When a branching point results in two child branches, the
child branch with the greatest radius will deviate less from the parent branch’s
direction than the child branch with the lesser radius.

Murray explored this relationship in artery branching patterns in [Mur26], ap-
plying the physiological principle of minimum work. This was then referenced
in [Mur27], under the assumption that tree branching pattern follows a similar
logic. He suggested the following relationship:
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Figure 3.1: The distribution of angles x and y for a child branch pair with radii ra and rb

cos(x+ y) =
r4
parent − r4

a − r4
b

2r2
ar

2
b

(3.2)

Where ra and rb are child branches’ radii, and rparent is the parent branch’s
radius. x + y is the sum of the deviation angles of the two child branches. See
figure 3.1.

After a thorough investigation in the specialization project, a number of re-
lationships were stated. E denotes the introduced tree shape exponent and Ss
denotes another introduced parameter, called the radius ratio. Ss is the ratio
between the biggest child branch’s radius and the smallest child branch’s ra-
dius (a radius ratio of one means the two child branches’ radii are equal).

First of all, the following constants for the primary (largest radius) and secon-
dary (smallest radius) child branches are defined, denoted by subscripts p and
s, respectively. These constants also states the ratio between the child branches’
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radii and the parent branch’s radius.

Cp = 1
E
√

1 + SEs
Cs = Ss

E
√

1 + SEs

rp = Cprparent rs = Csrparent

To calculate the deviation angles, the following formula is provided:

6 p : 6 s = 6 ratio = Ss
1− (1− S4

s )Cs4

1 + (1− S4
s )Cs4 (3.3)

From which we can calculate the primary and secondary angles as follows:

x+ y = 6 total = cos−1(x+ y)

6 s =
6 2
total

(1 + 6 ratio) 6 total
6 p = 6 ratio 6 s (3.4)

It should be noted that the constant factors and angle factors may be computed
once per tree shape exponent/branch ratio-pair.

The complete investigation of da Vinci’s rules and Murray’s research as perfor-
med in the specialization project is presented in appendix B.

3.1.1 Child Branch Offset

Calculating needed space between parent branch geometry and child branch
end point is necessary to ensure a natural-looking connection. Due to the in-
troduction of natural rules, the solution proposed in [SE05] could be utilized.
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However, an interpretation of the presented results lead to the more simplistic
conclusion that the needed space between the parent branch’s axis and the
child branch’s central end point must be greater than the sum of the parent
branch’s radius and the child branch’s radius. This would accommodate for
any deviation angle.

The resulting offset could then be calculated by the following formula:

ldist = (1 + Ss)rparent (3.5)

Where rparent is the radius of the parent branch at the connection point, and Ss
is the introduced branch ratio-parameter.

3.2 Generating Tree Data

Since the tree generation phase has been revised to some extent, only a brief
explanation of the generation method used in the specialization project is in-
cluded.

The method for generating tree data was heavily based on the algorithm pro-
posed by Weber and Penn [WP95]. The parameters used were mostly the same,
apart from the addition of parameters related to the natural rules, and the re-
moval of some parameters rendered obsolete by these additions.

Tree data was generated recursively in a depth-first order. Leaves and fronds
were generated at the appropriate levels whenever they were reached.

A limitation by this approach was that generating a tree model with the same
seed, but less levels, or without leaves/fronds, would not result in the same
base tree structure.

Global transformations were used throughout the generation process. The de-
viation resulting from an attached branch could therefore not be applied in a
simple way. Due to time constraints, this was ignored, and generated trees

19



Chapter 3. Previous Work

with high branch ratios would not follow the natural rules completely.

3.3 Producing a Single Polygonal Mesh

A problem with existing tree generation methods is the lack of a continuous
mesh output. Usually, child branches are "attached" to parent branches by ori-
ginating inside the parent branch geometry, effectively hiding the end point.
This leads to a problem with inconsistent animation, where the apparent point
of connection to the parent branch seems to move. Also, when subdividing the
mesh, no smoothing appears at connection points, since the geometry is not
really connected.

To solve these problems, the geometry must be connected in an appropriate
way at branching points, while avoiding extensive twist, distortion or other
artefacts that may decrease the realism of the rendered tree.

3.3.1 Converting From Data to Mesh

In the specialization project, the transformation from the generated tree node
data to a polygonal mesh went via a DAG (Directional Acyclic Graph).

Tree node data consisted of node transformation (matrix), radius and any des-
cendants (defined as nodes continuing the branch) and/or children (defined as
nodes of the next branch level attached at some point along the parent node’s
length). Each tree node was converted into a DAG node, with additional DAG
nodes at final nodes’ end point, where children nodes were attached, or a split
resulted in more than one descendant.

The resulting DAG consisted of nodes with transformation data (position, di-
rection, up vector), branch level, radius and children (not distinguishing bet-
ween children and descendants).

The final step was converting the DAG into a polygonal mesh. Each DAG node
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Figure 3.2: A cross section generated from a DAG node

was converted to a cross section of a tree branch consisting of four vertices de-
fining the square to be subdivided into the branch’s circumference (see figure
3.2).

Vertices were then connected to the vertices of the previous node, texture co-
ordinates generated together with a flip coordinate denoting the "side" of the
branch, as well as storing tangent data, radius data and branch level as addi-
tional vertex attributes.

3.3.2 Connection at Branching Points

Where branching occurs (e.g. where a DAG node has more than one child), cer-
tain rules are followed when connecting the cross sections. These rules were
derived primarily from a SMART-like algorithm [FFKW02] proposed by Sk-
jermo et al. in [SE05] (see section 2.4).

In short, three cases were considered. Backward connection (deviation angle
more than 90 degrees), split connection (two child branches of equal radius)
and ordinary connection (branching with various radii).

The first case was determined to be unreachable as soon as the branching struc-
ture conformed with the natural rules (maximal deviation angle will then be 90
degrees), and handling of this case was never implemented.
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Split connections were treated as a special case, adding intermediate geometry
to allow a symmetric connection for the two same-size child branches. Ordi-
nary connections were performed in line with an interpretation of the algo-
rithm presented in [SE05].

The algorithm is presented as pseudo code in appendix D.

3.4 Texture Coordinate Generation

There is no obvious way to map a texture to a branching structure. Various
approaches exist, but the approach presented in the specialization project was
a variation of the scheme presented by Maierhofer [Mai02] (see section 2.5).

3.4.1 Stretch Distortion Artefacts

Maierhofer proposes averaging the u-coordinate at two vertices in the parent
cross section, let’s call this parent branch averaging. Using Maierhofer’s me-
thod, the stretching artefacts were reduced, but not to a satisfactory degree.

Two alternatives were explored. Averaging the two connected vertices at the
child cross section instead, let’s call this child branch averaging, was found to
produce a similar amount of stretching artefacts.

Combining this with Maierhofer’s method, performing the child branch avera-
ging followed by the parent branch averaging, was found to produce the best
results after subdivision. See figure 3.6.

3.4.2 u-space Mirroring

The problems with mirroring artefacts was addressed by including a flip co-
ordinate which denoted which side of the branch the vertex was located (the
vertices at seams have no side). See figure 3.3.
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Figure 3.3: The generated [u, v, w] coordinates at a branch cross section.

The additional coordinate was utilized in shaders, flipping the texture at one
side of the trunk. This resulted in a full wrap around the trunk instead of mir-
rored texture progression at each side (see figure 3.4). Problems at seams arose
due to the discontinued texture coordinates, but were addressed by manually
computing texture derivatives in the fragment shader.

Another problem arose when combined with bump mapping. As the tangents
and bi-tangents depend on appropriate derivatives of the texture coordinates,
the sampled normal displacement must be flipped where the textures are sam-
pled in a mirrored fashion.

3.4.3 Texture Space Degeneration from Subdivision

To maintain correctness and smooth the texture coordinates during subdivi-
sion, an approach based on a method proposed by DeRose et al. [DKT98]
was developed. DeRose et al. suggest to treat texture coordinates together
with the spatial coordinates, effectively subdividing in five dimensions (for
two-dimensional texture coordinates). The result was a degeneration of the u-
coordinate space. To avoid this, the u-coordinate was not adjusted at existing
vertices during subdivision. At generated edge points, a simple average of the
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(a) Branch without u-flipping. (b) Branch with u-flipping.

Figure 3.4: The effect of texture-flipping on a trunk.

edge vertices’ u-coordinate was used (see figure 3.5).

The w-coordinate (flip coordinate) was treated separately. At generated ver-
tices the w-coordinate was set to the sign (-1 or 1) of the weighted average of
all related w-coordinates.

3.5 Rendering

To increase the realism when rendering the generated tree models, some tech-
niques were investigated.

3.5.1 Displacement Mapping

When tessellation hardware is capable of producing increasingly dense geome-
try, real displacement mapping becomes a potential replacement for the usual
faux methods (bump mapping, parallax occlusion mapping).

Direct displacement of geometry is perhaps the easiest solution for displace-

24



3.5. Rendering

(a) Texture space degenerated by subdivision (b) Texture space preserved after subdivision

Figure 3.5: When subdividing texture coordinates uniformly (a) the texture space is degenera-
ted, resulting in visible seams and stretching. If the u-coordinate is unaltered at existing vertices
during subdivision (b) the texture space is preserved.

ment mapping, but this necessarily requires the density to match the com-
plexity of the displacement.

The specialization project only had a CPU-implementation of Catmull-Clark
subdivision available, but tests with simple tree models were performed to
achieve a high density mesh. Displacement mapping of this kind were found
to improve realism drastically, without the need for contour fixes and other
tricks. See figure C.4 for an example.

3.5.2 Leaf Back-lighting

A technique described in [KCS07] for improving leaf realism was employed.
The technique involves colouring of the leaves based on view angle. If the
light relative to the viewer is located directly behind a leaf, its colour is shifted
towards yellow. This appears in figure C.5.

Specular lighting is also added when leaves reflect the light directly.
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(a) Maierhofer’s approach (b) Averaging at child branch

(c) Combination

Figure 3.6: The generated u-coordinates using the various methods.

3.6 Results

Some rendered trees resulting from the specialization project may be seen in
appendix C.
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Method

4.1 Process Outline

The complete process from parametric input to geometric output is outlined:

1. Generate tree node data

• Generate branches

• Generate leaves

Tree node data is generated from a parametric model.

2. Add intermediary nodes

Intermediary nodes are added prior to attached child branches, if the clo-
sest node is beyond a certain threshold.

3. Post-apply primary branch deviation

Primary branches where child branches are connected are deviated ac-
cording to natural rules.
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4. Convert to DAG (Directed Acyclic Graph)

Tree node data is normalized and child branches and descendant seg-
ments are merged into single lists of child nodes. Nodes are added to
ensure uniform geometric output.

5. Convert to desired geometric output

DAG nodes are converted to cross sections of the resulting geometry, ad-
ding interconnections between vertices according to the desired output
topology.

4.2 Parametric Generation of Tree Data

The generation of tree node data uses the parameters described in appendix
A. These are heavily based on Weber and Penn’s [WP95] parametric model for
tree generation, and the algorithm presented is the basis for generating the tree
node data.

Some alterations are made to enforce conformance to the natural rules as pre-
sented and explored by da Vinci [Ric70] and Murray [Mur26, Mur27]. These
manifest themselves in the removal of some manual angle parameters (Dow-
nAngle and SplitAngle), and the addition of two parameters controlling the be-
haviour of the natural rule restrictions, TreeShapeExponent and BranchRatio. The
added parameters are described in section 3.1.

The algorithm is recursive, generating branches and their segments – starting
with the trunk – followed by the generation and attachment of child branches.
Child branches may be attached at any point of a branch segment.

Leaves, if any, are attached to branches at the final branch level.

Detailed information about the parameters, as well as interpretations deviating
from Weber and Penn’s definitions, are listed in appendix A. The detailed al-
gorithm for generating tree data may be reviewed in Weber and Penn’s article
[WP95].
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4.2.1 Incorporating Natural Rules During Generation

One of the goals of this project is to fully incorporate the effects of the natural
rule restrictions. An encountered problem is the primary branch deviations
that should occur when a child branch is attached. This is problematic as the
deviation must be applied to the attachment point, and propagate to any des-
cendant nodes.

Making the transformation propagate to any descendants is solved by making
the transformation data at each node relative to the parent node. The full trans-
formation is then calculated by traversing the tree structure from the target
node, requesting the parent node’s transformation recursively down to the root
node.

Another problem is the application of the primary branch deviation at an ar-
bitrary point of a branch segment. This requires new nodes to be inserted at
attachment points, without affecting other parts of the resulting tree structure.
To avoid major modifications to the original generation algorithm, step two
and three of the process are introduced.

Intermediary nodes are added after the initial data generation, followed by
the post-application of deviations to the primary branches at the newly added
nodes.

The angle of deviation is stored at child branches during generation, which
allows the post-process to retrieve the deviation angle directly, avoiding the
full recalculation. The deviation angle of the primary branch is the deviation
angle of the child branch multiplied by the angle ratio ( 6 ratio) as defined in
equation 3.3.

4.2.2 Adding Intermediate Nodes

Intermediate nodes are added after the main tree structure is generated. The
tree structure is then traversed. When a branch segment has attached child
branches, an intermediate node is added before (prepended node) and after
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(appended node) the point of attachment. The prepended node is then set as
the parent node for the child branch root segment.

The intermediate nodes are positioned the same distance before/after the at-
tachment point. This distance should be set to the child branch start radius to
ensure a roundness of the child branch after subdivision.

The prepended node should not be generated if it would be positioned too
close or prior to the nearest parent node. The nearest parent node then takes
the role of the prepended node.

The prepended node is regarded as too close if the distance from the previous
node along the branch direction is less than 10 % of the original length of the
branch segment. This ensures that child branches that are very close are sub-
jected to the branch connection algorithm appropriately.

4.3 Converting Tree Data to a Polygonal Model

4.3.1 Creating the DAG

Since the addition of intermediate nodes is performed on the tree node data,
the process of converting the data into a DAG (Directed Acyclic Graph) is re-
latively straightforward. It is still convenient to include this stage, since a lot
of data can be normalized to a simpler form. At this point, any spatial infor-
mation is converted to object space, eliminating the hierarchical dependency
of the relative transformations.

The remaining alterations to the data structure at this step is adding the end
nodes to tree segments.
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4.3.2 Preparing for Subdivision

Supporting subdivision is one of the main goals of this project. By generating
geometry that is genuinely connected at branching points, one of the criteria is
fulfilled.

However, when paired with displacement mapping, subdivision should pro-
duce uniformly distributed geometry to avoid extensive variation in displace-
ment density. This is mostly true for highly variant displacement maps, where
the end result is highly dependent on the sample frequency, and thus, the geo-
metric density.

To achieve more uniform geometry, DAG nodes may be added wherever the
distance between two connected DAG nodes exceeds a certain threshold value.
By doing this, we may avoid the low geometric density that may be present at
branches with few or no connected child branches.

This could also be achieved by increasing the number of segments per branch
(CurveRes parameter), but this may lead to a slower generation stage, and ex-
cessive cloning whenever splits are generated (SegSplits parameter greater than
zero).

4.3.3 Geometry

When converting the DAG to the desired geometric output, the following me-
thods should be applied.

Branch Connection

At branching points (DAG node has more than one child), the algorithm for
branch connection should be used. In this project, we use the a method based
on a proposal by Skjermo and Eidheim [SE05] (see section 2.4.1).

The case of backward connection is disregarded here, since it would not arise
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when the tree structure follows the natural rules (primary branches would not
deviate more than 90 degrees).

An alteration of the process is made where more than one non-primary branch
is connected (i.e. a DAG node has more than two child nodes). The primary
branch is connected as directed, creating a box between itself and the parent for
connection of any remaining branches. Instead of assigning only the secondary
branch to one of the sides, all remaining branches are sorted into four lists.
Each list represents one side of the box.

These lists are then treated recursively with their related sides as the new pa-
rent cross section. Thus, branches may very well be connected to all of the four
sides of the original box.

Texture Coordinates

The generation scheme derived from Maierhofer’s approach [Mai02] should be
implemented as described in section 3.4.

u-coordinates are set to wrap completely in a mirrored fashion on both sides of
the trunk. The v-coordinate is increased as we move away from the root. The
progressed distance is divided by 0.2 + 0.8r, where r is the radius at the cross
section. This gives more v-space for smaller branches, effectively scaling down
the texture in the v-direction as the u-space grows smaller (the cross section
circumference). The v-values are finally normalized into the [0,1]-range for the
entire mesh.

The flip-coordinate is stored as the third texture coordinate, having the value
of zero at seams (front and back) and -1 or 1 at each side.
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5.1 Tree Data Representation

The generated tree data consist of a tree structure with nodes representing a
branch segment. Each node may have descendants and children.

Descendants are segments that continue the branch. Descendants are therefore
positioned at the end of their parent segment. A segment may have multiple
descendants if a split has occurred (as defined by Weber and Penn [WP95]),
producing clones. Thus, a branch (including clones) are defined by a root seg-
ment and a hierarchy of descendants.

Children are segments that are attached at some point on the node’s segment,
and the root of a new branch. Children are thus on the next level.

At each node, the following data is stored:

Transformation A matrix describing the transformation relative to the parent
node’s transformation.
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Length The length of the segment.

Start and end radius Defines the size of the branch at the start and end points.

Base radius Intermediate parameter used during branch generation.

Segment index The index of the segment in the branch (root segment has in-
dex zero).

Parent-relative offset Relative offset on the parent node’s segment. Used only
for child branches.

Down angle The deviation angle of the child branch. Stored to allow easy
post-application of primary branch deviation (see section 5.2.1).

Compensation angle Angle for correcting curvature after splits (see Weber
and Penn’s article [WP95] for details).

5.2 Tree Data Generation

The generation phase follows the method proposed by Weber and Penn [WP95]
closely. Although a complete reimplementation is carried out during this pro-
ject, a lot is based on the work done in the specialization project. Details regar-
ding this are outlined in section 3.2.

The set of parameters is altered to include only three branch levels (root, pri-
mary and secondary), and an additional leaf level. Any level beyond the pri-
mary level is considered to be secondary. Typically, the resulting mesh becomes
too complex for subdivision purposes after two or three branch levels. More
than three levels are therefore rarely generated.

Pruning (envelope) is disregarded to reduce the complexity of the implemen-
tation.
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5.2.1 Relative Transformations for Post-Application of Natural
Rule Constraints

A novelty in this report is the complete inclusion of the natural rules as presen-
ted in appendix B. To achieve this without drastically altering the generation
process, the generated tree node data is post-processed in two phases.

The first phase adds intermediary nodes at child branch attachment points.
Some measures are taken to avoid adding nodes that precede their parent
nodes, as well as maintaining reasonable spacing between nodes.

The second phase process the primary branches at attachment points. These
are rotated relative to the deviation angles of the non-primary child branches.
Since the tree node data now store the transformations relative to parent nodes,
instead of global transformations, the rotation will also affect any descendants
of the primary branch, which is the desired effect.

To avoid recalculating the deviation angles of the non-primary branches, the
deviation angle is added as a property of each tree node. This is also used to
identify the attachment points where the primary branch need to be rotated.
At these segments, a transformation is applied to the descendant. The trans-
formation is the sum of all rotations resulting from the attachment of child
branches.

The rotation caused by each child is the opposite of the child’s deviation angle
multiplied by the angle ratio (see equation 3.4) for the respective level, where
the angle ratio is defined as:

6 ratio = Ss
1− (1− S4

s )Cs4

1 + (1− S4
s )Cs4

Where Cs is the constant relation between the parent branch’s radius and the
secondary branch’s radius (see section 3.1).

The angle ratio is calculated once for each level.
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(a) 1 level (b) 2 levels (c) 3 levels (d) 4 levels

Figure 5.1: Generating the same tree with different numbers of branch levels.

5.2.2 Generating the Same Tree with a Different Number of
Levels

It may be useful to have multiple versions of the same tree, where the number
of generated branch levels varies. One can imagine usage in LOD-schemes,
generating leaves at a higher level combined with a lower-level tree mesh, and
so on. This is somewhat accounted for by adding a special attribute to vertices
describing which branch level they belong to, leaving it up to the user to utilize
this information in a useful way.

However, it may still be convenient to have entirely separate meshes of various
complexity.

The implemented tree node data generation algorithm in the specialization
project followed a straightforward recursive process. This resulted in a depth-
first generation where child branches were processed to the end (including any
generated descendants, foliage and fronds) before the next sibling branch was
created. Since a single pseudo-random number generator is used throughout
the generation process, the result of altering the number of generated levels
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was an entirely different tree structure.

To let users generate the same tree structure with a varying number of branch
levels, the implementation of the generation phase is altered. Instead of proces-
sing generated descendants as they are generated, they are added to a queue.
This results in a breadth-first generation, processing all branches at the same
level before processing any descendants. Thus, one can remove or add another
level of branches without generating an entirely different tree. See figure 5.1
for an example.

5.3 Polygonal Mesh

5.3.1 Tree Data to DAG

When converting, each tree data node results in a single DAG node. The ex-
ception is tree data nodes with no descendants, where a DAG node is added
as the end point of the branch segment. Additionally, if a threshold value for
maximum node distance is exceeded, additional nodes are added to make the
structure more uniformly spaced.

A DAG node holds the following data:

• Position (object space)

• Orientation

• Up vector

• Radius

• Branch level (trunk is level zero)

• Parent node

• List of child nodes
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(a) Triangle faces (b) Quad faces

Figure 5.2: Face generation based on mesh point interrelations. Generated faces for the current
point are indicated in red.

Both descendants and child branches in the tree data structure are referenced
as child nodes in the DAG structure.

5.3.2 DAG to Polygonal Mesh

The current implementation supports generation of quads and triangles.

The conversion is divided into two phases. The first traverses the DAG, conver-
ting each node into four mesh points that will become the vertex positions of
the cross section at the node position. The points basically have all the attri-
butes that should be assigned to the vertices, but are also aware of their left,
right and parent mesh points. This is where the appropriate texture coordi-
nates are determined.

These relations are used during the second phase, where each mesh point is
translated directly to a vertex with related attributes. The relations provide the
information needed to generate the index list. This is also the only step where
the process depends on which type of output mesh is requested.

Triangles are added between the current mesh point, the left and the parent, as
well as the current mesh point, the parent and the right mesh point’s parent.
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5.3. Polygonal Mesh

See figure 5.2a.

Quads are added between the current mesh point, the parent, the parent of the
right mesh point, and the right mesh point itself. I.e. the quad is added before
and to the right of the current mesh point. See figure 5.2b.

Since we have cases where quads or triangles should not be added, adding
face indices occur only where relevant mesh points are referenced. Thus, if left,
right or parent references are set to null, the appropriate faces are not added.
Where child branches are attached, the appropriate mesh point references are
set to null.

5.3.3 Polygonal Mesh to Patches

To allow for subdivision, the geometry rendered should be a patch structure.
We want four-sided patches in our implementation, to allow for bi-cubic ap-
proximation of Catmull-Clark subdivision.

Polygonal meshes consisting of quads are processed. Lists of points, edges and
faces are obtained, with all relationships stored. This is used to traverse all the
faces, finding the 1-ring for the patch. The 1-ring consists of all vertices being
part of edges or faces directly connected to the patch, in a counter clockwise
order. See figure 5.3.

Up to 28 vertices may be part of the 1-ring, resulting in a maximal patch size of
32 control points. The limitation is caused by the limit of 32 control points for
the topology passed to the graphics hardware.

Valence data and index prefixes (offset into 1-ring list for each patch vertex’
associated vertices) are calculated and stored in a separate buffer as a way to
determine which of the 1-ring control points are connected to which of the four
patch corners.

39



Chapter 5. Implementation

0 1

23

4

5

6

7

8 9 10

11

12

13

14

15

1617

Valence Prefix

Point 0 5 9

Point 1 4 12

Point 2 5 17

Point 3 3 18

Figure 5.3: A patch resulting from the original quad (0–3) and the 14 points (4–17) making up
its 1-ring. This is extracted from an existing mesh by defining a start point (0) and traversing
edges to find all connected points and their counter-clockwise order.
Figure based on an ASCII figure in the “SubD” example of the DirectX SDK (June 2010).
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5.4 Hardware Tessellation

5.4.1 PN-Triangles

An existing shader implementation for DirectX 11 hardware provided by the
DirectX SDK is used to test the PN-triangle approach. The sample is named
“PNTriangles11” in the current version of the SDK (June 2010).

The shader requires input of vertex position, normal and tangent for the three
vertices in each triangle. This is already present in the generated polygonal
mesh. The shader implementation is modified to include some tree model spe-
cific operations related to texture coordinates (e.g. texture flip), displacement
mapping and shading.

5.4.2 Approximation Using Bicubic Patches

The DirectX SDK provides a sample (named “SubD11” in SDK version of June
2010) including an implementation of Loop and Schaefer’s [LS08] approxima-
tion method of Catmull-Clark subdivision surfaces using bicubic patches. This
is used as a basis for testing a hardware based subdivision method.

The shader requires the input of control points for the patch and its one-ring,
as described in section 5.3.3. This is handled by sending a list of 32 indices per
patch, where some may not be used. The number of used indices is calculated
by the valence and prefix data, which is stored per vertex in a separate buffer.

The shader implementation includes some unneeded functionality (such as
bone animation), which is removed to simplify the code. The shader is exten-
ded to include texture coordinates throughout the subdivision process. This is
done to enable smoothing of texture coordinates, which is essential to reduce
distortion of textures mapped to the tree model surface.

Additional modifications include texture operations in the pixel shader for flip-
ping the texture appropriately, smoothing/removing edges, and manually cal-
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culating the MIP-level of textures to avoid miscalculations at flip seams. Nor-
mal displacements resulting from bump mapping must also be treated based
on the flip-coordinate to ensure correct lighting.

5.5 Rendering Methods for Visual Improvements

5.5.1 Displacement Mapping

As the resolution of the rendered geometry increases, displacement mapping is
the best and easiest method of adding detail to a mesh. Each generated vertex
is displaced along its normal based on a value looked up in a height map, d. A
bias, b, may be added, to allow displacements both into and out of the mesh,
resulting in the following formula for displacement height:

ldisp = (d− b)rsdisp

Where r is the branch radius, and sdisp is a user chosen scaling factor. Scaling
the displacement relative to radius is done simply to avoid negative volume
on very small branches. Also, it looks more natural when the absolute displa-
cement varies in relation to the branch size.

The displaced position of a vertex is then calculated as follows:

Vdisp = V + ldispN

5.5.2 Normal Displacement

To increase the apparent amount of detail for low resolution rendering, as well
as ensuring correct shading of actual displaced geometry, normals must be dis-
placed.
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One technique is to calculate normal displacements per vertex based on the
displacement values from a height map. This results in shading that match
the geometry, but may cause visible variations when adaptive tessellation is
employed.

A better technique is bump mapping. Normal displacements are pre-calculated
from a height map, and stored in a normal map. The normal map is then sam-
pled in the pixel shader, adjusting the normals based on the sampled values.
The result is exact lighting of all details in the height and normal maps, regard-
less of mesh resolution.

If the mesh resolution is too low, the lighting will not match the geometry dis-
placement. However, when the mesh resolution is high enough, the bump
mapping will result in accurate shading of the displaced geometry. The goal
is to have very high resolution models when rendered up close, and should
therefore eliminate any noticeable artefacts this approach may introduce.

5.5.3 Faking High Branch Density

By storing the structural data of the tree during generation, this may be utilized
for additional purposes.

The data is stored in two variants. The first represent the tree node data, the
second represent the DAG node data. These are mostly similar, but the latter
may contain more nodes added to produce a more uniform geometric output,
as well as the end nodes for segments with no children.

For both variants, the positional, directional and normal (up-direction) vectors
are stored for the current node. Radius and level data is also included. Ad-
ditionally, the position, normal and radius of the parent node are stored as
additional parameters.

This allows visualizing the underlying structure of a tree by rendering points
and lines based on the node data.

Another usage for this data is more interesting. By rendering view-oriented
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rectangles between a node and its parent node, properly scaled according to
node radii, we have a cheap way of rendering a system of child branches. This
is easily implemented as a geometry shader, instancing the rectangles based
on node data. Thus, the data may be passed point-wise to the shader with no
specification of interrelations, as all nodes know the necessary data for their
parent node.

By regenerating the tree data with one or more additional levels, we can use
this technique to fake high branch density.

5.5.4 Leaves and Foliage

The method for back-lighting of leaves described by Kharmalov et al. [KCS07]
is implemented in the leaf shader.

To reduce the geometry passed to the graphics hardware, only single points are
passed per leaf. The leaf geometry are then instanced in the geometry shader,
based on the leaf attributes. The leaf attributes include position, direction and
orientation vectors, as well as length, width and a special “type” value used to
determine which texture coordinate set to use. We allow four quadrants of the
leaf texture to contain different leaves.

To increase realism, a simple scheme for self-shadowing between leaves is im-
plemented. It takes each leaf and compares its position relative to the light and
the first x leaves in the full list of rendered leaves. If any of the compared leaves
is obscuring the light source, the color of the leaf is modulated accordingly. x
could be set relative to the leaf count, or simply be a static number.

When converting from tree node data to polygonal data, leaves are picked at
random. One leaf is picked at a time from the list of generated leaves, up to
the count based on a user controllable leaf density parameter. The resulting list
of leaves is therefore randomly sorted. This is an important prerequisite for
comparing with only the first x leaves for self-shadowing.
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Chapter 6
Results & Discussion

In this chapter, results of various parts of the methodology and implementation
choices are presented and discussed.

Some rendered tree models generated from the parametric model are presented
at the end of the chapter.

6.1 The Effect of Natural Rules

The natural rules for branch deviations have been fully implemented. The
result is that branches are deviated from their original direction when child
branches are connected. The deviation is determined by the branch radius ra-
tio and the set tree shape exponent.

Examples of deviation caused by child branch attachments at different branch
ratios is seen in figure 6.1.
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(a) Branch ratio set to 0.7 (b) Branch ratio set to 0.9

Figure 6.1: The effect of natural rules at different branch ratios.

6.2 Single Polygonal Mesh

The main requirement for gaining the full benefits of subdivision was having
a properly connected mesh, particularly at branching points, where this is not
usually the case in existing approaches.

6.2.1 Branch Attachment

By utilizing the branch connection scheme based on Skjermo and Eidheim’s
proposal [SE05] the resulting polygonal meshes are fully connected. When
subjected to subdivision, the connection points are smoothed properly, resul-
ting in a more natural looking mesh.

The alterations to Skjermo and Eidheim’s scheme allowed non-primary child
branches to be connected individually to the parent branch’s connection box.
An example of this and the resulting connected geometry is seen in figure 6.2,
together with a subdivided (using Loop subdivision) mesh for comparison.
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6.2. Single Polygonal Mesh

(a) Connection geometry at a connection
point with five non-primary child branches.

(b) The same connection geometry after 2 le-
vels of Loop subdivision.

Figure 6.2: Altered connection scheme.

6.2.2 Uniform Geometry Density

By adding cross sections wherever the distance between cross sections exceed
a certain threshold we increased the uniformity of the produced meshes. The
implementation was designed to let the threshold values be set by the user, to
allow customization and disabling of this feature as needed.

Having uniform meshes is regarded as an important factor when applying dis-
placement, as the supported detail size/frequency is directly dependent on the
geometric density of the mesh. Uniform meshes should then be less affected
by detail size variations due to varying sample frequency of the displacement
values.
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(a) Wireframe of high resolution mesh (b) Texture distortions are not reduced

Figure 6.3: A tree model rendered using PN-triangles to increase mesh resolution.

6.3 Hardware Tessellation

Two methods of hardware tessellation were implemented.

6.3.1 PN-triangles

By implementing the PN-triangles subdivision in graphics hardware, it was
possible to render the mesh efficiently at high resolutions. The resulting mesh
did, however, have significant texture distortions, as the texture coordinates
cannot be smoothed by this method. An example is seen in figure 6.3.

6.3.2 Approximating Catmull-Clark

The modified implementation of Catmull-Clark approximation was able to
produce highly tessellated meshes. The modifications included the texture

48



6.3. Hardware Tessellation

(a) Wireframe of high resolution mesh (b) Solid, textured render of high resolution
mesh

Figure 6.4: A tree model rendered using Catmull-Clark approximation to increase mesh resolu-
tion.

coordinates in the process, removing a lot of the distortion artefacts in bran-
ching areas. However, the implementation was not optimized for performance.
Thus, meshes with high resolutions prior to subdivision, or applying high tes-
sellation factors would quickly result in unreasonably low frame rates.

An example of a rendered tree mesh with branching points is in figure 6.4.

Texture Space Degeneration

An encountered challenge was that the CPU implementation of Catmull-Clark
subdivision had to be modified to avoid texture space degeneration in the u-
dimension (see section 3.4.3). The solution was then to leave the u-coordinate
out of the process when adjusting existing vertices. This solution is not di-
rectly mappable to the graphics pipeline as subdivided coordinates are calcu-
lated directly, with no easy way of distinguishing the “existing” vertices from
generated vertices.
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The solution was a mixed approach. The u-coordinate is treated together with
the spatial coordinates during subdivision, let’s call this usubd. Another u-
coordinate is calculated by linear interpolation of the four core control points,
let’s call this ulerp. The two u-coordinates are then mixed based on the flip-
coordinate, with the following formula:

u = |zflip|usubd + (1− |zflip|)ulerp

The result is that the interpolated coordinate is used at seams, where degene-
ration normally occurs. It then fades to the subdivided coordinate as we get
further away from the seam, until the subdivided coordinate is used alone.
This removes the degeneration artefacts and makes any remaining degenera-
tion unnoticeable.

6.4 Texture Coordinates

The altered texture coordinate generation scheme based on the proposal by
Maierhofer [Mai02] was implemented. The resulting meshes have somewhat
smooth texture coordinates after subdivision, but stretching artefacts still re-
main.

The amount of distortion noticeable depends on the chosen texture, and may
be reduced by choosing a more uniform texture. This may not always be a
valid option.

Examples of varying degrees of distortion at branching points may be seen in
figure 6.5. As a result of the texture coordinate generation scheme, the majority
of the distortion is located above and at the sides of the connected child branch.
In figure 6.5b the distortion is almost unnoticeable when viewed from below
the branch.
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(a) Above a child branch. (b) From below. Brightness is adjusted.

(c) Distortion at the side. (d) Two connected branches.

Figure 6.5: Varying degrees of distortion at branch connections of a subdivided tree model.
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6.4.1 Flipping

Mirroring was solved by flipping the texture coordinates based on a special
value denoting the side of the branch. This introduced new artefacts.

The first was known beforehand, and lead to a miscalculation of the appro-
priate MIP-level due to the sudden step of the u-coordinate from -1 to 1 (or
equivalent) from one pixel to the next. This was fixed by manually calcula-
ting the MIP-level in the pixel shader. The problematic flickering "grey" line at
seams disappeared.

The second problem was visible seams at flip edges where the u-coordinate is
not an integer value (i.e. at the texture edges). The flip would then cause a
sudden jump in texture space. This was solved for the most part by fading in
the texture sample at the not flipped texture coordinates. Since these seams
occurred only at branching points, the fading was controlled by the fractional
level value as well as the absolute flip value, as follows:

α = max(1− 2|zflip|, 0)
β = [1− αfrac(nlevel)]4

color = βsampleflip + (1− β)sampleord

Where frac(nlevel) gives the fractional part of the branch level and sampleflip
and sampleord are the texture samples at the flipped coordinates and ordinary
coordinates, respectively.

The result was a significant reduction of the artefacts.

6.5 Visual Enhancements

The visual appearance of a tree depends on more than the trunk geometry.
Natural-looking foliage is a requirement for vivid impressions, and may even
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hide short-comings of other aspects of the tree.

Also, achieving the impression of a dense tree structure without overloading
the graphics hardware is also a challenge.

6.5.1 Leaves and Foliage

Leaf generation is part of Weber and Penn’s [WP95] model, and produces rea-
listically distributed and positioned geometry. The model is also capable of
producing leaf counts reaching hundreds of thousands.

By using the geometry shader to instance one leaf per vertex passed to the
pipeline, we reduced the data amount to a fourth (4 vertices per leaf) and the
index count to a sixth (two triangles per leaf). This enabled rendering of tens
of thousands of leaves without severely affecting the performance.

A simple LOD scheme was implemented to reduce the number of leaves ren-
dered based on the distance from the viewer. Further optimization techniques
likely exist, and could have been explored further. This was not the focus of
this project.

Leaf back-lighting as described in [KCS07] is implemented in the leaf pixel
shader. This involves lighting the back of the leaves when the viewer stands
directly behind the leaves relative to the light source. This lighting is coloured
slightly yellow based on observed natural phenomena.

Kharlamov et al. [KCS07] also describes a technique for leaf self-shadowing
when using leaf cluster textures. This is not applicable when rendering single
leaves. However, to achieve some degree of self-shadowing the geometry sha-
der was set up to compare inter-leaf vectors with the light direction vector, and
adjust the color intensity accordingly.

cmodulate = saturate(1− 100[bdot − 0.99])

Where saturate(x) clamps x to the range [0, 1] and bdot is the greatest dot pro-
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(a) No self-shadowing (b) Self-shadowing (c) Affected leaves highlighted

Figure 6.6: Self-shadowing applied to ~48k leaves comparing with 250 leaves for shadowing.
More than 200 FPS was achieved with an ATI Radeon HD 5850 (the trunk was not subdivided).

duct of the current leaf’s light vector and any of the compared leaf directions.

The result was a decent improvement of appearance (see figure 6.6), even when
limited to comparing between only a few hundred leaves. The improvement
is particularly apparent when the tree is viewed at the shadow side. Since the
effect of back-lighting is reduced, the apparent translucency of the whole tree
is removed (see figure 6.7).

Again, the technique could certainly have been optimized further. Considering
the brute force approach, decent performance was seen even when processing
only three leaves at a time while rendering up to tens of thousands of leaves.

By allowing the same tree to be generated with different levels of branches,
the leaf data may be generated at a higher level than the trunk mesh. This
could increase the leaf count and potential realism (at least when the missing
branches are not noticeable) of the rendered tree, without making the tree mesh
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(a) Back-lighting of leaves

(b) Back-lighting and self-shadowing

Figure 6.7: Self-shadowing improves the leaf lighting as seen opposite to the light source.
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too complex.

6.5.2 Faking High Branch Density

Subdivision takes its toll on the graphics hardware and we would therefore like
to limit the amount of geometry this is performed on. The resulting meshes are
therefore sparse, which may be fine if enough leaves are covering the void
areas, or the viewing distance is sufficiently great.

One technique for faking high branch density was explored. The technique
takes the spatial data for each tree data node and their parents (i.e. the basic
tree structure) and passes it as single points to a shader. The geometry shader
then instances view-oriented rectangles along the line between the node and
its parent, with appropriate width relative to the branch radius.

This technique is possible due to the alterations to the tree data generation im-
plementation which now allows the same tree to be generated with different
levels of child branches without altering the tree structure. Thus, we can ge-
nerate a basic mesh with for example two levels, and the tree node mesh for
faking branch density with four levels.

The result is a relatively cheap way of rendering a high density tree struc-
ture, which may even replace the original geometry altogether at great dis-
tances. This may also remedy the situation of missing branches when genera-
ting leaves at a higher level than the trunk mesh. An example of the technique
is seen in figure 6.8.

Since the rectangles are rendered with a solid color, a significant limitation of
this technique is that the rendered rectangles do not look realistic at close dis-
tances. Its current use is therefore limited, but may be improved by adding
shading and/or texture mapping.
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(a) Mesh only (b) Mesh + leaves + fakes

(c) Mesh and fake branches

Figure 6.8: Faking high branch density with child branches rendered as view-oriented rec-
tangles.
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Figure 6.9: The classical shape of Black Tupelo, based on parameters from [WP95].
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(a)

(b)

Figure 6.10: Oak-like tree from front (a) and behind with the light opposing the viewer (b).
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(a) (b)

Figure 6.11: Poplar tree (a) and palm-like tree with fake branches as leaves (b).
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Chapter 7
Conclusion & Future Work

7.1 Natural Rules

The addition of natural rules have been a success. The resulting parametric
model is capable of producing natural-looking tree models with great varia-
tions. The set of parameters is mostly intuitive and should allow botanically
ignorant users to see the relationship between any modifications and the resul-
ting output.

7.2 Single Polygonal Mesh

When following natural rules during generation, a relatively simple scheme
for attaching child branches appropriately could be utilized. The result was
generated polygonal meshes with proper connections that benefit greatly from
subdivision.
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7.3 Hardware Tessellation

7.3.1 PN-triangles

PN-triangles is a simple and efficient subdivision method that can be imple-
mented in hardware. It requires little effort to create a very high resolution
rendition of an existing polygon model. However, the simplicity of this me-
thod also makes its usage limited.

The limitation of this method manifests itself when trying to tessellate the ge-
nerated tree models. The model itself will result in a smooth and high resolu-
tion output, but since the tessellation is based only on the three vertices of a
triangle and its data set, the resulting texture coordinates are not affected by
neighbouring vertices.

When a CPU-based implementation of Catmull-Clark and Loop subdivision
was used previously, the texture coordinates were treated together with the
spatial coordinates, thus achieving the same degree of smoothing (although a
method customized for the tree models was designed) as the spatial coordi-
nates.

PN-triangles does not smooth any coordinates based on the neighbourhood,
and will therefore never achieve the same benefits regarding the texture coor-
dinates. The conclusion is therefore that PN-triangles without custom modifi-
cations is not a subdivision method suitable for the generated tree models.

7.3.2 Approximating Catmull-Clark

An implementation of the bicubic patch approximation method of Catmull-
Clark subdivision surfaces proposed by Loop and Schaefer [LS08] was modi-
fied to handle texture coordinates appropriately, with special considerations
for avoiding texture space degeneration due to the mirrored u-coordinate.

The subdivision approach takes the entire 1-ring of a patch as input, and is thus
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able to let neighbouring vertices affect the subdivided texture coordinates. By
this approach we can achieve the benefits of subdivision for a better texture
distribution at and near branching points.

The result was a slow, but working hardware-based subdivision scheme that
verifies the usefulness of this approach. Texture distortion was improved si-
gnificantly, but not removed completely. The rendered surface was of high
resolution, appropriately smoothed for a more natural appearance.

7.4 Texturing

7.4.1 Texture Distortion

By using the subdivided texture coordinates for most parts of the rendered tree
models, the texture distortion at branching points were significantly reduced.
They were not completely unnoticeable, however, and numerous adjustments
have been attempted to fully remove the distortion artefacts. This includes
various projection schemes based on world coordinates, normal orientation or
available radius and branch level data. None were particularly successful at
eliminating the distortions.

Considerations therefore have to be made as to whether the methods and im-
provement techniques presented in this thesis are “good enough” for the in-
tended use.

7.5 Visual Improvements

7.5.1 Displacement Mapping

With high tessellation factors, direct vertex displacement based on a height
map is a valid approach for achieving realistic and highly detailed surfaces, in
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this case for tree bark surfaces. It should be coupled with bump mapping to
adjust normals appropriately, leading to correct lighting.

7.5.2 Leaves and Foliage

The resulting leaf data from the model is similar to what may be generated
from the basic implementation of Weber and Penn’s approach [WP95]. It has
high quality and may result in hundreds of thousands leaves.

The techniques utilized to improve the appearance of leaves are simple and ef-
fective. Including back-lighting of leaves gives an extra dimension to the visual
impression. Self-shadowing takes it one step further, improving the apparent
realism of the tree.

7.5.3 Faking High Branch Density

The approach for faking a high branch density has proven to be effective. It is
only useful when trees are viewed from a certain distance, but may be used as
an important part of a LOD scheme when rendering high amounts of trees.

Further explorations in this area may include the addition of shading and tex-
turing techniques of the rendered view-oriented rectangles to increase the rea-
lism at closer distances.

7.6 Future Work

7.6.1 Tree Generator Software

The complete set of methods and implementation of the tree generation may
be packaged into a single software system. This could be done to allow easy
utilization in games, simulation software and 3D content creation software.
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Another approach may be to develop plugins for common 3D content crea-
tion software, making the tree generator a highly accessible tool for 3D content
artists.

Yet another approach may be to develop plugins for game creation tools or
3D rendering engines, allowing the automatic generation of trees on the fly in
games and simulation software.

7.6.2 Hardware Tessellation

As graphics hardware of the new generation are refined and gains greater per-
formance, full subdivision of entire forests may become possible. Various LOD
schemes will likely be necessary, but subdivision provides a very simple LOD
scheme by simply adjusting tessellation factors.

Finding more efficient hardware-based subdivision methods should and will
probably be a high priority. Altering these methods to suit tree models and
other branching structures with complicated texture mapping could likely be
an area of future work.

7.6.3 Texture Coordinates

Since the texture distortion could not be completely remedied, a natural sug-
gestion is further research on this topic to achieve a perfect texture mapping
scheme for trees and branching structures.

7.6.4 Customized Texture Generation

One possible solution for the texture distortions could be to automatically ge-
nerate a custom texture for each tree. The texture could be based on a provided
texture. The automatic generation would then take into account the uneven
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distribution of the texture space, and accommodate for these shortcomings in
the generated texture.

7.6.5 Manual Adjustment of Texture Coordinates

An alternative to the fully automatic approach for tree generation may be to
allow manual adjustments of the generated meshes. This could be particularly
handy when it comes to fixing texture distortion artefacts.

Therefore, a way of exporting texture coordinates in a sensible format and
layout appropriate for manual adjustment could be developed.

The automatic generation of varying trees would not be possible with this ap-
proach. Instead, the target group would be 3D content artists that require full
control over and high quality of the end result.

7.6.6 Visual Enhancements and Photo Realism

There exists many techniques for improving the visual appearance of trees.
Most are not explored here, but the topic is likely to remain relevant in the
future and seems to be inexhaustible when aiming for photo realistic results.

As hardware continues to become more capable and powerful, using realistic
models for lighting of trees and foliage may become available. The list of im-
provements includes light scattering, translucency, complete self-shadowing
and so on. These topics are highly relevant for rendering trees, as lighting and
shading accounts for a huge part of the believability of the result.
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Appendix A
Parameters

The following lists all parameters included in our specification. Most are taken
directly from Weber and Penn’s specification [WP95], and the reader is referred
to their article for details about the various formulas used to calculate the tree
properties.

If significant changes have been made to the interpretation of parameters, more
in-depth descriptions are included.

All angles are specified in degrees.

A.1 Tree Parameters

Shape Specifies one of the following eight values introduced by Weber and
Penn, controlling the tree shape:

0 Conical

1 Spherical
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Appendix A. Parameters

2 Hemispherical

3 Cylindrical

4 Tapered cylindrical

5 Flame

6 Inverse conical

7 Tend flame

Each shape value refers to a specific function applied to the scaling of
radius and length of the branches based on the relative position on the
parent branch, resulting in trees resembling the listed shapes.

Weber and Penn also included a ninth value, envelope, which has been
left out in our specification.

Levels Number of branch levels to produce, typically 2-4. As opposed to the
original interpretation, this does not include the leaf level regardless of
the value of Leaves.

TreeShapeExponent The shape exponent in da Vinci’s equation (see section
3.1)

AttractionUp Upward growth tendency. A value of 1 will approximately re-
sult in all branches’ end points to point directly upwards.

Scale, ScaleV The base tree scale

A.1.1 Leaf Parameters

Leaves Number of leaves to generate. If non-zero, leaves are generated after
the last branch level, based on the leaf level parameters.

LeafScale, LeafScaleX Describes the length and width of each leaf
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A.2. Branch/Leaf Level Parameters

A.1.2 Trunk Parameters

The following parameters apply to the trunk only.

Ratio Specifies the trunk radius/length ratio. Contrary to Weber and Penn’s
model, it does not affect successive levels’ radii since these are calculated
based on new parameters.

BaseSize The relative bottom part of the trunk with no branches.

Flare Specifies the exponential widening of the trunk near the bottom

BaseSplits Number of (additional) clones directly after the first segment of the
trunk

A.2 Branch/Leaf Level Parameters

The complete specification includes the following list of parameters for each of
the branch levels (excluding the trunk), in addition to the leaf level.

DownAngleV Deviation angle variation

Rotate, RotateV The rotation around the parent branch’s axis relative to the
previous child branch

BranchRatio The child/parent branch radius ratio as explained in section 3.1

A.3 Stem Parameters

The following parameters are specified per branch level.

Branches Number of branches per parent branch to generate (ignored for the
trunk level)
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Length, LengthV Controls the length of the branch

Taper Describes the tapering of the branch (cone, cylinder, etc.)

SegSplits Number of splits per segment

SplitAngleV Split angle variation

CurveRes Number of segments per branch

Curve, CurveV Angle distributed between segments

CurveBack If non-zero, Curve specifies the angle distributed along the first
half of the branch, while CurveBack specifies the angle distributed along
the second half of the branch (allowing S-shaped branches)
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Appendix B
Natural Rules

The following text is an excerpt from the report of the specialization project
conducted during the autumn semester of 2009, entitled Parametric Generation
of Trees for Rendering on Next Generation GPUs.

This appendix is included to clarify how certain formulas were derived. See
chapter 3 for more information about the specialization project.

B.1 Introducing da Vinci’s Rule

Da Vinci noticed [Ric70] that the sum of all branches’ cross sectional area at any
height of a branching structure, is equal to the cross sectional area of the trunk.
This also means that the sum of the child branches’ cross sectional area is equal
to their parent branch’ cross sectional area, or:

r2
parent =

n∑
i=0

r2
i (B.1)
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Appendix B. Natural Rules

Where rparent is the parent branch’s radius, and ri is child branch i’s radius.

Murray performed physical measurements of trees presented in [Mur27], and
suggested that the correct exponent for the formula is about 2.49. In [Mur26],
however, an exponent of 3 is claimed to hold for small trees.

In our method, the introduced parameter tree shape exponent is this exponent.

Another observation of da Vinci’s is that in the case of two sibling branch seg-
ments, the one with the largest radius deviates less from the parent segment’s
direction than the one with the lesser radius. Murray explored this without
reference to da Vinci in [Mur26]. Here, artery branching patterns were studied,
applying the physiological principle of minimum work. This was referenced in
[Mur27] with the assumption that trees grow requiring the minimum amount
of wood. The following was suggested (originally with circumferences, but
equally valid for radii):

cos(x+ y) =
r4
parent − r4

a − r4
b

2r2
ar

2
b

(B.2)

Where ra and rb are radii of two child branches of a parent branch with radius
rparent. x + y is the sum of the deviation angles of the two child branches, as
shown in figure B.1.

Following is the exploration of two cases, the equal split case and the child
branch case, which will lead us to a general equation that can be used when
generating the tree data.

B.1.1 Equal Split Case

If we consider the special case of a split with two child segments with equal
radius (ra = rb = r), the fractional term of equation B.2 reduces to:

r4
parent − 2r4

2r4 =
r4
parent

2r4 − 1
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B.1. Introducing da Vinci’s Rule

Figure B.1: Radii and angles at a branching point with two child branches

If we assume equation B.1 is valid, r2
parent = 2r2, rparent =

√
2r. Thus:

r4
parent

2r4 − 1 = (
√

2r)4

2r4 − 1

= 22

2 − 1

= 1

Since cos−1(1) = 0◦, the conclusion is that the branches should not deviate
at all. However, this is where the observed exponents is of importance. If
we replace the exponent in equation B.1 with the measured 2.49. We get the
following:
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r4
parent

2r4 − 1 = ( 2.49
√

2r)4

2r4 − 1

= 2 4
2.49

2 − 1

= 1.52− 1
= 0.52

This gives cos−1(0.52) = 59◦. Thus, large trees following the observation of
Murray should have a 59◦ span where two child branches have the same size.
Repeating the process for small trees with exponent 3 gives a span angle of 75◦.

B.1.2 Child Branch Case

Let us consider the case of a branching point where the primary child branch
has radius rp and the secondary child branch has a radius of rs = Ssrp. Ss is
the radius ratio between the two child segments, which is less than one (or their
roles would swap). Starting with the fractional term of equation B.2, we can
simplify:

r4
parent − (1 + S4

s )r4
p

2S2
sr

4
p

=
r4
parent

2S2
sr

4
p

− 1 + S4
s

2S2
s

With a general equation, rEparent = (1+SEs )rEp and rparent = E
√

1 + SEs rp. Thus:

r4
parent

2S2
sr

4
p

− 1 + S4
s

2S2
s

= ( E
√

1 + SEs rp)4

2S2
sr

4
p

− 1 + S4
s

2S2
s

= (1 + SEs ) 4
E

2S2
s

− 1 + S4
s

2S2
s

= (1 + SEs ) 4
E − 1− S4

s

2S2
s
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Figure B.2: Example branch angles with E = [3, 2.49]

Which gives the following general equation for calculating the angle between
child segments based only on the tree shape exponent, E, and the radius ratio Ss:

cos(x+ y) = (1 + SEs ) 4
E − 1− S4

s

2S2
s

(B.3)

This can be calculated per constant pair. If we allow different values for the
scaling factor per branch level, this typically means 2-4 pairs.

Two examples demonstrating the effect of E on branching angle can be seen in
figure B.2.

As we can see from figure B.3, the resulting deviation angles for various values
of E range from close to 90◦ in the case of a radius ratio near zero, to the angles
found in section B.1.1, which is just the special case of Ss = 1.

The angle is distributed between the child segments according to the following
ratio (deduced from equation 3 of [Mur27]):
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Figure B.3: Plot of x+ y resulting from equation B.3 with E = [3, 2.49, 2.2, 2.1]
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6 p : 6 s = Ss
r4
parent − (1− S4

s )r4
p

r4
parent + (1− S4

s )r4
p

(B.4)

Calculating the radii of the child branches can be done as follows:

rEparent = rEp + SEs r
E
p

rEp =
rEparent
1 + SEs

rp = rparent
E
√

1 + SEs

Thus, the radius distribution depends on per-level constants:

Cp = 1
E
√

1 + SEs
Cs = Ss

E
√

1 + SEs

rp = Cprparent rs = Csrparent (B.5)

Replacing into equation B.4, we get:

6 p : 6 s = Ss
r4
parent − (1− S4

s )C4
pr

4
parent

r4
parent + (1− S4

s )C4
pr

4
parent

= Ss
(1− (1− S4

s )C4
p)r4
parent

(1 + (1− S4
s )C4

p)r4
parent

= Ss
1− (1− S4

s )C4
p

1 + (1− S4
s )C4

p

(B.6)

Which is also only dependent on E and Ss.
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B.2 Splits of Higher Degree

The natural rules are considered only for single splits (either by attaching a
child branch or by splitting a branch in two). The model, however, supports
splits of higher degree. In these cases we need to determine the radii and split
angles of the resulting branches.

To limit the complexity of the model at this stage, the following solution, not
based on natural phenomena, is proposed:

When calculating the angle x + y, it is normally divided equally between the
resulting clones (i.e. x = y). For higher degree splits, the angle is divided
equally between the resulting n clones, 6 = x+y

n .

The radii are treated similarly. By extrapolating the natural rule to higher de-
grees, the following formula is used for calculating the radius of the resulting
n clones:

rc = rparent

n
1
E

(B.7)
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Appendix C
Specialization Project Results

The following figures were the output of the specialization project conducted
during the autumn semester of 2009, entitled Parametric Generation of Trees for
Rendering on Next Generation GPUs.
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Figure C.1: Tree model based on parameters for Black Oak as described in [WP95]
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Figure C.2: Tree model based on parameters for Black Tupelo as described in [WP95]
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Figure C.3: Tree model based on parameters for Weeping Willow as described in [WP95]. Lack
of pruning leads to some branches piercing the ground.
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Figure C.4: Displacement mapping applied to a tree trunk subdivided to level 5 (left) and
associated wireframe (right)
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Figure C.5: Back-lighting of leaves
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Appendix D
Connect Pseudo Code

� �
1 function Connect ( Quad , Segments )
2 Sor t Segments by radius in descending order
3 i f Quad . normal • Segments [ 0 ] . d i r e c t i o n < 0 then
4 Connect backward
5 e lse i f Segments [ 0 ] . radius == Segments [ 1 ] . radius then
6 /* Two equal ly l a r g e segments */
7 Create LeftQuad and RightQuad onto Quad
8 Sor t Segments i n t o LeftSegments and RightSegments
9 /* comparing d i r e c t i o n s with quad normals */

10 i f LeftSegments . count == 1 then
11 Connect LeftQuad and LeftSegments[0] d i r e c t l y
12 e lse
13 Connect ( LeftQuad , LeftSegments )
14 end
15 i f RightSegments . count == 1 then
16 Connect RightQuad and RightSegments[0] d i r e c t l y
17 e lse
18 Connect ( RightQuad , RightSegments )
19 end
20 e lse // Ordinary connect ion
21 Connect Quad and Segments [ 0 ] , c r e a t i n g SideQuads [ 0 . . 3 ]
22 Sor t Segments [ 1 . . N−1] i n t o SideSegments [ 0 . . 3 ]
23 /* comparing d i r e c t i o n s with quad normals */
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24 for i = 0 . . 3 do
25 i f SideSegments [ i ] . count == 0 then
26 F i l l SideQuads [ i ] with f a c e ( s )
27 e lse i f SideSegments [ i ] . count == 1 then
28 Connect SideQuads [ i ] and SideSegments [ i ] [ 0 ] d i r e c t l y
29 e lse
30 Connect ( SideQuads [ i ] , SideSegments [ i ] )
31 end
32 end
33 end
34 end 	� �

Listing D.1: Connect Pseudo Code
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