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Abstract

Tree models are widely needed in 3D movies, games, and artistic presentations. Their styles
abound. Due to the complexity and the variety of trees, realistic tree modeling remains a
challenge. For automated methods, the objectives of speed and controllability are elusive.
Data-driven and manual approaches have their own drawbacks: it is inconvenient to obtain
laser scans or photographs of a desired tree, and human intervention can be costly. Another
different style of trees, abstract trees, possesses stylized branches and aesthetic patterns.
However, abstract tree modeling with an emphasis on branching structures receives less at-
tention. Abstract trees in the art style of Gustav Klimt has never been explored in computer
graphics.

In this thesis we provide procedural methods in two regimes — realistic tree modeling
and abstract tree modeling. For realistic tree modeling, our work is based on the idea of
using least-cost paths — in a weighted graph the least-cost paths between selected endpoints
and a root point form a tree structure. Through the sophisticated design of graph creation,
endpoint placement, and the setting of edge weights, our tree modeling system is capable
of generating a wide range of realistic tree models. For abstract tree modeling, we propose
magnetic curves, a particle tracing method to create stylized trees in the art style of Gustav
Klimt. The method is also versatile to create many aesthetic forms with curves. Overall,
this thesis contributes effective procedural tree modeling methods, and the resulting high-

quality results can be used in many computer graphics applications.
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Chapter 1

Introduction

1.1 Tree modeling

Trees are commonplace in the natural world. Geometric tree models are widely used in
computer-generated virtual environments, where styles of trees abound. Realistic trees are
important components of outdoor scenes in 3D games and movies; they are also useful
in scientific areas such as forestry and plant taxonomy. Abstract trees may also appear in
cartoon films and artistic decorations.

Due to the complicated tree structures and their rich variations, creating trees is not an
easy task. It is tedious and time-consuming to create tree models manually. We want to
create realistic-seeming, complex, intricate tree models automatically for wide applications
in computer-animated movies, games, and scientific research areas.

Our work considers two different styles of tree models: realistic trees and abstract trees.
Realistic tree modeling pursues an effect of realism. The resulting models should possess
branching patterns similar to trees in the real world. Abstract tree modeling pursues an
aesthetic effect. The resulting models should have stylized tree structures that evoke a
sense of art.

In this thesis, we emphasize realistic tree modeling. Methods to create realistic tree
models roughly fall into two categories: data-driven methods and procedural methods.
Next we briefly describe these methods.

Data-driven methods for tree reconstruction use data from scanning or photos to create
models that are faithful to real trees. A 3D scanner can be used to sample points on the
surface of a tree; it outputs position, color and texture of each point. Users can obtain
an accurate description of the scanned tree. However, most 3D scanning devices are too
specialized and complex for novice users to operate [6] and there are common problems
associated with scanned data such as the occlusion of leaves and overlapping of adjacent

trees. Reconstruction methods emphasize how to deal with the drawbacks of data to recover
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occluded tree branches. Due to the use of data from real trees, data-driven methods can

generate high-quality tree models, but they are not capable of generating new trees.

Procedural methods create models by abstracting complex details of objects into a func-
tion or an algorithm [70]. They are capable of generating models with complicated struc-
tures such as trees, owing to their data amplification ability — “a few parameters (or a small
amount of geometry) magically expand into a large, detailed model” [70]. Procedural meth-
ods can involve botanic knowledge to create tree models by simulating the growth process
of real trees, or pursue a visual simulation of tree appearance based on a recursive or hi-
erarchical branching pattern. For previous procedural methods, to effectively control the
global tree shape and branch shapes at the same time is a challenge, and the objectives of
speed and controllability are elusive. In this thesis, we propose a procedural tree modeling
system to model visual appearances of tree structures. It is fast, and capable of controlling

global shapes and branch shapes.

To create a realistic tree model, firstly we need to look at tree structures. Two examples
of tree structures are shown in Figure 1.1. In the top image, we see some typical charac-
teristics of trees: irregular branch shapes, long and thick primary branches, and slim twigs.
The tree seen in the lower image includes a single trunk, some main branches, and smaller

branches that form a hierarchical structure.

Although a tree has many components, such as roots, leaves, bark, flowers, and fruits,
we are interested in branches. Branching tree structures, such as examples in Figure 1.2,

are evocative of tree shapes even without other tree components.

Trees have rich variations of branching structures [79]. We are not just trying to create
one tree, but want to create a wide range of trees that have variations in the following two
aspects: global shape and intermediate-scale architecture. In the following, we use the trees

in Figure 1.2 as examples to illustrate these two aspects.

In this thesis, global shape refers to a tree’s overall appearance. For example, a tree
could be roughly mushroom-shaped or cone-shaped. In our opinion, the following aspects
affect the global shape of a tree: 1) the tree has a typical shape with a central trunk sup-
porting a crown such as tree (e), or a shrub-like shape lacking a discernible central trunk
such as tree (d); 2) properties of crown and trunk: shape, width, height, and position. For

example, the tree could be slim and tall like tree (b) or wide and short like tree (d).



Figure 1.1: Examples of tree structures. Images from Flickr.com.
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Figure 1.2: Tree silhouettes with only branches. Images from Natural Resources
Canada [39-44].
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In this thesis, intermediate-scale architecture refers to a tree’s branching pattern and
branch shapes. The branching pattern of a tree is how a trunk splits into primary branches.
A trunk may split into a few primary branches at about the same place such as in tree (a),
or have side branches along most of its length such as tree (f). Branch shape shows how a
branch changes orientation along its length. Branch shapes differ among trees: in tree (b),
all branches point upward; in tree (c), lower branches curve downward and upper branches
grow upward; in tree (f), most side branches are horizontal and only a few top branches

point upward.

We are interested in the global shape and the intermediate-scale architecture of trees
for the following reasons. The global shape greatly affects a tree’s appearance. If two trees
have distinct global shapes we can tell they are different at first sight without looking at
branch details. However, modeling trees by only describing their global shapes is not suf-
ficient. Even if two trees have similar global shapes, they may still look quite different,
such as tree (a) and (e) in Figure 1.2. We need to look at their intermediate-scale archi-
tectures, which give a more detailed description of tree structures. We do not care much
about small-scale features such as twigs because they are not a key factor that affects the

appearance of a tree.

We propose a tree modeling system based on the idea of path planning. Path planning is
the problem of finding least-cost paths in a weighted graph [37]. We use path planning for
tree modeling because least-cost paths connecting selected endpoints and a root point form
a tree-like branching structure. Using path planning also provides the following benefits.
First, path planning is a well-studied problem in computer science which makes it easy to
understand and implement. Second, computing least-cost paths is fast. Third, a wide range
of tree structures can arise from variations of controllable elements in the path planning

process.

We present two designs for path planning tree modeling systems: the method with iter-
ated graphs (MIG) and the method with guiding vectors (MGV). In MIG, we explore how
hierarchical graph creation and endpoint placement affect the resulting tree structures. MIG
provides effective control over the global shape of trees, but the control of intermediate-
scale tree architectures is weak. The resulting branches do not curve in a way resembling

real tree branches. Our experience in MIG helped us to develop MGV. In MGV, we use
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guiding vectors, a vector associated with each graph node, to set edge weights based on the
relationship between the edge vector and the guiding vector. MGV can effectively control
the global shape and the intermediate-scale architecture of trees. The ideas of MIG and
MGV are described as follows.

In MIG, we create a hierarchical tree structure through iterations. We first create a user
specified graph shape, in order to control the global tree shape by restricting least-cost paths
in the graph volume. In each later iteration, we create subgraphs based on the previous tree
structure. Least-cost paths in subgraphs are added to the previous structure and make the
tree more and more complicated. Variations of results can be accomplished by modifying
parameters of the initial graph and subgraph creation processes and endpoint placement.

MIG possesses the following properties:

It is automated. It does not require any user guidance or external data such as point

cloud from scanning.

It is moderately fast, requiring only a few seconds to generate a full tree.

It provides effective control over the global shape of trees

It is versatile, capable of generating a wide variety of trees.

However, the control of intermediate-scale architecture in MIG is weak. We attempt to
control branch shapes by specifying the orientation and dimensions of subgraphs. Each
long branch is composed by piecewise linking up short paths from individual subgraphs,
making the resulting trees lack a natural unity of shape.

In MGV, we create the entire tree structure in a unified graph. Each node has an as-
sociated guiding vector. Outgoing edges have weights set according to whether the edge
aligns with the guiding vector direction, thus inducing least-cost paths in the graph to con-
form to the guiding vector field. MGV not only possesses the above properties that MIG
has, but also has more effective control over the intermediate-scale architecture of trees
through specifying guiding vectors. The resulting models resemble a variety of real-world
tree species.

Our work has enlarged the space of available algorithms for realistic tree modeling.

The resulting tree models can be combined with other models such as terrains and clouds
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to create landscapes. The idea of tree modeling is also useful to the modeling of other
branching shapes such as rivers, lightning, and cracks. Moreover, since our system is built
based on the idea of path planning, though we did not explore other possibilities beyond
modeling, we consider the ideas in our work might also be useful to applications where
least-cost paths and graphs are used, such as image processing with graph propagation,
texture synthesis, and graph-based motion planning.

Unlike realistic trees, abstract trees convey visual information in a different style. For
example, in Gustav Klimt’s painting [22] shown in Figure 1.3, the tree has a central trunk
which splits into a few secondary branches. The secondary branches develop some spirals,
and each splits into more spirals. Branches do not intersect. Different sizes of spirals are
arranged compactly, filling most of the image. Overall, the stylized tree structure and the

arrangement of spirals show an appealing aesthetic effect.

Figure 1.3: “Tree of Life” by Gustav Klimt [22].

In Klimt’s tree, stylized branches/curves are the key element that conveys a sense of
art. Artistic curves were discussed by Ruskin in “The Elements of Drawing” [68], where
he advocates using curved forms in artistic compositions, and advises a constantly changing
curvature: “Graceful curvature is distinguished... by its variation, that is to say, its never
remaining equal in degree at different parts of its course... a steady change through the
whole line, from less to more curvature, or from more to less, so that no part of the line is

a segment of the circle.”
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To create aesthetic curves that Ruskin described, we propose magnetic curves, a particle
tracing method for creating curvature-controlled curves. Previous particle methods can
generate curves but lack the ability to systematically control their curvatures. Our method
can create curves with constantly changing curvature, which can be used to create abstract
tree branches.

The idea of our method is as follows. A charged particle moving in a constant magnetic
field leaves a circular (helical) trajectory. If we permit charge and/or field strength to vary,
the particle will trace out a path whose curvature varies.

We use magnetic curves to create aesthetic abstract trees in Klimt’s style. We do not
intend to exactly reproduce Klimt’s tree, but are interested in creating similar trees that have
the following characteristics based on our observation. We also ignore other decorative

elements on the tree such as circles, triangles, and mushroom shapes.

e stylized spiral branches
e a hierarchical branching tree structure

e noncrossing spirals covering most of the image

To create abstract trees with the above aspects, we continuously change the charge of
particles to make them trace out the spirals for tree branches. Further, appealing branching
structures can be produced in a simple way, by splitting a particle into two particles that
are identical except for having charges of opposite sign. The two particles will move to
different directions from that point, and their trajectories will form a branching shape. To
create a hierarchical tree structure, we release new particles at intervals along the initial
particle’s path. Finally we create space-filling patterns using different sizes of spirals. In
addition to artistic abstract trees in Klimt’s art style, our method is also versatile and can

generate different aesthetic forms composed of curves.

1.2 Contributions

This thesis provides procedural methods in two regimes — realistic tree modeling and ab-

stract tree modeling. It makes the following contributions.
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— It proposes using the Yao graph [93] for graph-based tree modeling. The Yao graph is
a particular way of organizing points into a graph. It automatically limits the number
of edges while ensuring edges in every direction. Previous graph-based methods [78,
86—88] create a graph using a lattice or by connecting points within a user-specified
distance, but have their limitations. Using a lattice leads to artifacts in the resulting
least-cost paths. To connect points within a distance, deciding the distance parameter
is a challenge: too large, and the memory cost is high; too small, and the graph may

become divided. We are the first to use the Yao graph for graph-based tree modeling.

— It proposes a graph construction method and a graph-based tree construction method
with iterated graphs. Prior graph-based methods obtain the graph volume from real-
world data or using a simple shape such as cube, lacking a sophisticated method to
construct a graph. We create an initial graph by placing nodes in a designated volume,
and create a hierarchical tree structure by placing subgraphs around each endpoint
and beginning again through some number of iterations. Our graph construction
method and the associated tree modeling method are new. They are more elaborate

than previous graph-based tree modeling methods.

— It proposes guiding vectors for setting edge weights. Prior methods (particle trac-
ing, self-organizing trees, graph-based trees) do not have an effective way to specify
local directions of branches; architectural control is available only coarsely, through
attraction point placement, through endpoint placement, or through a density map. In
our method, we set the weight of an edge according to whether the edge aligns with
the guiding vector direction, thus inducing least-cost paths in the graph to conform to

the guiding vectors. Guiding vectors provide local control over branch orientation.

— It proposes a mechanism for assigning guiding vectors. We propose to determine the
guiding vectors incrementally as the shortest-paths algorithm progresses, computing
a guiding vector for a newly visited node as an incremental rotation of its parents
guiding vector. Our suggested parametric assignment of guiding vector direction is
flexible and controllable, while the path planning element enforces a unity over the
resulting tree. We can specify intermediate-scale tree architectures with a few simple

rules. This thesis demonstrates a wide range of high-quality results from variations
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of guiding vectors.

— It contributes magnetic curves, a particle-tracing method to create curvature-controlled
curves. Prior particle tracing methods lack systematic control over curvature of the
trajectories of particles. In our method, we continuously change the charge on a sim-
ulated particle in a magnetic field so that it can trace out a complex curve with contin-
uously varying curvature. Our method is capable of generating curvature-controlled
curves that are difficult for previous particle tracing methods. It is also a potential
tool for creating stylized depictions of classes of objects and phenomena that are well

described by curves such as trees, hair, and conventionally-drawn cartoon flames.

— It contributes a method for abstract tree modeling. We are the first to model abstract
trees in the art style of Gustav Klimt. Previous methods to create abstract trees em-
phasize rendering [11,25,35]. Prior modeling methods cannot create trees that have
spiral branches in Klimt’s style. Our work fills in the blank of exploring Klimt’s style
in computer graphics, and also enlarges the space of available algorithms for abstract

tree modeling.

1.3 Organization

The thesis is organized as follows. In Chapter 2 we review the previous work in realistic
tree modeling and abstract tree modeling, with an emphasis on the former. In Chapter
3, we introduce the background knowledge related to our realistic tree modeling work.
In Chapter 4 and 5, we introduce MIG and MGYV. In Chapter 6, we show results with
evaluations, and discuss the pros and cons of MIG and MGYV. In Chapter 7, we introduce
the method of magnetic curves for abstract tree modeling. In Chapter 8, we conclude the

thesis and describe future work.



Chapter 2

Previous Work

Generating virtual complexity is a major task in computer graphics [70]. Techniques of
modeling, texturing, rendering, and animation are important tools to achieve the ingre-
dients that evoke visual complexity in computer-generated virtual worlds such as shape,
texture, and motion. Static or animated natural scenes containing complex shapes such as
mountains, clouds, and trees play an important role in many computer graphics applications

such as 3D movies and computer games.

In the pipeline of creating the natural scenes, our work falls in the early stage — model-
ing. Modeling natural phenomena is a topic of great interest in computer graphics. In this
thesis, we focus on trees, a commonly seen natural phenomenon. They have been a partic-
ular source of fascination, with numerous automatic and semi-automatic methods for tree
modeling proposed over more than thirty years. In this chapter, we review related work on
tree modeling, with a focus on notable procedural methods. We discuss some commonly
used realistic tree modeling methods by classifying them into the following categories ac-
cording to the principles they follow: L-systems, geometric methods, graph-based methods,
data-driven methods, biologically-based methods, sketch-based methods, and tree editing

methods.

L-systems, geometric methods, and graph-based methods are focused on the visual sim-
ulation of tree structures, based on recursive and hierarchical branching patterns. L-systems
are a grammar that generates strings which are subsequently interpreted as branching struc-
tures such as trees. Geometric methods create tree structures through recursion, generating
tree models by explicitly varying geometric quantities at each level such as splitting of
stems and branching angles. Graph-based methods create trees with least-cost paths in a
weighted graph. The collection of paths forms a hierarchical tree structure. For L-systems,
geometric methods, and graph-based methods, to effectively control the global tree shape

and branch shapes is a challenge.

11
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Biologically-based methods create natural tree shapes with a biologically plausible pro-
cess. A tree structure is formed in a bottom-up way motivated by competition for light or
space. It is a challenge to generate a desired tree shape using the unfamiliar botanical
meaningful parameters.

Data-driven methods are based on real-world measurements such as images or laser
scans of trees, with an intention to reconstruct existing trees. They are also often combined
with sketch-based methods, where sketches are used to select tree elements from a database.

Sketch-based methods provide direct control to users: users sketch strokes to guide
where tree branches are to grow. The branches are generated with other procedural methods
such as L-systems, or biologically-based methods, or come from a database. Sketch-based
methods depend heavily on user intervention.

Tree editing methods emphasize creating variations of input tree models. Trees can
deform with the influences from environmental factors such as wind, obstacles, and lighting
changes. These methods are not intended to create tree models from scratch.

Some of the above categories may overlap due to multiple techniques used in the meth-

ods. Details of the methods are discussed in the following sections.

2.1 L-systems

Lindenmayer systems (L-systems) are a theoretical framework widely used for modeling
branching structures. The basic idea of L-systems is that of rewriting: a complex object can
be created “by successively replacing parts of a simple initial object using a set of rewriting
rules or productions” [62].

The rewriting of L-systems builds on strings. Each symbol in an initial string is asso-
ciated with a rewriting rule. Starting from the initial string, the rules are applied simulta-
neously through iterations. The resulting string can be translated to a geometric structure
using a turtle interpretation [57,60,62], in which a symbol represents a graphical operation.

An example of turtle interpretation is shown as follows.

F  Move forward a step of length d
+  Turn left by angle o
—  Turn right by angle &
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[ Push the current state onto a pushdown stack

| Pop the current state onto a pushdown stack

A structure generated by L-systems using the above turtle interpretation is shown in
Figure 2.1. The rewriting process starts from an initial string F' and applies a few iterations
of replacements using the rule: F — F[+F|F[—F]F . In the right side of the rule, [+F]|
creates a left side branch that splits from where the state is pushed and popped. Similarly,
[—F] creates a right side branch. The first iteration creates a structure that has a central
trunk and two side branches, shown in the middle of Figure 2.1. In later iterations, a more
and more complicated structure is created by replacing F in the previous string. The right

shape in Figure 2.1 is a tree-like structure obtained after n = 5 iterations of replacements.

0=25.7°
F
F—F[+F]F[-FIF

Figure 2.1: Structures generated by iterations of rewriting. The example is taken from “The
Geometric Beauty of Plants” [62].

Early L-systems were applied to simulate cell development [28,29]. Later extensions
were applied to model growth of plants [36,61] and even entire ecosystems [10]. Stochas-
tic L-systems [14, 59] introduce the idea of using production probabilities. A string can

be replaced using different rewriting rules depending on probabilities, leading to variations
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of results. Environmentally-sensitive L-systems [61] involve query symbols, which can
return environmental information, such as local position and orientation in space, to affect
the future development. To model the development of plants and plant ecosystems, model-
ing bi-directional information exchange between trees and their environment is important.
Open L-system [36] was devised, in which a communication symbol is imported in the
grammar. An occurrence of the communication symbol leads to an information exchange.
With this method, a large ecosystem can be created by involving competition between

plants for space, light, nutrients, and water.

One issue with L-systems is the difficulty of global control. It is a challenge to de-
vise a system of rules to obtain a particular tree shape. Prusinkiewicz et al. [61] proposed
the synthetic topiary, in which a user-specified bounding shape restricts the plant growth.
Branches growing outside of the bounding volume are pruned off. Power et al. [56] and
Boudon et al. [4] interactively control the plant model by pruning and bending branches
between steps of the generation process, to achieve more precise control on the resulting
structures. Both their methods need modeler intervention. Ijiri et al. [20] proposed a sketch
based L-system. In their system, the growth direction of a tree is guided by a user-drawn
stroke, and the branches are created with predefined replacement rules. This method pro-

vides control over growth directions of branches rather than global tree shapes.

Talton et al. [76] presented a method to iteratively optimize over the space of possible
productions from a given grammar according to an input specification of a sketch or a volu-
metric shape, in order to generate a structure that matches the specified shape. The method
has good control over the global shape of trees, but the optimization takes thousands of
iterations and can take hours. Another modification of L-systems is the guided procedu-
ral modeling method proposed by Benes et al. [2]. In their method, space is divided into
guides, which are geometric volumes for branch growth. Each guide has a procedural
model and can interact with other guides. Users can control the overall tree shape by edit-
ing guides or adjust small-scale features with procedural rules. Since the method is based
on open L-system, it still does not eliminate the need of manually writing the L-system

rewriting rules.
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2.2 Geometric methods

Geometric methods generate models with visual approximations of tree structures. Users
can create different tree models by changing parameters that represent geometric proper-

ties.

Honda [19] presented a recursive method for tree modeling, in which a tree structure
is made up of repeated locally-defined bifurcations of branches. By varying parameters —
angles between parent branches and their child branches, and the relative ratio of branch
lengths — the method can create various tree structures. Based on Honda’s work, Aono
and Kunii [1] proposed a series of geometric models that describes tree geometries more
precisely. Their system provides parameters to control the arrangement of branches or
leaves on the stem, how clearly the main axis can be detected, and apical dominance that
decides the contour shapes. The parameters can be set according to statistical data of
real tree structures. Oppenheimer et al. [S0] build tree structures based on the recursive
pattern as well. The process begins with a tree node, which is defined as a branch with
one or more tree nodes attached, and augments it by replacing tree nodes with transformed
branches through iterations. Their model contains parameters similar to those in Aono and
Kunii’s method [1], but involves randomness by adding some perturbation to parameters
in order to create irregular gnarled trees. With an idea similar to Oppenheimer et al.’s
method, the method of Weber and Penn [81] is more detailed. In their method, the tree
structure is treated as a primary trunk in segments. A branch can split off cloned and
transformed segments along its length. A hierarchical tree can be created by extending
and splitting branches through levels of recursion. To make the resulting trees fit inside a
specific volume, they tentatively set the lengths of segments and keep adjusting them until

they fit.

Based on observations or statistical investigations of the external appearances of trees,
geometric methods focus on visual simulation of tree structures rather than following inter-
nal physical or botanical mechanisms. However, to create a model, users still have to un-
derstand and control many parameters. For example, creating a new tree using the method
of Weber and Penn [81] requires adjustment of up to 80 parameters. Lack of effective and

direct global control is also an issue.
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2.3 Data-driven methods

Data-driven methods reconstruct existing trees instead of modeling trees from scratch. The

data is obtained from photos or laser scans of existing trees.

Image-based methods use multiple images [48, 63, 64, 78] or a single image [17, 77]
for realistic tree modeling. Methods using multiple images find point constraints for 3D
reconstruction with a sequence of images taken from controlled camera positions. Reche et
al. [64] proposed a method to reconstruct and render trees. The tree is treated as a volume
with opacity and color values, computed from a small set of calibrated images around a
tree. Their method achieves realistic results from rendering, but is not able to discover the
explicit geometry of branching structures. In the method of Neubert et al. [48], input photos
are used to create an approximate voxel-based tree volume. Particles are placed randomly
in the voxels. The tree skeleton is extracted from images or sketched by users. Under the
attraction from tree skeleton, particles move downward to the tree root and their trajectories
form a branching structure. Tan et al. [78] recover a 3D point cloud of the photographed tree
from a set of images. Their method creates a graph based on the 3D points. The shortest
paths from the root point to other points are divided into segments. Centroids of points
in each segment are linked up, forming a tree skeleton. Occluded branches are created
using subtrees of the recovered visible branches. In a follow-up, Tan et al. [77] proposed a
method in which users sketch the main trunk and the crown region on a single tree image.
The system traces along the trunk stroke from the root to extract visible branches. The
branch strokes are then converted to 3D through greedy adjustments of their orientations
by maximizing distances among branches. The entire tree is created by augmenting the

tree skeleton with sub-trees from visible branches or from predefined patterns.

With advances of scanning techniques, laser-scanned data of tree geometry are used
to facilitate reconstruction of real trees. Xu et al. [86] proposed a method similar to Tan
et al.’s method [78], but using scanned points to create a graph. Their work is focused
on synthesizing new branches based on sparse point clouds. They used least-cost paths to
produce the tree’s main skeleton. New branches are created by scaling and transforming
existing branches. Their method is capable of generating tree models with plausible details

not present in the scan. Bucksch et al. [5] approached the problem similarly, but created a
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graph based on an octree to organize the point cloud data. Their method can precisely re-
construct a tree without leaves. Instead of generating a single tree, Livny et al. [31] sought
to reconstruct multiple overlapping trees simultaneously. They applied a series of global
optimizations based on biologically-derived heuristics to fit tree skeletal structures to the
point data. Their method is automatic and does not require user intervention. In order to
simplify the reconstruction process, some methods approximate a tree’s geometry by divid-
ing the scanned points into a few parts, and create branches in each part. In Livny et al.’s
method [30], the tree’s foliage is abstracted into canonical geometry parts called lobes. In
each lobe, branches are generated using L-systems and rearranged to fit inside the lobe. In-
spired by Livny et al.’s method, Zhang et al. [96] divide scanned points into multiple layers
for main branches, secondary branches, tertiary branches, twigs, and leaves. A hierarchi-
cal particle tracing algorithm is applied to create branches in each layer, obtaining the tree
model consistent with the scan data. This method is an extension of single-layer particle
tracing method of Neubert et al. [48] but has better control over tree structures. Zhang et
al.’s method [96] and Livny et al.’s method [30] can create realistic models that are gener-
ally faithful to the original scanned trees without caring about enormous amounts of local
details. Rather than reconstructing static tree models, Li et al. [27] are more interested in
the dynamic development of trees. They use scanning to acquire 4D data of tree geometry
over time. Their method can model plant growth process by detecting and analyzing the
growth events such as budding.

Since data-driven methods are based on real-world measurements, they can generate
high-quality tree models. However, the requirement of existing trees also limits their ap-
plication: it can be inconvenient to obtain laser scans or photographs of a desired tree, and
also not easy to design new trees without manual editing. Different from data-driven meth-
ods, our methods in this thesis are aimed at generating tree models from scratch, and do

not require any image or point cloud as input.

2.4 Biologically-based methods

Biologically-based methods are proposed for the purpose of generating realistic tree models
in a process that follows botanical rules. The resulting structures are controlled by inner

motivators or environmental factors.
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Reffye et al. [9] simulate the tree growth by modeling the activity of buds at discretized
times. The growth of a tree is characterized with probabilities of growth, ramification,
and death. The associated parameters are calculated according to botanical laws for spe-
cific species of trees. Their method can create tree models that are faithful to botanical
structures and development. Runions et al. [67] proposed a space colonization method, in
which attraction points are used to signal the availability of growth space. The tree extends
towards nearby attraction points, which are removed when the space is no longer empty.
The tree structure is formed gradually from the root towards the attraction points. As a
later extension, the method of self-organizing tree modeling [52] focuses on competition
between branches. The resulting tree shapes can be controlled by constraining the space
for tree growth and properly distributing the initial attraction points. Different from these
bottom-up growth methods, the method of Wang et al. [80] uses a top-down method to cre-
ate a tree that matches a given guidance shape. The method starts from a structure defined
by botanically meaningful parameters. Sample nodes distributed uniformly on the surface
of guidance shape are directly connected to the initial structure. The obtained connected
structure is iteratively adjusted by minimizing the difference from the guidance shape until
no visible change happens or a fixed iteration number is reached. This method is intended
to control global shapes rather than branch shapes.

This group of methods can create realistic tree models and rich variations, due to the
faithfulness to the botanical nature of trees. They also have effective control over the global
shape of results. However, to create detailed branching structures, users need to have back-
ground knowledge to understand the botanical meaningful parameters in order to control
the results. In this thesis, we aim at creating visually realistic trees instead of pursuing their
botanical correctness. The concrete parameters in our system simplify parameter selection

for generating novel tree types.

2.5 Sketch-based methods

Full manual creation of trees is exhausting, but sketch-based methods reduce the needed
user effort by providing a direct and flexible way for tree modeling. In sketch-based meth-
ods, user-sketched strokes are used to guide the tree growth directions or to infer branch

shapes.
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Sketch L-system [20] is the first attempt to interactively control the tree growth in L-
systems using strokes as input, based on which the system gradually generates a tree that
grows along the strokes. Unfortunately, the system only includes few simple rules, leading
to limited tree structures. TreeSketch [34] is an extension of self-organizing tree mod-
eling [52] with a tablet interface. Users directly sketch strokes with a procedural brush,
which is used to distribute attraction points within a sphere invoked and manipulated by
users. Branches are generated using the space colonization algorithm in a bottom-up way
towards attraction points. Users can control the global shape of trees with sketches and edit

parameters to change the intermediate-scale architecture.

Sketching and data-driven approaches can be combined, with sketches used to facilitate
the inference of tree structures or the extraction of tree information from a database. Okabe
et al. [49] convert 2D freehand sketches to 3D branches under the assumption that branches
maximize the space around them. New branches are added using existing branches as ex-
amples. This method allows novice users to create natural-looking tree models interactively
and quickly. Chen et al. [7] infer a tree template from a database based on user-supplied
strokes, and then augment it by adding more branches based on similarity to the existing
branches. Their method requires a database in order to reduce user intervention. Users can
create a realistic tree with only a few strokes. Wither et al. [84] combine user sketches of
foliage with botanical heuristics to determine branch connections and distributions. Their

method can generate realistic tree models with flexible user controls.

The strengths of sketch-based methods lie in effective and flexible user control. Various
results can be generated with the guide from user sketched strokes. However, these methods
depend heavily on user input; creating a complicated tree structure or many trees may
require a lot of user work. Compared with sketch-based methods, procedural methods have
their benefits. Due to the ability of data amplification, procedural methods can create a
complicated tree structure once parameters are known. A wide variety of new trees can be
automatically created by adjusting parameter settings. Many instances of similar models
can be generated with the same parameters, requiring zero human effort. A limitation of
procedural methods is that setting parameters to create a desired tree shape is not easy.
In this thesis, we propose a procedural method, MGV, to create a wide variety of tree

models. It requires no user intervention beyond specifying parameters. The parameters
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are geometrically meaningful and the parameter space is smooth, making it less difficult to
create a desired tree shape compared with other procedural methods such as L-systems and

biologically-based methods.

2.6 Tree editing

With an intention to create variations of trees, tree editing methods analyze existing tree
models which are imported as input or generated using a customized modeling system.
The tree models are converted into graph-based representations and altered according to
environmental influences, such as external obstacles and wind.

Pirk et al. [55] proposed a method that converts an input tree model into a skeletal graph
and a set of leaf clusters. With obstacles and lighting changes, the branching skeleton is
bent and pruned, and the leaf clusters are deformed, leading to variations of results. Later
the idea was extended to model trees under wind effects [54]. In this method, sensor par-
ticles are distributed along the tree structure, and each particle is surrounded by a sensor
volume to quantify the passing wind particles in order to measure wind forces. The tree
graph transforms according to the integration of wind forces and other forces from the in-
ternal structure and leaves, producing various tree shapes. To simulate natural growth of
trees, Pirk et al. [53] analyze a given static tree model and determine a graph-based de-
scription of tree structure. Branches are added or pruned off based on similarity to existing
branches, used to generate structures at different growth stages.

The above tree editing systems work well with models from different sources, but are
not capable of generating new tree models. To address the problem, Stava et al. [73] aim
to determine parameters for a given stochastic procedural model, in order to use the pa-
rameters to generate new trees that are similar to the model. Their method automatically
determines optimal parameters of a given input tree using Monte Carlo Markov Chains,
by gradually increasing the similarity of the generated trees to the input tree. The method
is also capable of generating tree models without input by directly setting the botanically
meaningful parameters, in which case it is a biologically-based method.

The emphasis of tree editing methods is different from our method while our interest
is tree synthesis from scratch. We are more concerned about the capability of a method to

generate different species of tree shapes. The output models from our method can be used
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as input of tree editing methods.

2.7 Graph-based methods

Graph-based methods refer to those using path planning to create tree structures. The idea
of using least-cost paths to create/extract tree structures has been used in some previous
work.

Xu et al. [86] build a graph based on 3D points of a tree skeleton. In the graph, edges
connect two nodes within a user-specified distance, and the weight of each edge is set to
the length of the edge. They compute shortest paths connecting all points to the root. The
shortest paths are segmented into bins according to path lengths. The centroids of points in
the bins are linked to form a tree skeleton. Tan et al. [78] model trees based on the similar
idea of path planning, though they extract the graph points from a set of images while Xu
et al. [86] get the points directly from scanning. Tan et al.’s method and Xu et al.’s method
are both data-driven methods with the objective of tree reconstruction, which is different
from our pursuit of generating new trees.

Prior to this thesis work, we have explored using path planning for modeling natu-
ral phenomena such as lightning and trees, by proposing the basic constructive method
(BCM) [87,88]. In BCM, the graph is procedural and not obtained from real-world data.
We compute least-cost paths between multiple endpoint nodes and a single root node in a
randomly weighted graph. The collection of paths forms a branching structure. The global
shape can be controlled by endpoints placed manually or randomly selected from a simple
geometric shape such as a circle. We generate a hierarchical structure through iterations.
In each iteration we cheapen the costs of previous paths, and select endpoints in the vicin-
ity of the existing structure. By successively creating least-cost paths to the newly added
endpoints, we can generate a complicated branching structure, which can be used to model
some natural phenomena such as coral, lichen, and trees. BCM provides good control over
the global shape of the results, but the details of the branch shapes were unconvincing.

The realistic tree modeling work introduced in this thesis shares the basic path planning
idea with BCM, but has more effective control over the global shape and the intermediate-
scale architecture of trees. More details of the differences between BCM and our thesis

work will be discussed in section 3.3.
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2.8 Abstract tree modeling

Computer-generated abstract forms have had a long history in computer graphics [3,12,24,
85,94]. Abstract trees convey visual information different from realistic trees, with stylized
branch shapes, artistic depiction of silhouette, and aesthetic patterns of branches and leaves.
Existing methods for abstract trees fall into two regimes — rendering and modeling.

Most methods of creating abstract trees are in the regime of non-photorealistic render-
ing (NPR). Users can sketch a stylized tree using computer simulated brushes [69,75,95],
or render existing tree models from input or generated in an embedded existing modeling
mechanism. Kowalski et al. [25] render 3D trees by procedurally adding stroke-based tex-
ture near tree silhouettes in a view-dependent way. Their method can produce stylized trees
evocative of a sense of complexity. Deussen et al. [11] proposed a method to illustrate an
input 3D tree model in pen-and-ink styles. A tree is rendered with silhouette lines and cross
hatching. Each leaf is represented by a size-controllable disk or polygon. This method is
capable of generating a variety of trees in illustration styles. Similarly, Kalnins et al. [23]
also render the silhouettes of plant forms using strokes. However the rendering effect is
simple due to the use of same shape of strokes. Their actual focus is creating frame-to-
frame coherence in animations. Luft et al. [35] are interested in the rendering of foliage.
They place a set of points based on foliage geometry to create implicit surfaces. The visi-
bility of leaves in the tree crown is controlled by the general shape of implicit surface. Their
method can produce trees in different styles such as watercolor, but the tree structures and
branch shapes are regular due to the use of realistic tree models.

Some methods generate stylized trees from the philosophy of modeling. Strothotte
et al. [74] create stylized trees based on L-systems. Users can change parameters to add
their specified stylized leaves or branches. However, controlling branch shapes is not easy.
Long and Mould [33] proposed a dendritic stylization method using path planning. In the
computing of least-cost paths, comparisons between two paths are made first by comparing
their maximum edge cost values, or the cumulative distances in case of a tie. The resulting
long and winding paths are suitable for artistic effects. To create a stylized tree, they used
an input image to set edge weights and for endpoint selection. The least-cost paths from a
root to selected endpoints form a tree. Their method is capable of generating stylized trees

that conveys the structure of the input image.
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In this thesis, we create abstract trees by modeling the branching and hierarchical struc-
tures. Our objective is to create trees that have similar features in Klimt’s painting — spiral
branches, a stylized hierarchical structure, and aesthetic branching patterns. Our work is

the first exploration of Gustav Klimt’s art style in computer graphics.



Chapter 3

Background

Our realistic tree modeling work depends on least-cost paths. The thesis work shares the
philosophy of using least-cost paths with our previous basic constructive method (BCM) [87,
88]. This chapter will introduce background knowledge related to least-cost paths: path
planning and the Yao graph. Path planning is about how to find least-cost paths in a graph.
The Yao graph [93] is about how to organize points into a graph where least-cost paths

exist. We will also introduce BCM and the distinction of the thesis work.

3.1 Path Planning

Path planning, as defined by Shih [71], is the problem of “finding paths connecting different
locations in an environment (e.g., a network, a graph, or a geometric space)”. The desired
paths need to satisfy some criteria such as avoiding obstacles. A common task of path
planning is computing the least-cost path between two nodes in a weighted graph [37]; the
cost of a path is the sum of the weights of its constituent edges.

Dijkstra’s algorithm [13] is an algorithm to compute the least-cost paths from a source
node to other nodes in a weighted graph. Each node in the graph has a cost, which is the
cost of the path from the source to the node. Initially the source node is assigned cost 0, and
other nodes have an infinite cost. Dijkstra’s algorithm proceeds from the source node in a
greedy way until every graph node has its least cost and path computed. The description
of Dijkstra’s algorithm given by Lee and Hubbard [26] is reproduced in Figure 3.1. In this
process, there are two sets of graph nodes that the algorithm maintains: an unvisited set
and a visited set. The unvisited set is vertices to be considered when computing least-cost
paths. The visited set is vertices that have their least cost computed. At the beginning,
the source vertex is first visited. Then the algorithm keeps visiting the unvisited vertices
adjacent to the visited vertices and updating the two sets, until all vertices are visited. At

every visit, the cost to reach a vertex is calculated and compared with the vertex’s current
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cost. The vertex always takes the cheaper cost and remembers the corresponding previous
vertex. When the algorithm terminates, every vertex has its minimum cost computed, and
the least-cost path can be determined by keeping track of the previous vertex backwards

towards the source.

Initially the source vertex, with its cost of 0, is added to the unvisited set.
Then the algorithm proceeds as follows as long as there is at least one
vertex in the unvisited set.

1. Remove the vertex we’ll call current from the unvisited set with
the least cost. All other paths to this vertex must have greater cost
because otherwise they would have been in the unvisited set with
smaller cost.

2. Add current to the visited set.

3. For every vertex, adjacent, that is adjacent to current, check to see
if adjacent is in the visited set or not. If adjacent is in the visited
set, then we know the minimum cost of reaching this vertex from the
source so don’t do anything.

4. If adjacent is not in the visited set, compute a new cost for arriving
at adjacent by traversing the edge, e, from current to adjacent. A
new cost can be found by adding the cost of getting to current and
e’s weight. If this new cost is better than the current cost of getting
to adjacent, then update adjacent’s cost and remember that current is
the previous vertex of adjacent. Also, add adjacent to the unvisited
set.

Figure 3.1: The process of Dijkstra’s algorithm as described by Lee and Hubbard [26].

In this thesis, we use Dijkstra’s algorithm to create least-cost paths in a graph. The
least-cost paths are tree branches. Next we introduce the Yao graph, which we use to create

our graph.

3.2 The Yao Graph

In our work, we desire the following properties of a graph for realistic tree modeling. First,
in order to avoid lattice artifacts in the least-cost paths such as in the upper example in

Figure 3.3, we want edges from all directions and without specific preferred directions.
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Second, the graph should be connected, to guarantee that the paths can connect the root
point and selected endpoints. Third, the graph has a bounded outdegree, for the purpose of
making memory usage manageable. It also simplifies the data structure of each graph node

to store outgoing edges.

Figure 3.2: A Yao graph with 6 sectors.

In order to avoid lattice artifacts, we place graph nodes according to the Poisson disc
distribution [16], where nodes are randomly distributed and no closer to each other than
a specified minimum distance. The Poisson disc distribution of nodes helps to get edges
from all directions.

Based on the nodes, we build a Yao graph [93]. The Yao graph is a graph in which the
space around each node v is equally separated into a few sectors, and edges connect v and
its nearest neighbor in each sector. Figure 3.2 illustrates a Yao graph in 2D. There may be
more than one edge per sector for a given node: in the example, each node originates at
most 6 edges, but may receive additional edges originating from other nodes, such as the
central node receiving an edge from the top left node.

The Yao graph automatically limits the number of edges while ensuring edges in every
direction. The upper of Figure 3.4 shows the distribution of edge directions in a Yao graph.
In the graph, edges are almost evenly distributed in every direction. This property will
avoid the lattice artifacts in the least-cost paths due to the limited edge directions. A least-
cost path in a Yao graph is shown in the lower of Figure 3.3. It does not have the staircasing
problem in the upper path from a lattice graph which has only horizontal and vertical edges.

In our tree modeling work, our graph is a Yao-8 graph in 3D, where 8 is the outdegree
of each node. We use the Yao-8 graph because dividing the space around each node into 8

sectors is straightforward to implement in 3D, and it also possesses our desired properties:
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it gives a connected graph, and also has a bounded outdegree that is not too high. We do
not have a strict restriction about the upper bound of outdegree, but a higher outdegree, say

20, will increase the burden on path planning and memory usage.

endpoint

source

Figure 3.3: Upper: a path in a regular graph of a lattice; lower: a path in a Yao graph.

In addition to the Yao graph, we have considered other options to create a graph such as
using a lattice, connecting nodes within a constant distance, and the Delaunay triangulation.
We are concerned about whether these options can achieve our desired graph properties, as
discussed in the following.

The first option that we have explored is using a lattice graph. In BCM [87,88], we used
a regular lattice (4-connected in 2D) or grid (6-connected in 3D) to create a graph. The
resulting paths have lattice artifacts. In addition to the problem of lattice artifacts, if we use
a lattice graph in MGV, we will have another problem: due to the limited edge directions
in the graph, the least-cost paths will not closely follow the guiding vector directions.

For the above two problems, we considered two possible solutions. One possible so-
lution is to apply antialiasing methods such as smoothing to the resulting least-cost paths
from a lattice graph. Smoothing can effectively remove the lattice artifacts, but at the same
time it may also weaken or even remove irregularity of the paths, changing our desired

branch shapes. The other possible solution is to jitter the lattice. This method can make
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Figure 3.4: The distribution of edge directions in a Yao graph built from a Poisson disc
distribution of nodes (upper) and in a jittered lattice (lower).

the graph more irregular and remove the lattice artifacts to some extent. However, a simple
jittering method cannot guarantee an unbiased distribution of edge directions. For example,
in a lattice jittered by 1/2 of the lattice spacing, edges are concentrated in certain directions,
as shown in the lower of Figure 3.4. Despite the above deficiencies, the most important rea-
son for not using these two possible solutions is that, neither jittering the lattice graph nor
antialiasing the resulting paths can make the least-cost paths closely follow the guiding

vectors as desired.

The second option to create a graph is to connect nodes within a constant distance. This
method has been used by Xu et al. [86] and Tan et al. [78]. They created a graph based on
point clouds from scanning. An edge connects two nodes if their distance is smaller than
a threshold. However, choosing the threshold is problematic: too large, and the number
of edges per node is excessive; too small, and the graph can become disconnected. In a
disconnected graph, it is possible that there is no path connecting a selected endpoint and
the root node, leading to a failure of branch creation. Examples of both cases are shown in

Figure 3.5.
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Figure 3.5: Top: a graph with a big threshold for edge connection; lower: a disconnected
graph from a small distance threshold.

Another option to create a graph is the Delaunay triangulation [8]. The Delaunay tri-
angulation is the dual of the Voronoi diagram [51]. The Voronoi diagram of a set of nodes
is a partitioning of space into cells, where each cell is corresponding to a node, and all the
points in the cell is closer to the node than to any other. The Delaunay triangulation can
be obtained by connecting two adjacent nodes in the Voronoi diagram. We do not use the
Delaunay triangulation because it does not have a bounded outdegree.

There may also be other options to create a graph. We use the Yao graph because it is
our initial decision and it works. We do not strongly feel it necessary to seek other options.
Of course, other alternatives that can create a graph possessing our desired properties would

also work.

3.3 BCM and the thesis work

The basic construction method (BCM) [87, 88] is our initial attempt of using least-cost
paths for modeling purposes. The basic idea of BCM is that, in a weighted graph, the least-
cost paths between selected endpoints and a root point form a branching structure. The

framework of the idea, illustrated in Figure 3.6, contains the following modules: organizing
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points into a graph, setting edge weights, placing endpoints, and placing a root point. We
typically place the root point at the bottom center of the graph, and care more about the

other three modules, stated below.

Finding
least-cost paths

Tree models

Creating Placing a H Setting H Placing
a graph root point edge weights endpoints

Figure 3.6: The framework of using least-cost paths for tree modeling.

To create a graph, we first place nodes in a graph volume, and build edges. The graph
provides a discrete representation of the space within which the tree will reside.

We set weights to edges. The edge weights affect the shape of least-cost paths in the
graph.

We select a few nodes in the graph as endpoints if they meet some criteria. Since the
least-cost paths connect the root and the endpoints, the position of an endpoint in the graph
decides where we want the path to extend from the root. The placement of endpoints affects
the spatial distribution of paths and the resulting tree structure.

BCM gives a superficial design of the above modules. The overall resulting structures
are potentially useful for modeling some branching shapes such as coral, lightning, and
trees. However, the design in BCM is very shallow, lacking a specific modeling target.

In our thesis work, in order to make least-cost paths fit in the slot of tree modeling,
we provide a sophisticated design of the three modules — creating a graph, setting edge
weights, and placing endpoints. Our design has clear motivations. We pursue the following
specific properties in the path planning framework: 1) control over the global shape of
trees, and 2) control over the intermediate-scale architecture of trees. Our design is capable
of generating a wide variety of trees. The tree models created in the thesis work resemble
real-world tree species and have better quality than the previous results from BCM.

Next we discuss BCM along with the thesis work, with respect to the design of the
three modules. Although BCM is not part of the thesis, we introduce it for the purpose of

distinguishing the thesis work.
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3.3.1 Design decisions of BCM

In BCM, the graph is a lattice. A lattice is a simple way to organize points into a graph. The
predictable number of edges in the graph is a benefit. The drawback is the lattice artifacts
in the resulting least-cost paths.

BCM varies edge weights in order to obtain some interesting resulting path shapes. We
set edge weights through spatial variation or global variation. In the spatial variation we
set the weight of an edge according to the edge’s spatial information, in order to make
paths bend toward the region where edges are cheaper. In the global variation we vary edge
weight distribution globally, using a parameter to control the amount of path variation.
Details of the two variation methods are described in the following.

In the spatial variation, we set the weight of each edge according to the spatial informa-
tion of the edge, such as the height of the edge’s midpoint or the distance from the edge’s
midpoint to the graph center. Examples are shown in Figure 3.7. From left to right, in
each graph we set the weight of each edge to the edge’s horizontal distance to the left, or
the edge’s horizontal distance to the right, or the edge’s horizontal distance to the central
axis, or the edge’s vertical distance to the bottom. The resulting structures demonstrate

corresponding tropisms towards the left, the right, the center, or the bottom.

Figure 3.7: Different structures obtained by different settings of edge weights.

In the global variation, we set edge weights to 1+ VB, where v is a random value between
(0,R). With small R the resulting paths are close to Manhattan paths since the constant term
dominates, while with larger R the paths are more erratic since the random component is
relatively more important. A R = 100 gives reasonable irregular paths in our experiments.
As the value of [ increases, the disparity between the cheapest and most expensive edges
becomes greater, and therefore, the path planner has more incentive to seek cheap edges. It

is no longer profitable to seek short cuts through an expensive edge if many cheaper edges
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Figure 3.8: Paths with edge weights W = 1 +1P, v is a random value between 1 and 100.
From left to right: = 0.0, 0.5, 1.0, 1.5, 2.0, 3.0.

could be used instead. Higher [ will result in structures with longer, more roundabout paths
through the graph than the structures made with lower . The difference is illustrated by the
structures in Figure 3.8. This parameter can globally control the irregularity of branches.

In BCM, we select the endpoints in the first iteration in a geometric bounding volume
such as a sphere, in order to control the global shape of the resulting structure; we select
endpoints in later iterations around the existing paths, in order to augment the existing
structure with more branches and make the tree grow outward.

Figure 3.9 shows a visualization of the process to create a hierarchical branching struc-
ture. The root/source node is at the graph center. In the first iteration, we create a basic
branching structure with manually selected endpoints. In later iterations, new endpoints are
repeatedly and automatically selected in the vicinity of existing paths. We cheapen the cost
of existing paths, in order to make the new paths attach to the existing paths. The resulting
structure has a neat hierarchy with clusters of branches and twigs.

Another example is shown in Figure 3.10. The process includes two iterations. We
place the root at the bottom center of the graph. The endpoints of the first iteration are cho-
sen manually and tentatively, with trials to verify that they can create long and disjoint paths
for primary branches. If a path merges with other existing paths too early, we discard its
endpoint and select a new endpoint by hand. In the second iteration, endpoints are selected
automatically if they meet both the following criteria: 1) their spatial distance to the pri-
mary branches is less than a user-specified distance value, and 2) their distance to the root
is greater than a user-specified threshold. The purpose of the first criteria is to create side

branches distributed around the primary branches and also to roughly control the lengths
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Figure 3.9: The process to create a hierarchical structure with four iterations [87].

33



34

Figure 3.10: An elm tree model from two iterations [88].

of side branches. The purpose of the second criteria is to make side branches concentrate
in the top part of the tree. The model in Figure 3.10 only has a basic branching structure,
lacking details such as twigs. All branches point upward, lacking the heterogeneity of real
trees.

Although BCM is capable of generating some interesting structures, it has limitations as
well. BCM uses a lattice graph, which leads to artifacts in paths. It also cannot effectively

control intermediate-scale tree architectures.

3.3.2 Design decisions of our thesis work

In our thesis work, we developed two designs — the method with iterated graphs (MIG)
initially and the method with guiding vectors (MGV) later. MIG is focused on the module
of graph creation. It can create hierarchical tree structures and control the global shape of
trees, but its control over intermediate-scale tree architectures is weak. Our experience from
MIG inspired the design of MGV. MGV is focused on the module of setting edge weights.
It is capable of creating high-quality tree models by controlling their global shapes and
intermediate-scale architectures. Next we briefly describe the design decisions of MIG and
MGYV. More details appear in Chapter 4 — 6.

In MIG, we use the Yao graph to organize points into a graph, in order to eliminate the
lattice artifacts and to have a bounded outdegree. We create a hierarchical graph through

iterations. In the first iteration, we compose the graph shape using geometric primitives
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and build a Yao graph with the nodes in the volume. At each later iteration, we create
subgraphs based on the least-cost paths from the previous iteration. Least-cost paths to
the endpoints placed in the graph volume form the desired global tree shape. More de-
tailed branch features such as diversity of branch lengths and branch orientations can be

controlled by specifying subgraph properties such as dimensions and orientation.

In MIG, we set the weight of each edge to the length of the edge, to get paths that reflect
the Euclidian distance between the root and endpoints. Paths in each individual subgraph do
not curve as we want. We create a long curving branch by incrementally rotating subgraphs
and linking up paths from the subgraphs. This method can control branch shapes, but the

branches do not curve in a natural way.

The strength of MIG is the control over the global shape and the intermediate-scale ar-
chitecture of trees through hierarchical graph. The resulting tree models have better quality
and more variations than BCM trees. The drawback is that the control over intermediate-
scale tree architectures is weak, lacking a scheme to systematically control the branch

shapes.

In MGV, our graph is a unified Yao graph, where all graph nodes are placed in an inte-
gral graph volume. We compute least-cost paths in this unified graph volume, for the unity
of resulting branch shapes. We control a tree’s global shape partly by placing endpoints in

a user-specified volume and partly by specifying guiding vectors.

We control intermediate-scale tree architectures with inspiration from MIG, in which
branch shapes can be specified by piecewise rotating the branch’s local orientations. In
MGYV, we set edge weights according to guiding vectors. Edge weights will be less for
edges oriented along the guiding vector, and more expensive as the directions diverge.
Thus, least-cost paths will follow the vectors, allowing us to control local branch orienta-
tions. We specify a node’s guiding vector through an incremental rotation of its parent’s
guiding vector. The resulting paths will curve according to the guiding vectors. Compared
with MIG, the control of MGV is loose and flexible. While MIG constrains branch con-
nections in subgraphs, MGV does not have this hard constraint, leading to more naturally

curving branches.
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The strength of MGV is the effective control over the global shape and the intermediate-
scale architecture of trees. With the design of MGV, we can create a wide variety of high-
quality tree models. Some examples are shown in Figure 3.11. The experience in creating
graphs, setting edge weights, and placing endpoints contribute to the entire path planning
tree modeling system, and may be enlightening to other applications where path planning

1s used.

Figure 3.11: Some tree models created using MGV.



Chapter 4

Realistic Tree Modeling with Iterated Graphs

4.1 Introduction

In this chapter we present the method with iterated graphs (MIG) for realistic tree modeling.
MIG emphasizes the design of the graph creation module. It tends to control the resulting
structures through hierarchical graph and endpoint placement.

We decompose a tree into different levels of branches: the first level is a basic structure
composed of a trunk and a few primary branches, and later levels are smaller branches
that gradually augment the structure in the previous level. MIG creates a tree through
iterations; each iteration corresponds to a level in the tree structure. In the first iteration,
we create the basic branching structure. The shape of the initial graph is composed of
simple geometric primitives. It restricts the paths inside the volume, controlling the global
tree shape. In later iterations, we create subgraphs around each endpoint in the previous
iteration and begin again to create least-cost paths to newly selected endpoints. The purpose
of using subgraphs and creating subgraphs in such a way is to add paths to the existing
structure, so as to create a more and more complicated tree shape expanding outward. By
modifying parameters of the initial graph and subgraph creation processes and by changing

the endpoint distribution mechanisms, we can create a wide range of tree models.

4.2 The first iteration

We create a basic structure in a Yao graph. The graph is a designated volume filled with
nodes. To create the graph, we place each node at a random location, and determine whether
it is within the permitted graph volume. The nodes themselves take a Poisson disc distri-
bution, where the size of the disc dictates the branch feature size and the minimum branch
tip spacing. Once a specified number of nodes have been placed, we connect nodes with
edges to build a Yao-8 graph [93].
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We set the weight of each edge in the graph to the length of the edge. This is not the
only option to set edge weights, but sufficient in MIG to generate a variety of trees.

We choose endpoints in a specified region in the graph. To choose an endpoint, we
randomly choose a graph node and inspect whether it is in a designated region of the graph,
such as a thin shell near the surface of the graph; the thickness of the shell can be varied to

decide the diversity of branch lengths.

4.3 Later iterations

To create a hierarchical tree structure, we iteratively extend the original graph by adding
subgraphs at earlier endpoints. New branches in subgraphs are added to the previous struc-
ture in order to build a more complicated tree structure.

The overall process operates as follows. In level i = 1 we build a base graph and create
a preliminary tree model by connecting the endpoints with the root using least-cost paths.
Subsequently, for level i > 1, we create a subgraph around each endpoint from level i — 1,
again defining a volume and distributing nodes and endpoints within it. The endpoints are
connected to the structure obtained in level i — 1, producing a new structure. We define each
subgraph volume as a cone-shaped subset of a sphere with the tip at the endpoint, with an
intention to make new paths originate from the tip and spread out. The process repeats for
some number of levels, say 4; depending on the desired complexity of the final structure,
the number could be higher.

The above process is illustrated in Figure 4.1. The initial graph is a composition of
a hemisphere and a cylinder. Endpoints are randomly positioned in the hemisphere, and
paths are planned from the root to the endpoints. Then, a subgraph is created for each
endpoint, as illustrated in the third image. The growth vector, Vg, is the orientation of
subgraph, represented using the red arrow in the bottom left image. The last image shows
the structure once the second level has been completed. Pseudocode describing the building
process is given in Figure 4.2.

The preceding gives the process to construct the schematic of the model; we then in-
terpret the paths as geometry, placing a cylinder (truncated cone) around each edge in the
structure. The radii of the cylinders are computed as follows. Working backwards from

each endpoint of the final level, we compute the sum of segment lengths to a given node;



Figure 4.1: Illustration of the iterative tree building process.
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Maketree

Global parameters:
subgraph resolution k& (number of nodes)
node linking distance d
subgraph shrinking parameter a (a < 1)
subgraph sizing angle o
Note, a node N has property X, spatial position.
Arguments:
V (graph volume),
R (root node),
b (branching factor),
K (number of nodes in graph),
r (subgraph size),
L (remaining lifespan)
Output:
T, a list of all path segments making up the tree.

1. Create the graph G for the current volume:
1A. G+ 0.
1B. Find a random location p.
1C. If p is outside V, reject p.
ID. For all nodes N € G, if |p — N .X| < d reject p.
1E. If p not rejected, create node m with m.X = p and set G < {G,m}.
IF. Repeat 1B to 1E while |G| < K.
1G. Create edges between nodes in G such that G is a Yao graph.
1H. For all edges, set weights to edge lengths.
2. Create a set of endpoints S:
2A. 85+ 0.
2B. Choose a random node e € G.
2C. Set S < {S,e}.
2D. Repeat 2B to 2C while |S| < b.
3. Create paths for all endpoints e € S; before starting, initialize T <— 0.
3A. Find the least-cost sequence of edges P from e to R.
3B. For all edges E € P\T,T < {T,E}.
4. Recurse on all endpoints:
4A. For each endpoint e:
4B. vV, = (eX—R.X)/|leX—R.X|.
4C. define V as the portion of the sphere centered at e.X with radius r that lies
within angle o of v,
4D.If L >0, T < {T, maketree(V,e,b,k,axr,L—1)}
5. Return 7.

Figure 4.2: Pseudocode for tree construction.
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call this distance s. We then compute a thickness w for the node using a tapering parameter
¢ and the distance: w = s%. Larger values of { make the branches taper more quickly. A
typical choice for { is 0.3. The purpose to set branch widths according to s is to make
branch widths taper gradually from the root to the tip. Because our target is procedural
modeling, we did not place emphasis on the rendering of branches. Other existing methods
such as the pipe model [67] or any functions that can achieve similar visual effects will
also work. In the pipe model, the cross-section of a branch is decided by the combined
cross-sections of the branches above. A tree from the pipe model is shown in Figure 6.2.
A tree structure created through four iterations is shown Figure 4.3. The initial shape
is a mushroom shaped cylinder plus hemisphere, reflected in the overall shape of the final
tree. The top view reveals the desired horizontal anisotropy of the tree, while the close

view allows better appreciation of the detailed small-scale structure.

4.4 Elements of the algorithm

In this section we discuss the two main elements of the algorithm: initial graph creation
and subgraph creation. The initial graph shape and associated endpoint placement have a
profound effect on the overall shape of a tree. Subgraphs control how a tree develops at

levels beyond the first, and affect the general appearance of the tree in a more subtle way.

4.4.1 Initial Graph Shape

The graph shape in the first level controls the overall shape of the resulting model. The gen-
eral shape of a tree can be described using combinations of geometric primitives including
cylinder, sphere, hemisphere, partial sphere, and cone. We build the first level of the graph
by placing graph nodes in the combination of a cylinder where the trunk is to exist and a
hemisphere (or other shapes) where the tree crown is to exist. Users can decide dimensions
and orientation of the primitives to create different tree shapes. The height of the cylinder
decides the height of the trunk; the angle of the cylinder to the ground controls how tilted
the trunk is; the radius of the hemisphere decides the maximum size of the crown. The
width of the cylinder affects the tree architectures: a wide cylinder provides a large volume

for paths to exist, used to create trees with multiple primary branches; a narrow cylinder
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Figure 4.3: A tree model with a four-level structure.
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restricts the space for paths, so that paths are forced to be close to each other and usually
merge to a single path to the root.

Figure 4.4 shows three different tree shapes along with their corresponding graph shapes.
For all three trees, we use cylinders to approximate tree trunks. From left to right, tree
crowns are a cone-shaped subset of a sphere, an ellipsoid, and a sphere. Because of paths
developed in later levels, the final model does not strictly match the original graph shape but
shows the lasting influence of the initial volume. Note the difference between the endpoint
selection mechanism we use and the clipping mechanism of the synthetic topiary [61]; our
final trees do not conform very closely to the specified volume, so as to produce a less
structured and more organic shape. Figure 4.5 shows an example of simulating an irregular
tree shape by specifying the initial graph shape. The graph in the first level is composed
of a cone-shaped subset of a sphere and a tilted cylinder; endpoints are chosen manually to

match the desired outcome.

Figure 4.4: Structures obtained by different shapes of graph.

Using simple geometric primitives to build the graph in the first level can generate
a uniform-looking tree structure. The overall tree silhouette follows the primitive shape.
In general, natural trees have more irregular silhouettes with clusters of branches with
diversity in length and are separated by gaps. We can control the small-scale irregularity

of tree silhouettes by restricting endpoints to a shell near the surface of the volume, as
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Figure 4.5: A tree with a tilted trunk. The middle photo comes from Flickr.

described next.

We select endpoints from a shell of thickness d, near the surface of the graph. A greater
value of d,, yielding a large interval, produces branches with greater diversity of length;
smaller d,, and a small interval, forces endpoints into a thin shell so that the resulting paths
have little diversity of length. Figure 4.6 illustrates how d, affects branch length variability.
The graph is a composition of a hemisphere and a cylinder, shown in green. Endpoints are
placed in the shell between the green and orange hemispheres. The thickness of the shell
is indicated by the yellow arrow. The resulting tree skeleton has not only long branches
but also short branches. In the right tree, endpoints are placed close to the surface of
the hemisphere; the branch lengths do not vary much. The use of a greater or smaller
d, depends on which kind of branches users intend to create. Figure 4.7 shows the tree
models after four growth levels. The left tree obtained with greater d, has more diversity
of branches and irregularity of silhouette, while the right one has a more homogeneous

appearance.

For yet higher degrees of irregularity in the tree shape, we can refine the first-level
graph, populating the large-scale structure with smaller elements. We chose to use spheres
in the examples, although other shapes could be substituted instead. We fill the coarse
geometry with a Poisson disc distribution of points, where the disc spacing is quite large,
allowing (say) only 4-10 points to be placed. For each such point, we place a sphere; we
also place a conical volume connecting the sphere to the trunk or tree root. The union of
all such volumes is filled with graph nodes, forming the first level in the iterated graph

building. Subsequent levels are added as before. The process is visualized in Figure 4.8.
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Figure 4.6: Two structures with different shells to place endpoints. Left: a thicker shell
can generate more branch variations in length; right: a thin shell provides more uniform
looking branches.

Figure 4.7: Two structures with different values of d,.
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The purpose of adding a conical volume attaching the sphere to the trunk is to ensure
that endpoints within each sphere will have a path to the root. Further, it allows us to ensure
that no edges link nodes within different subvolumes at the first level. As a consequence,
individual subvolumes will remain distinct: their structure will not be blurred by shared
edges. Also, when we place endpoints in the first level, we can allocate a fixed number to
each subvolume, ensuring balanced coverage of the global graph shape.

Figure 4.9 compares trees from the single-volume process to the subvolume process.
Enforcing distinct subvolumes has provided noticeably more irregularity in the global
shape, with greater complexity of branch distribution and higher diversity of silhouette;
further, the branches are visibly organized into clusters, which enhance the natural appear-

ance of the trees.

Figure 4.8: The process to refine the basic graph volume with spheres and cones.

4.4.2 Subgraph Creation

We require users to specify the graph shape for the first level, providing control over the
tree’s large-scale appearance. While subgraph shapes for subsequent levels can in principle
also be user-defined, in practice it is tedious to do so, so we compute the subgraph volumes
procedurally, as follows.

We use a cone-shaped subset of the sphere as our subgraph, where the cone’s tip is
placed at the endpoint in the previous level. First, we compute an orientation V, for the
subgraph by taking the normalized vector from the root of this subgraph to the root of
the previous subgraph. The volume is defined as all points whose vector from the root lie
within an angle o of the vector V. The volume is populated with nodes in the same way as

the initial graph, and the subgraph is also a Yao-8 graph. The purpose of computing v, and
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Figure 4.9: Top row: basic volume to build graph; middle row: tree models obtained
without a refinement of graph volumes.; lower row: tree models obtained with a refinement
of graph volumes.
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defining the subgraph volume in this way is to make the added least-cost paths naturally
attach to the previous branch based on its local orientations, allowing us to roughly control
how branches develop. In addition, edges that connect two nodes belonging to different
subgraphs are forbidden, in order to avoid subgraphs merging. For a controllable tree
construction process, we want to make branches spread out from their subgraph’s root by
restricting the paths inside their own subgraphs. Merging subgraphs may result in paths

that cross different subgraphs and attach to other subgraph’s root.

The crown shape is directly influenced by the initial graph shape and subgraph dimen-
sions. If we use the same shape for the crown part in the first level and subgraphs, the
parameter o will directly affect the resulting crown shape. Figure 4.10 shows the variations
of crown size with different o values for each row in four growth levels (from left to right):
smaller o values result in tightly crowded crown branches, and greater o values generate a

more widely spread-out shape.

Another parameter, branching factor b, decides how branches split globally. A branch
can split into more child branches with a larger b. To create our tree models, we use a
constant value of b, but if desired we can vary the value of b with levels. Figure 4.11
shows trees with different branching factor . When the number of endpoints increases, the
resulting tree has more branches. In our opinion, » = 6 produces an appealing tree whose

branches are dense but not overly crowded.

The size of the subgraph sphere decreases as we progress to higher levels: the parameter
a, where usually a < 1, is the ratio between the sizes of spheres at two successive iterations.
The purpose to use a < 1 is to make branches shorter when the tree expands outward with
the progressing of iterations. Figure 4.12 shows two trees obtained with same parameter
settings except a. The left tree, with a = 0.7, demonstrates an obvious hierarchical rela-
tionship in branch length. The branch segments closer to the trunk are long and those near
the tips are short. The tree in the right has a constant subgraph size (with a = 1) at each

level, leading to a more homogeneous appearance.

We create paths with long-term curvature (similar to willow branches, for example) us-
ing paths from successively rotated subgraphs. We have previously described the subgraph
orientation Vg, obtained by finding the vector from the subgraph root to the preceding root;

now, we apply a consistent transformation to V, at each level. When the transformation is a
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Figure 4.10: Different tree shape that vary with o. From left to right: trees in four growth
levels. Each column: trees with different o.
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Figure 4.11: Trees with dense or sparse branches in four growth levels (from left to right).
From top to bottom, b = 2,4,6.



Figure 4.12: Left: tree with a = 0.7; right: tree with a = 1.
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Figure 4.13: Curving branches from progressively rotating subgraphs.
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rotation about the horizontal, the overall branch curves upward or downward. Figure 4.13
shows structures obtained by the method, with four iterations applied. To create individual
long branches without bifurcation, every iteration has only one endpoint per subgraph.

Note that this particular procedural approach to subgraph shape is not the only possibil-
ity, although it is a convenient option that we rely heavily on in the work. Other possibilities
include the following: different subgraph shapes, e.g., spheres; or different mechanisms for
computing the orientation, e.g., using a fixed orientation to make branches constantly grow
toward a fixed direction.

The method in Figure 4.13 provides control over branch shapes by piecewise adjust-
ing local orientations of paths, but it still has limitations. First, we only make a branch
constantly curve upward or downward, but do not have a systematic control to create more
variations, such as a branch that has an S-shape. Second, because each branch is formed
by linking up individual paths in subgraphs, and the paths in each subgraph do not curve as
we want, the resulting branches do not curve in a natural way.

Despite the limitations, the method contributes an idea of controlling branch shapes:
we can vary a path’s local orientations along its length towards its tip through incremental
rotations. This idea is promising to create more variations of branch shapes if we could

design a sophisticated method to specify the rotations.

4.5 Results

Using MIG we can create tree models by controlling the global shape through graph con-
struction and adding fine-scale branches through iterations. Elements of the algorithm —
initial graph shape, subgraph dimensions, and endpoint placement — provide rich variations
of results. Some of the results are shown in this section, and some are shown in chapter 6.

Due to the involvement of random elements — particularly random placement of graph
nodes and endpoints — we can generate similar but distinct trees by keeping parameter set-
tings fixed. Figure 4.14 shows three variations on a base tree type. In each case, the initial
graph is composed of a cylinder and a hemisphere, but each tree has a slightly different
structure while keeping large-scale characteristics in common, such as the crown shape
and the branch distribution. Figure 4.15 shows more such trees in a forest.

By varying graph shapes and available parameters, we can create a wide variety of trees;
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Figure 4.14: Three trees of the same type.

Figure 4.15: A scene with a forest of trees.
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examples are shown in Figure 4.16. Each tree demonstrates a distinct global shape, from
graph volumes composed with different geometric shapes: tree (a) has a hemispherical
crown; tree (c) and (o) possess a spherical crown; tree (p) has a cone shaped crown; tree
(m) has a short and tilted trunk, and tree (o) has a straight and tall trunk. Distinct tree
architectures can be created using different number of endpoints in the first level: some
trees have a trunk e.g. tree (b), (d), (e), and (j); some trees have several primary branches,
e.g. tree (f) and (1); and some possess bushy structures with dense branches e.g. tree (h) and
(1). The orientation of subgraphs and endpoint placement affect the branch shapes and are
used to create appealing structures. Tree (g) has hanging branches from subgraphs oriented
downward. Tree (k) is intended to mimic a willow tree, created by rotating the subgraphs,
using the same method to create the structures in Figure 4.13. Tree (e), (n) and (p) have
a noticeable structure different from others: all have a central trunk attached with side
branches, and twigs are symmetrically distributed along the side branches. To create the
structure, we create the trunk first, and progressively create individual side branches as we
did for the willow branches. At the final level, we build subgraphs around endpoints from
all previous levels. Paths from each subgraph form the twigs. The parameter information

for the trees in Figure 4.16 is given in Table 4.1.

We can combine and mix parameter settings to create more trees as shown in Fig-
ure 4.17. Parameters of trees in each crossing are partly from the corresponding trees in the
left column and in the top row. For example, to create the tree in the second row and third
column, we first build the basic skeleton using the pine tree framework to get the first level
of structure, and in the following levels we use the parameter settings of the willow tree
to create long and curving branches. The resulting structure possesses characteristics from
both trees: the general shape from the pine tree, and the branch pattern from the willow

tree.

In Figure 4.18, our synthetic tree images are compared with photographs. Our trees
have similar structures to the photographed trees: similar tree crown shapes, a few thick
main branches, and a large volume filled with twigs yet with natural-seeming irregularities
and gaps. To create leaves in the second and fourth tree, we draw different sizes of poly-
gons; each is centered at an endpoint. To make the leaves look natural, we randomly rotate

polygons. To simulate pine needles in the left tree in the third row, we draw a few lines
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Tree Level i Graph Shape b Note
1 cylinder and portion of sphere with o= 0.257 12
a 2,3 o=0.3n 6
4 o=0.3n 12
b 1 cylinder and ellipsoid 35
2-4 a=0.4n 4
c 1 cylinder and portion of sphere with o= 0.4n 25
2-4 o=0.4n 6
1 cylinder and portion of sphere with o= 0.31 12
d 2,3 a=0.3n 3
4 o=0.3n 6
R ; 7 Z};h(;] (;esrnand cone ?2 Rotate v, in levels 2-7 downwards with 0.3w. At final
. ’ level, build subgraphs around all previous endpoints.
8 o=0.25n 8
N 1,2 portion of sphere with o= 0.31 6
3 o= 0.4n 30
; 3 ];irgosr;of sphere with 0= 0.5z 41‘0 v, of level 2 are oriented in the negative vertical
g 4’ o 0'37[ 6 direction.
1 portion of sphere with o= 0.31 42
h 2,3 a=0.3n 3
4 o= 0.3 4
1 cone 16
i 2 a=0.25m 1 Rotate v, of level 2 upwards with 0.037
3 cone 10
1 cylinder and portion of sphere with o= 0.257 10
] 2 o=0.25n 5
3 a=0.25n 10
1 cylinder and portion of sphere with o= 0.51 30
k 2,5 o=0.25% 2 Rotate Vg of level 2-8 downwards with 0.127
3-8 o=0.25n 1
1 cylinder and portion of sphere with o= 7 2
1 2 a=0.4n 10
3.4 a=0.4n 6
1 tilted cylinder and hemisphere 8
m 2 o=0.51 6
3 o=0.51 12
1 cone 40 - . .
N 2.4 a=0.251 1 Rotate v, in levels 2-4 upwards with 0.057. At final
5 o 0'2 St 3 level, build subgraphs around all previous endpoints.
o 1 cylinder and portion of sphere with o= 0.7n 11
2,3 a=0.45n 6
1 cylinder and cone 16
p 2,3 cone 8

Table 4.1: Parameters for the models in Figure 4.16



Figure 4.17: Hybrid trees obtained by existing tree models
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Figure 4.18: Left: our tree model; right: real photograph from Flickr.
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starting from each endpoint; each line is about 5 pixels long and deviates from the upper
vector at random angles. Overall, it is difficult to distinguish between the real and synthetic
trees from these images, and we judge that our method is quite effective.

In addition to the wide variety of trees shown, our algorithm can be used to model the
root system. Figure 4.19 shows two trees with different shapes of root systems; the roots
were created in a graph bounded by a hemisphere. The taproot is a path from one single
endpoint to the root point. The lateral roots of both trees are obtained by placing endpoints

randomly around the taproots.

Figure 4.19: Two trees with different root systems

4.6 Summary

In this chapter, we introduced the method with iterated graphs (MIG) for realistic tree
modeling. We demonstrated that MIG is capable of producing some elaborate and realistic
trees. Wide variations are possible, producing many different shapes of trees. Since the
algorithm involves random placement of graph nodes and endpoints, many different but
similar models can be constructed from the same parameter settings. We provide large-

scale control through specifying graph shape. Optionally, the finer structure can be guided
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by specifying graph shapes to use in later iterations; we provide defaults which provide
generically appealing results.

Although MIG offers certain benefits, the lack of effective and systematic control over
branch shapes is still a problem. In the next chapter we will introduce the design of MGV

and show how it deals with this problem.

The work in this chapter has been published as follows:

— L. Xu and D. Mould. Synthetic tree models from iterated discrete graphs. In Pro-
ceedings of Graphics Interface, pages 149-156, 2012

— L. Xu and D. Mould. A procedural method for irregular tree models. Computers and
Graphics, 36(8):1036-1047, Dec. 2012



Chapter 5

Realistic Tree Modeling with Guiding Vectors

5.1 Introduction

In MGV, we propose guiding vectors. Each graph node has an associated guiding vector;
the weight of each edge will be set such that travelling in the direction of the vector is
inexpensive, while travelling perpendicular to the vector or in the opposite direction is
extremely costly. Thus, least-cost paths will follow the vectors, allowing us to specify the
medium-scale flow of the branches while retaining the advantages of single-source shortest
paths, such as guarantees of no loops or self-intersections. MGV can effectively control
intermediate-scale tree architectures and create high-quality tree models resembling a wide

variety of real-world tree species.

5.2 Algorithm Design

Compared with MIG, MGV emphasizes the setting of edge weights. A tree’s global shape
is controlled partly by placing endpoints in a user-specified volume and partly by specifying
guiding vectors. Its intermediate-scale architecture is controlled by guiding vectors. The
process to create a hierarchical tree structure includes the following steps.

First, we create a unified graph, for systematic control of branch shapes and the unity
of resulting tree shape. The graph is a Yao-8 graph, where each node has directed edges,
pointing from the node to its nearest neighbor in each sector.

Second, we merge the guiding vector creation and the path creation processes when
applying Dijkstra’s algorithm. We compute edge weights under lazy evaluation: a node’s
guiding vector is set when it is visited, as a rotation from its parent node’s vector, and
undefined edge weights are assigned based on the angle between the edge vector and the
guiding vector. Edges are cheapest along the guiding vector direction.

Third, as before, we select endpoints in the graph and determine the least-cost paths
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from the source to these endpoints. Because of the effect from guiding vectors, the least-

cost paths form our desired curving shapes.

Finally, we set the nodes in the obtained paths as the new source, and repeat the second
and third steps for a number of iterations. Each iteration augments the previous tree by
adding new branches.

In the following, we introduce more details of the above steps. We emphasize the
second step — setting guiding vectors and edge weights, a design that is distinct from BCM
and MIG.

5.2.1 Graph initialization

We create a unified Yao-8 graph, where graph nodes are placed in a 2D square or 3D cube
according to the Poisson disc distribution. Each node has an associated data structure to
store needed per-node information: its ID; distance from the source; ID of parent node;
guiding vector; and outgoing edges. The root node has distance zero, and has a vertical
guiding vector. As before, we place the root at the bottom centre of the graph. All other
nodes have distance infinity and undefined guiding vectors; their vectors will be set in the

next step.

5.2.2 Guiding vector and edge weight definition

In our method, lazy evaluation of guiding vectors and outgoing edge costs is done in con-
cert with the path planning using Dijkstra’s algorithm; the event of finalizing a node’s
cost also fixes its guiding vector: the guiding vector is determined by rotating its parent’s
guiding vector. The individual branch shapes thus follow a well-defined trajectory while
maintaining an overall organization of the global tree structure. Typically, the rotation axis
is the cross product of the up vector and the parent’s guiding vector; the rotation angle is
determined algorithmically, using specific rules or user-assigned parameters. A constant
rotation angle causes branches to curve upwards or downwards in a predictable trajectory.
Other strategies are possible, as detailed in section 5.3.1.

Once the newly opened node has a guiding vector, the weights of outgoing edges are
set. The weight of an edge E is dg(1 — ég - Vg), where d is the length of the edge, ég is

a unit vector along the edge, and Vg is the guiding vector. Note that both € and V are unit
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vectors. The weight has a minimum when the directions coincide and a maximum when
the directions are opposite. Other functions are of course possible, but we have found this
equation to be effective. Variations arise from altering the endpoint placement and the rules
governing the guiding vectors.

In the absence of obstacles, shortest-path calculations tend to produce paths heading
approximately along a straight line linking the origin and destination. Our use of guiding
vectors, however, can produce natural-seeming curving paths. Figure 5.1 shows a compar-
ison with and without guiding vectors. The crooked path on the left follows the shortest
path through the graph. On the right, the guiding vectors push the shortest path upwards at
first; only gradually does the path change course. Notice that the path is not a streamline
through the vector field: it is still computed according to the shortest-path algorithm, just

with edge weights that have been set according to guiding vector directions.

Figure 5.1: Left: a path from graph without guiding vectors; right: a path from graph with
guiding vectors.

5.2.3 Branch construction

We extend the tree with a new set of branches. A subset of graph nodes is selected as
endpoints; the least-cost paths from the source to these points will be new branches aug-
menting the emerging tree. We randomly choose the endpoints for the first level in our
hierarchy from a user-specified volume, as we did in MIG. For later levels, a strategy that
is aware of the current tree shape is called for; we suggest choosing endpoints from among
the nodes that are k& hops from the source in the previous iteration, thus causing the tree to

extend outward. More details appear in section 5.3.3.
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5.2.4 Hierarchical structure

To complete the tree, we repeatedly create new paths for typically 4 or 5 iterations in total.
In each iteration, nodes that are not part of the structure are reinitialized to have unknown
cost and unknown guiding vectors; edge weights also become undefined. Then, the current
tree is set to be the source; optionally, the guiding vectors for the source nodes are changed;
and the shortest-paths algorithm is used to propagate guiding vectors and costs into the
remainder of the graph. A new set of endpoints is selected, the paths from the source to
these endpoints recorded, and these paths are added to the source, whereupon the process
repeats again.

We illustrate the iterative tree construction in 2D in Figure 5.2 and in 3D in Figure 5.3.
The background of Figure 5.2 shows the guiding vector directions; the coherence arising

from the vector propagation method is apparent.

Figure 5.2: Iterative shortest paths and guiding vector assignment. Left: first iteration;
right: second iteration.

As before, we use cylinders to represent edges in the resulting paths, creating a 3D tree
model. Least-cost paths do not intersect. However, in principle the branches may intersect,
since they have some thickness; sufficiently thick cylinders will indeed intersect. Of course,
intersections at junctions (Y-shape) are unavoidable, but junctions do not represent a visual
defect. In practice, we do not have branch intersections that lead to a wrong-looking tree,
due to the following factors that oppose branch intersections in our algorithm.

First of all, branches are generally long and thin. The thickest part of the tree is the
base of the trunk. Since the tree is spreading out, there are no branches in this region

to produce intersections. In the outer part of the crown, where there are many branches
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Figure 5.3: Four iterations of tree construction.

in different directions, each branch is quite thin, approximating a line. Very thin branches
will not intersect. The structure of the graph also helps to prevent branch intersections. The
Poisson disc node spacing guarantees a minimum distance between endpoints, in practice
greater than the branch diameter. When the edges are well separated, the cylinders will
not intersect. Intuitively, the Yao-8 graph with dense Poisson disc nodes should not allow

non-adjacent edges to approach nearer than the endpoints; we have no proof of this, though.

In addition to the above factors, we have some empirical support for the claim that
intersections will not occur: we have created more than 200 models, but did not observe
any intersections. With parameter settings similar to ours, we do not anticipate branch
intersections in the future. We cannot guarantee lack of intersections, though; trivially, a

huge branch diameter relative to the node spacing will produce intersections.
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5.3 Elements of the Algorithm

5.3.1 Guiding vector transformation

The guiding vector for a newly opened node is an incremental rotation of its parent’s: the
vector is rotated by an angle o about an axis perpendicular to both the up direction and the
traversed edge. An example with o0 = 4° is shown in Figure 5.4, upper left. With constant
rotation angle o, we are limited in the types of tree we can create.

Making o a function of distance along the branch gives us more flexibility. Even a
piecewise constant function can produce worthwhile results. Discretizing distance into the
count of edges traversed (number of hops, /), we can write

o, ifh < hg;
a(h) = (5.1)

o, otherwise.
By varying the angles o and o, and the switchover point /4, we can obtain different
types of trees. Figure 5.4 (upper right) shows an example with o; = 6, a; = —6?, and
ho = 20; the branches bend outwards and downwards for some distance, then begin to bend

upwards. Unless otherwise stated, we use Equation 5.1 for all remaining trees.

Figure 5.4: Left: constant rotation angle; right: rotation angle reverses after some distance.
Above: first iteration; below: after four iterations.
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The rotation parameters can be changed for later iterations; an example is shown in
the lower row of Figure 5.4. The upper row shows the initial tree structure, and for both
trees, later iterations use ot = 30°, ap = 0 and hg = 1 . A large o produces a noticeable
fork between a branch and its children, while oy = O ensures that the child branches are
generally straight.

Some additional variations on the rotation settings are shown in Figure 5.5. These
examples differ solely on the rotation policy in the second iteration; the first iteration is
used only to create a trunk (so o = 0) and the later iterations produce straight branches
(ot =30° 0y =0and hg = 1).

The partial trees after the second iteration are shown in the top row of Figure 5.5. Tree
(a) has a = 10°, producing branches that strongly curve downward. With a smaller value
of o, say 4°, we can create branches that slightly curve downward, as in the oak tree model
shown in Figure 6.3. Tree (b) uses a; = 60°, o = 0 and hy = 1: its branches emerge at
a fixed upwards angle from the trunk and are fairly straight. Tree (c) uses ot = R, 0t =0
and hg = 1, where R denotes a random angle between 30 and 120 degrees; i.e., each node
on the trunk has a different random direction. The branches point in different directions,

but are fairly straight. Finally, tree (d) uses oy = 159, oo = —5¢ and hy = 5.

Figure 5.5: Trees generated using different rotation settings. Above: results after two
iterations; below: results after five iterations.
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Figure 5.6: Left: the structure after one iteration; right: after four iterations.

Guiding vectors can also be set using a rule that incorporates global information. For

example, we might set the rotation angle based on the angle to the central axis:

oa=0x+/p/m (5.2)

where [ is the angle, in radians, between the node’s position vector and the up vector, with
the root at the origin; 0 is the parameter controlling the amount of rotation. In Equation 5.2,
we used the square root: dividing by 7 ensures that the argument ranges from 0 to 1, and
the square root then changes most quickly when close to the central axis, with more slowly
changing angles when further away. A result obtained with 6 = 25 is shown in Figure 5.6,
resembling an elm tree. Note that Equation 5.2 is used only for the first iteration; later
iterations use oy = 30%, op =0 and hg = 1.

Instead of using incremental rotations to get guiding vectors, we can set vector fields
directly. Existing tools for vector field construction can be deployed, such as field primi-
tives [83]. The advantage is that the vector field can be directly manipulated. The disad-
vantage is that it may be difficult to produce the highly divergent fields that yield natural-
looking trees. We have found it more straightforward to produce believable trees using
incremental transformations. Nonetheless, direct generation of fields of guiding vectors is
a possibility.

We directly generated the vector field to produce the trees in Figure 5.7: for examples

(a), (b), and (c), we use a helical field, a rotational field about the z-axis, and a field tracing



69

upwards along spherical surfaces, respectively. The branches approximately follow the
field directions. Note, however, that the branches are not streamlines; the guiding vectors
alter edge weights, but the edges do not conform to vector field directions, and branches
can deviate from field directions whenever doing so produces a shorter path. Accordingly,
singularities in the vector field are not as grave a concern as they would be for streamline-

based tree structures.

Figure 5.7: Tree models from global guiding vector fields.

5.3.2 Early endpoint placement

Typical trees have a central trunk and a collection of primary branches from which sec-
ondary, tertiary, and smaller branches spring. In MIG, the skeleton of a typical tree can
be created in the first iteration: branches/paths from the root are restricted in a radius-
controllable cylinder when growing upward to reach the endpoints in the crown volume.
A narrow cylinder contains few nodes and edges. Paths have a big chance to take same
edges in order to pass through the narrow tunnel and reach the endpoints, merging into a
single trunk. On the contrary, in a wide cylinder, the paths have small chances to merge:
they tend to spread out and go directly towards the endpoints when different edge direc-
tions are available, leading to a shrub-like structure. In MGV, we use a bounding volume
for endpoint placement. The tree architecture is decided by guiding vectors and not by the
bounding volume. This aspect is different from MIG. More details appear below.

Because each endpoint creates a separate path, to create shrub-like trees, we use more
endpoints in the first iteration. The overall tree shapes are influenced by the bounding
volume for endpoint placement. Figure 5.8 shows examples: all three trees use the same

parameters, but their first-generation endpoints are placed within different volumes. We
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have found half-ellipsoids to be useful shapes, both because they approximate some com-
monly seen trees and because they offer a convenient parameterization. To create a typical
tree, we dedicate the first iteration to the trunk by using a single endpoint to create a cen-
tral trunk. Endpoint placement in the second iteration then becomes critical in defining
the overall shape of the tree; we choose endpoints randomly in a Poisson disc distribution
within a bounding volume approximating the tree crown. Later iterations will fill out the
tree from this basic shape. Figure 5.9 shows two examples; the first iteration places the
trunk, the second defines a crown shape with an ellipsoid, and later iterations add further
definition to the tree shape. Note that in both above two figures, paths are not restricted to

stay inside the bounding volume.

Figure 5.8: Tree models from different bounding volumes.

5.3.3 Late endpoint placement

While the earliest endpoints govern the general tree shape, endpoint placement in later
iterations determines the further development of the tree. We must strike a balance between
preserving the initial shape and fleshing out the preliminary structure of the early iterations.

We place later generations of endpoints on a surface extrapolated from the tree so far.
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Figure 5.9: Trees with trunks: bounding volumes control endpoint placement in the second
iteration.

The surface is defined by the set of nodes exactly k hops from the existing tree, for some
parameter k. We use the heuristic that trees grow outwards from the root, and hence order
the surface nodes by the number of edges from the root; we then take the subset of the
surface consisting of its outermost fraction, for some proportion . Endpoints are selected

from among the nodes on this surface subset.

By using hop count rather than Euclidean distance, we exploit the irregular graph struc-
ture to obtain an irregular surface shape. The exclusion zone for the initial inflated tree
approximates a hemisphere but has some variation, as illustrated in Figure 5.10. In this
figure, the inflated tree appears on the left; the exclusion zone and the remaining surface
are shown on the right. Endpoints for the next iteration are chosen from the portion of the
surface lying outside the exclusion zone. Further variation is also possible, for example by
using graph distance with random weights rather than strictly counting edges. We opted to

parameterize the size of the exclusion zone as a proportion of nodes, making it scale-free.

Figure 5.11 shows trees created with different exclusion zone sizes. With ¢ = 0.3,

endpoints are concentrated in the outer regions. At t = 0.6, more of the tree shape is



72

available for endpoint placement; we consider this to strike a good balance and have used
it for most of our examples. At ¢ = 1 there is no exclusion zone — all nodes on the initial

surface are potential endpoints — and the entire tree is covered with small twigs.

: the exclusion zone.

Figure 5.11: From left to right: t =0.3,7 = 0.6, = 1.

Additional policies can augment the above method to synthesize particular tree shapes.
One possibility is to allow only endpoints that are lower than their source nodes; the result-

ing branches appear to hang down, as in an example shown in Figure 5.12.

5.3.4 Endpoint density

Our synthetic trees can be made more sparse or full by adjusting the density of endpoints.
Figure 5.13 shows three trees; from left to right, the trees have approximately 1000, 2000
and 4000 endpoints. Since there is a one-to-one correspondence between endpoints and
branches, the models with more endpoints are more filled out. Figure 5.14 shows a tum-
bleweed model with highly dense strands of branches created using the same method for

Figure 5.7(c) with 35,000 endpoints, which we had not seen created by other methods.
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Figure 5.12: A tree with branches growing downward. Left: result from two iterations;
right: five iterations.
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Figure 5.13: Tree models with approximately 1000, 2000, and 4000 endpoints from left to
right.

Figure 5.14: A tumbleweed model viewed from two different angles.
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5.4 Summary

In this chapter, we presented MGV, a design of the path planning modeling system. MGV
emphasizes the module of setting edge weights. In MGV, guiding vectors are used to set
edge weights, thus inducing least-cost paths in the graph to conform to the guiding vector
field. By specifying guiding vectors we can systematically control the intermediate-scale
architecture of trees. Compared with BCM and MIG, MGV can create more realistic tree

models.

The work in this chapter has been published as follows:

— L. Xu and D. Mould. Procedural tree modeling with guiding vectors. Computer

Graphics Forum, 34(7), 2015



Chapter 6

Results and Discussion

In this chapter we show more results from MIG and MGV with emphasis on MGV. First
we show some MGV tree models and compare them with real tree structures. Second we
explore the parameter space of MGV and show the resulting models. Third we compare
MGV trees, MIG trees, and trees from selected previous methods. In addition to these re-
sults, we will discuss timing and construction data for selected models, the factors involved

in the creation of new trees, and the strengths and limitations of MIG and MGV.

6.1 Methodology of evaluation

We evaluate our results using the idea of authorial subjective evaluation (ASE) proposed
by Mould [38]. ASE is an evaluation scheme for non-photorealistic images, in which
researchers list specific goals and visually inspect resulting images by identifying the ob-

jective characteristics. It is applicable when the following three considerations are met.

1. “When the overall goal is to reproduce a distinct style for which examples are avail-

able...”
2. “When there is no relevant objective function...”

3. “When the goal is to make images that interest an audience...”

ASE is proposed for non-photorealistic rendering (NPR) research. NPR creates images
“made to resemble artistic images within a known historical style or made using traditional
media”, “with artistic or aesthetic intent but lacking a pragmatic purpose” [38]. ASE is
used to evaluate artistic images, not realistic tree models. However, we can borrow the idea

of ASE for our evaluation, due to the following similar considerations used in our work.
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As for the first consideration, the overall goal of our work is to create realistic models.
Examples of real trees are available. We can visually compare our results with real tree

examples for evaluation.

As for the second consideration, we do not have an objective function and it is also not
feasible to make an objective function for tree modeling. This problem has been discussed
by Prusinkiewicz [72] who has worked on the modeling of plant forms for more than 30
years. He pointed out the potential problems of using an objective function — “An easily
measurable characteristic may turn out to be irrelevant; on the other hand, a feature that
eludes precise definition or measurement may be of central importance”. In his work, he
suggested using visual inspection for evaluating tree models: “Lacking a formal measure
of what makes two patterns or forms (such as trees) look alike, we rely on visual inspection
while comparing the models with the reality” [58]. The same concern is also stated by
Runions [66]. Visual inspection, an effective but simple method, has been used for evaluat-
ing tree modeling since the earliest synthetic trees in the 1980s. Unfortunately, there is no
objective function for evaluating tree models. Although some researchers proposed precise
measurements [15,73] where a distance measure incorporates shape, geometry, and struc-
ture, these measurements are used to inspect the difference/similarity between two trees,

not for evaluating the quality of a tree model. They are not applicable to our work.

Mould’s third criterion is that the images must contain some inherent interest for an
audience: they should be appealing on their own, not for any pragmatic purpose. Computer
graphics usually has entertainment-related applications, and our tree modeling is no excep-
tion; intended applications include films and computer games, in which synthetic trees will
serve as an element of the virtual environment. In such cases, the audience will admire
and appreciate the trees rather than analyzing them, just as an audience for artistic images
admires the images. We do not suggest that our trees are art. Nonetheless, for some applica-
tions we are interested in their overall visual impact on the audience, and hence evaluating

tree quality using ASE is appropriate.

In our evaluation method, we compile a list of tree characteristics based on real tree
structures and visually inspect whether the desired tree properties are acquired or not, by
showing a range of results with discussions on the objective characteristics. Our evaluation

method depends heavily on visual inspection; the use of the philosophy from ASE makes
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visual inspection more substantial: we can look for specific characteristics in the results to

decide whether we captured the desired important tree features.

6.2 Results

6.2.1 Examples of trees

In the following we show models of elm, oak, and spruce trees. They are familiar and
iconic trees. In our images, the elm and the oak have some similar characteristics: a wide
crown, a short trunk, and a few primary branches. Their intermediate-scale architectures
are different. The elm tree has recognizable curving branches, while the oak tree has wide-
spreading gnarled branches. The spruce has a distinct global shape and intermediate-scale
architecture: it is generally cone-like, and has a tall central trunk and side branches along
the trunk. We use the elm model, the oak model, and the spruce model to show the strength
of MGV in controlling the global shape and the intermediate-scale architecture of trees.

We want to find lists of key properties that can describe appearances of these trees. We
will try to evaluate our synthetic trees based on whether they possess the characteristics in
the lists. We examined professional references about trees, and Natural Resources Canada
(NRC) [45—47] and Weeks et al. [82] give textual descriptions of elm, oak, and spruce
trees. Their descriptions are for tree identifications, and we believe they capture important
features of trees. Although they also give details about other factors such as leaves and
flowers, we are only concerned about those related to tree structures.

NRC describes a tree structure with respect to the crown shape, the branch shapes, and
how the trunk splits. An elm tree has a trunk that “divides into a few large, upright limbs
and many outwardly fanning branches” [45], and a crown that is “graceful, spreading, vase-
or umbrella-shaped” [45]. Oak trees have different trunk and crown features: the trunk is
“often branch-free for two-thirds of its height” and “distinct well into the crown” [46], and
the crown is “composed of large branches” and “many wide-spreading gnarled and twisted
side branches” [46]. A spruce tree is distinct for its “broadly conical” global shape. The
branch shapes are “bushy, generally horizontal, sometimes sloping downward in the lower
part of the crown” [47] and the branch tips are “gradually upturned”.

Another source of information is the book Native Trees of the Midwest: Identification,
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Wildlife Values, & Landscaping Use by Weeks et al. [82]. Weeks et al. also consider global
shape and branch shape important factors that make a tree distinct. In their description,
elm trees are “scattered and easily recognized from a distance by their tall, clear trunks,
open, spreading crowns, and graceful, drooping limbs that form a vase shape”; oak trees
have “short trunks with broad, rounded crowns”; spruce trees have “a form that resembles
a cone with gaps between the large limbs”.

We summarized NRC and Weeks et al.’s descriptions into the key points shown in the
bulleted lists in the following comparisons between our models and real trees. We use these
points to evaluate the specific tree types that we modeled. Next, we discuss our elm, oak,

and spruce models, in that order.

Figure 6.1: Left: a real elm; right: our elm model. The photo comes from Flickr.

We compare our elm model with a real elm in Figure 6.1. We are interested in the
following aspects in the real elm.

e an overall vase-like shape

e a straight trunk that splits into a few strong and long primary branches

e primary branches that are initially close to each other and later widely spread out

Our tree possesses a hemispherical crown supported by multiple thick primary branches
developed from a short trunk. In our model, the primary branches further from the central
axis are less straight than those in the center. They grow upward initially then gradually
fan out, and slightly bend upward at a distance of about 2/3 of their lengths to the root.
The curving branches and the overall vase-like shape of our model look similar to the real

tree. Of course, our model is not perfect. Its branches are little wavier than real branches,
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because the paths follow the irregular graph. Despite of this kind of small-scale differences,
we judge our model generally resembles the real elm.

Figure 6.2 shows the comparison of the same tree geometry rendered in two different
ways. We render the left tree by setting the radii of branch segments according to their
distances to the root (as described in section 4.3). We render the right model using the pipe
model [67]. From our observation, in the left tree the tapering of primary branches is more
noticeable, resembling that of the real elm in Figure 6.1. The right tree has a short thick

trunk more distinct than that of the left tree; this aspect is more similar to the real elm.

Figure 6.2: Left: our elm model rendered using the method in section 4.3; right: our elm
model rendered using the pipe model [67].

Figure 6.3: Left: a real oak tree; right: our oak tree model. The photo comes from Flickr.

A comparison of our model with a real oak tree is shown in Figure 6.3. We are interested

in the following aspects in the left real oak tree.
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e a wide crown and a short thick trunk

e multiple primary branches originating from the same place on the trunk

e wide-spreading gnarled branch shapes

Our model has a wide crown in a half-ellipsoid shape that takes the top 2/3. A short
straight trunk that supports the crown tapers gradually and finally splits into some primary
branches at about 1/4 up the height. Branches are gnarled and twisted, filling the crown.

From our visual inspection, our model looks very similar to the left oak tree.

Figure 6.4: Left: a real spruce tree; middle: a cluster of spruce branches; right: our spruce
tree model. The photos come from Flickr.

In Figure 6.4, we show our model compared with a real spruce. We are interested in the
following characteristics.

e a conical crown that gradually tapers to the top

e clusters of branches and big gaps in between

e branch tips gradually upturned
Although spruce trees have distinct twig patterns where most twigs attach to parent branches
in a symmetric way, as shown in the middle example, we do not create this level of detail.

Our model has a conical crown supported by a tall and straight trunk. Large primary
branches attach to the trunk and grow upward. Small branches attach to each primary
branch, forming clusters. There are gaps between branch clusters, such as those close to
the trunk, but the drawback is that the shapes of clusters and gaps do not have regular
patterns as in the real spruce. In our model, child branches grow around the parent branch,

not on a fan-like surface as real branches do. Although in our judgement the global shape
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and the architecture of our model resemble the real tree, our method is not successful in
modeling other features in a real spruce tree.

In addition to the above tree models, we would like to show our tumbleweed model.
Tumbleweed has dense branches, making it difficult for particle tracing methods because
of the possible crossing of resulting branches. It is also a challenge for data-driven methods
due to the occlusion of dense branches. Our tumbleweed model shows the benefit of using

least-cost paths in a unified graph: the dense branches do not cross.

Figure 6.5: Left: a real tumbleweed; right: our tumbleweed model. The photo comes from
Flickr.

Figure 6.5 compares our tumbleweed model with a photo of real tumbleweed. We are
interested in the following aspects of the real tumbleweed.

e a spherical global shape

e dense strands of branches

e cach strand of branches curving toward the central axis

Our model has a spherical shape filled with dense strands of branches. Each strand of
branches is hierarchical, composed of a long branch attached with short twigs. Branches
curve toward the central axis. We judge the overall structure also demonstrates heterogene-
ity similar to the left structure: some strands are short such as those in the lower part; some
are long, originating from the root and extending to the top.

In the above examples, we show the ability of MGV to create some example trees.
We expect to create a wide range of trees by varying parameters. Next we will show the
robustness of MGV to create trees that have similar structures and trees that have distinct

global shapes and intermediate-architectures.
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6.2.2 Robustness of MGV

The elements of our tree modeling algorithm — graph shape, placement of graph nodes and
endpoints, and settings of guiding vectors — provide a wide range of results. We can create

a series of similar trees with fixed parameters, or different trees by varying parameters.

Figure 6.6: A series of similar trees generated with fixed parameter settings but different
random choices.

Fixed parameters

We begin with a set of trees from fixed parameter settings. The random placement of graph
nodes and endpoints means that similar but distinct trees can be generated by rerunning the
algorithm with the same parameters. We used the parameters for Figure 5.5 (c) to make
additional ash trees, shown in Figure 6.6. The trees are recognizably similar: all tree crowns
have approximately same dimensions; each tree has a rounded top, a straight central trunk,
and many side branches; all have a similar density of branches, clusters of branches, and

natural gaps in between. An observer could identify them as belonging to the same virtual
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species. The sequence demonstrates the robustness of our method; we display the first six

results we generated, none of which could be deemed a failure case in our judgement.

Variation of parameters

The parameter space for our method is smooth. Intermediate settings produce intermediate
trees, i.e., a small change of the parameter settings will not lead to a large difference. We
can smoothly vary the parameter settings to create a series of trees. Figure 6.7 shows trees
obtained by varying bounding volumes and guiding vector rotations. These trees were
created with half-ellipsoids as bounding volumes. From left column to right column, the
half-ellipsoid bounding volumes have aspect ratios of 1.5, 0.9, 0.5, and 0.3. From top row
to bottom row, 0 takes on values of 147, 20°, 26°, and 32 to set rotation angle o of guiding
vectors. The distributions of twigs and the branch densities are similar among all trees, but
the overall shapes differ; there is a clear and smooth progression from one to the next.

Varying the parameters more widely can create more trees, some of which are shown
in Figure 6.8. The trees have distinct global shapes and intermediate-scale architectures.
Some trees have a wide crown such as tree (m); some trees are slim and tall such as tree
(n). Some have a central trunk such as tree (e), and some are shrub-like such as tree (f).
Branch shapes also vary: such as branches of tree (j) that curve upward, and branches of
tree (c) that are horizontal. Each tree in the figure has an interesting structure, showing the
versatility of MGV. Details of the parameter settings are shown in Table 6.1.

Figure 6.9 shows a detailed view of a shrub-like tree. The model has a few endpoints
in the first iteration for the primary branches. We select endpoints higher than their source
node to create the branches growing upward. The tree has a desirable combination of detail

and plausibility.

6.2.3 Comparisons to trees from other methods

Next we compare our tree models with previous tree synthesis algorithms: Neubert et al.’s
data-driven method [48], self-organizing method [52], and BCM [87,88]. We pick Neubert
et al.’s method and the self-organizing method because of their appealing results. We also
compare trees from MIG, MGV and BCM, which share the idea of using least-cost paths,
to show the strengths of MGV.



Figure 6.7: A series of trees with different crowns and branch shapes.
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Figure 6.8: A variety of different types of trees.
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Figure 6.9: A shrub-like tree.
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Tree Iteration i Parameter Settings
1 o=2
(a) and (b) 2-4 ay =30, a, =0, hy =1
2 a; =90 in (c) or 60 in (h), a, =0, hy =1
©@and(® 3 o1 =30, @, =0, hy =1
(d), (f) and (2) 1 o :,6 in (d) f)r 0 1E(f) and (g); in tree (f) endpoints are higher than their source point.
2-4 o —30, (053 —0, ho =1
(¢) and (i) 2 a; =180%(1- N.y/H), a, =0, hy =1, where H is the tree’s height, N.y is node N’s height
3, 4 o :30, (05} :0, ho =1
0] 2 a; =40, 0 =0, hy =1
2 o =40 in (k), or 60 in (p) and (t), a, =0, hy =1
(. @and® 3, o =30, 0> =0, hy =1
) 2 a; =30, o, = -10, hy =3 for the upper portion; o =8 for the lower portion
3, 4 o :30, (05,3 :0, ho =1
1 o =4, the source is at the bottom left of graph
(m) 2 o :50, (05 :0, ho =1
3,4 o, =30, 0, =0, hy =1
(n) 2 a; =20, 0, =-5, hy =2
3, 4 oy :30, 053 :0, ho =1
(0) 2 0 =20
3, 4 oy :30, (053 :0, ho =1
@ 2 o, =40, o, =0, hy =1; endpoints are selected in two half-ellipsoids.
1 3,4 ay =30, a, =0, hy =1
) 1 Using the vector field in Figure 5.7 (b)
. 2-4 a =30, ay =0, hy =1
(s) 1-4 same to Figure 6.5, but with a wider bounding volume

Table 6.1: Parameters for the models in Figure 6.8
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Figure 6.10: Left: a tree from MIG; middle: a tree from MGV, right: a tree created by
Neubert et al. [48].

Figure 6.10 compares a tree from MIG, a tree from MGV, and a tree from Neubert et
al.’s image-based particle tracing method [48]. We used the right tree as a visual reference
to create the MIG tree and the MGV tree.

We first compare the MIG tree and the MGV tree. Although both trees possess realistic
hierarchical structures, the MGV tree has a more complicated structure with more subtle
features of twigs and gaps than the MIG tree. The MIG tree has more visible clusters of
branches due to the paths concentrated in subgraphs, leading to a less natural appearance.
In addition, side branches of the MIG tree all point upward, having less diversity in branch
orientations than the MGV tree. The MIG tree does not have branches pointing downwards,
which exist in the MGV tree.

We compare Neubert et al.’s tree and the MGV tree. Neubert et al.’s tree is highly
realistic, corresponding closely to the photograph on which it is based. The MGV tree has
a straight central trunk supporting a crown. The height of the trunk and the dimensions of
the crown in both trees are similar. They also have similar intermediate-scale architectures:
in both trees, side branches attach to the trunk and point to different orientations; upper
branches point upward and lower branches are more horizontal. In our judgement, the
visual quality of the MGV tree is comparable to Neubert et al.’s tree, but our algorithm did
not actually require any image data.

Figure 6.11 shows a model from MIG, a model from MGV, and Palubicki et al.’s self-
organizing tree [52]. All three trees look similar, due to the use of the right tree as a

reference to create the other two trees.
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Figure 6.11: Left: a tree from MIG; middle: a tree from MGV, right: a self-organizing tree
model [52].

The overall shape of the MIG tree is similar to that of the MGV tree, but the MIG tree
has more visible clusters of branches, showing a stronger hierarchy than the MGV tree.
Although both the MIG tree and the MGV tree have irregular outer contours, the MGV tree
has a higher resolution and denser branches, possessing more small-scale features of twigs

and irregular gaps in between.

Both the MGV tree and the self-organizing tree have a short trunk, a hemispherical
crown, and outwardly fanning branches. The central hierarchy of the two trees is not strong.
A drawback of the MGV tree is the visible crookedness of the branches as they follow the
irregular graph. The progression of branches is not as natural as in the self-organizing tree.
In addition, the twigs in the outer contour of the MGV tree are not detailed as in the self-
organizing tree. In our judgement, despite these small-scale differences, the overall effect

of the MGV tree is comparable to the self-organizing tree.

In Figure 6.12 we compare the results from BCM [87, 88], MIG and MGV. All three

trees are elm models.

The left model from BCM has a simple tree skeleton. The primary branches grow
straightly upward and do not curve as much as real elm branches do. The MIG tree con-
tains different scales of branches — several thick primary branches, a few drooping slimmer
branches, and many twigs in the outer contour of the crown far from the root. We judge the

MIG tree is more realistic than the BCM tree.

The crown of the MIG tree is filled with branches extending out, due to the use of

cone-like subgraphs, but the overall flow of branches is not as smooth as that in the MGV
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tree. In our opinion, the MGV tree has a better depiction of branch shapes than the MIG
tree: it has long and disjoint primary branches that spread out and slightly curve upward,
resembling real elm branches. In addition, the MGV tree has denser branches and more

detailed features than the MIG tree, making it more realistic and appealing.

Figure 6.12: Left: an elm model from BCM [87, 88]; middle: a model from MIG; right: a
model from MGV.

Figure 6.13: Left: an oak tree from MIG; right: an oak tree from MGV.

We compare oak tree models from MIG and MGV in Figure 6.13. From our visual
inspection, both trees have similar global shape: a half ellipsoid crown supported by a
short and straight trunk. Each has a hierarchical structure with different scales of branches,
similar to the real oak in Figure 6.3. The MGV tree has a more pleasing unity of shape,

believable sweep of branches, and overall a cleaner and more attractive appearance.
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In the above comparisons, we judge the results from MGV are comparable to those
from the notable methods. Compared with the results from BCM and MIG, the models

from MGV are more realistic, due to the power of MGV in controlling the branch shapes.

6.2.4 Timing

In above sections we showed the results created by specifying parameters. Specifying
parameters for a tree is affected by the following factors: knowledge about geometry, ex-
pected quality of results, and how complex the objective tree structure is. Users are required
to have geometric knowledge to create a tree model by specifying the properties including
crown shapes, branching patterns, and tree hierarchies. The progress is also affected by
how users evaluate the quality of tree models subjectively. If they are not satisfied with
a result, they may change the parameter settings, and run the program and reinspect the
new result. This process may repeat for some iterations until they judge the result is good
enough. It is possible that some users may need longer time for more iterations of parame-
ter adjustments but others may need shorter time and less iterations. The complexity of the
objective tree structure also affects the speed to create a tree. A complicated tree may take
longer time for specifying the rotations of guiding vectors and bounding volume properties
than a tree with simpler global shape and branch shapes.

Next we describe the process to set parameters for MGV. The setting of a parameter
is simplified by its concrete nature. Our experience is that we can select parameters for
desired tree structures within approximately one hour, most devoted to the design of tree
architectures by specifying the following.

e Number of early endpoints, to control growth pattern (i.e. a tree has a typical struc-

ture with a central trunk or a shrub-like structure with a few primary branches)

e Position and shape of the bounding volume to place early endpoints, to control crown

shape

e The rotation angle of guiding vectors, to govern branch shapes

To decide proper parameter settings for a desired tree shape, we first tentatively estimate
the specifications for the above aspects. Since we have already provided the parameter
settings for many trees and also demonstrated the creation of new trees through varying

the parameter space smoothly, we can make an estimate based on the existing settings. We
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then run the algorithm with the estimated parameter settings and inspect the resulting tree
structure. We can make further adjustments of parameters if the current settings do not
produce a desired shape.

For most trees, we can leave the distribution of twigs unchanged by using the default
settings of the size of exclusion zone and density of later endpoints. We do not vary the
distribution of twigs, because from our observation it is not a key factor that affects the
appearance of a tree. We also do not vary tree hierarchy, because with the default number of
iterations, i.e. 4, our trees can have different scales of branches such as the trunk, primary
branches, and twigs. The quality of our trees is also comparable to trees from existing
methods. Of course we can increase the number of iterations to create more complicated
tree structures if desired.

Once parameters had been selected, most results from MGV were created in a graph of
150,000 nodes and have between 4000 and 8000 endpoints. Each tree can be generated in
under ten seconds by running the algorithm. The trees of Figure 6.6, for example, required
around 9.5 s each: about 6 s to construct the Yao graph, and another 2 s for path planning,
with endpoint selection and other minor tasks making up the balance. Note that the graph
does not necessarily need to be regenerated for each tree: in an interactive setting, the same
graph could be reused for each experiment.

Timing information and statistics for more trees from MIG and MGV are shown in
Table 7.1. Our timing figures are with respect to a desktop computer with 2.8 GHz CPU
and 3 GB RAM. Since our development of MGV included some code optimizations that
were not included in the MIG implementation, MGV could probably be twice as fast as

MIG. Overall, MGV is capable of generating a high-quality tree model at a high speed.

6.3 Advantages and limitations

In this thesis we presented two designs of path planning tree modeling system — MIG and
MGV. MIG is focused on graph creation, and MGV is focused on setting edge weights.
Next we discuss these two designs and point out their advantages and limitations.

MIG offers certain benefits. First, it is completely automated, with no need for a
database of measurements or exemplars, and no modeler intervention beyond specifying

parameters. Second, tree shape is governed by a few parameters and by direct spatial and
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Tree # of graph nodes # of endpoints timing
Figure 6.9: comparison MIG 440k 1.5k 56s
with Neubert et al.’s tree | MGV 150k 7.5k 9
Figure 6.10: comparison MIG 200k 9.0k 20s
with self-organizing tree MGV 600k 19.0k 21s
Figure 6.11: MIG 85k 4.0k 5s
three elm models MGV 150k 55k 9s
Figure 6.12: MIG 220k 5.0k 17s
two oak models MGV 200k 4.0k 10s

Table 6.2: Timing and construction data for selected models.

geometric considerations, such as the shape of the bounding geometry for early endpoint
placement. Unlike the unfamiliar parameters sometimes seen in biologically-inspired algo-
rithms, the concrete parameters we use simplify parameter selection for generating novel
tree types. Third, MIG is versatile and can generate a wide range of tree models by spec-
ifying the parameters. Due to the random placement of graph nodes and endpoints, once
parameter settings have been chosen, the same settings can be used to create numerous

trees of the same general type by rerunning the algorithm.

MIG also has some drawbacks. Due to the lack of systematic control over branch
shapes, the synthetic branches do not curve in a way resembling real tree branches. Another
problem is that, because subgraphs do not communicate with each other, it is possible that

paths in different subgraphs may intersect.

In addition to the benefits that MIG possesses, MGV has some extra advantages. First,
path planning in a unified graph guarantees the absence of self-intersections in the final
tree. Second, our suggested parametric assignment of guiding vector direction is flexible
and controllable, while the path planning element enforces a unity over the resulting tree;
although particle tracing techniques can be equally flexible, they do not naturally create a
tree, and when their flexibility is exploited, they demand extra attention to ensure that the
result is a tree without self-intersections and other defects. A key strength of our method is
its ability to create irregular, gnarled trees, an area where particle tracing struggles. In addi-

tion, the iterative construction process does not constrain the branch connections, creating
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a recognizable but loose hierarchy.

MGYV has some limitations as well. We have found our approach to incremental control
over guiding vectors to be useful and powerful, but recognize that not all users will like cre-
ating vector fields in this way. Endpoint placement is controlled indirectly, a consequence
of our decision to automate the tree synthesis process. The process needs tentative exper-
iments to find proper parameter settings. The settings that deviate far from our suggested
settings may lead to a wrong structure. Figure 6.14 shows an example: a wrong rotation

angle o leads to a structure that does not resemble a real tree.

Figure 6.14: A failure example that does not resemble a real tree.

Overall, MGV provides comparable results to existing methods, and its algorithmic
underpinnings are simpler. The guiding vectors offer a subtle yet powerful variation on
the general path planning technique used previously for tree synthesis and reconstruction,
allowing branch tropism to be included in this framework. By improving on the results
of earlier graph-based procedural tree modeling to the point where it is competitive with
other procedural techniques, we have enlarged the space of available algorithms for tree

modeling.



Chapter 7

Abstract Tree Modeling with Magnetic Curves

7.1 Introduction

Realism and abstraction exist on two ends of a continuum in the art world [21]. In this
chapter, we will go beyond realism, and look at abstract trees. We are interested in the
abstract trees in Gustav Klimt’s art style. In Klimt’s painting, shown in Figure 1.3, the
tree has a hierarchical structure. The repetitive spiral patterns of branches fill most of the
painting. The strong appeal comes from the branch shapes and their spatial arrangement.

To create abstract trees that have similar characteristics to Klimt’s tree, the primary task
is to generate the curvilinear branches. Using curves for realistic plant modeling has been
explored in computer graphics with particle tracing methods [48, 65]. Prior particle tracing
methods use the trajectories of particles as branches, however lack systematic control over
curvature and cannot create our desired spiral shapes.

Here we propose “magnetic curves”, a particle tracing method with the ability to create
curvature-controllable branch shapes. The basic idea of the algorithm is to trace charged
particles in magnetic fields. By varying the charge and the magnetic field, we can generate
trajectories of particles that have continuously varying curvature. The trajectory curves are

tree branches. More details appear below.

7.2 Algorithm

7.2.1 Overview

A particle with mass m and charge ¢ moving with velocity ¥ in a magnetic field B experi-
ences the Lorentz Force F = g¥ x B causing circular motion [32]. The trajectory of particle
is perpendicular to B. In our method, we restrict the particle to move in the xy plane, and
set the magnetic field in the z direction. Future states of the particle are obtained using

numerical integration; in our implementation, we used forward Euler integration. For a

95



96

constant magnetic field B and a constant ¢, the particle traces out a circle in the xy plane.
When we change the particle charge and the magnetic field, the motion track of the particle
is no longer a circle; instead, the particle can trace out some interesting curves.

The basic idea to create a tree that has our desired characteristics is as follows. To
create spiral branches, we vary charge g with time . The continuously changed g will cause
continuously changed curvature. We can create spiral shapes by continuously increasing g.
To create a branching structure, at a same position we release two particles having charges
of opposite sign, in order to make their trajectories wind to opposite directions. To create
space-filling patterns, we fill the space with different sizes of curves and prevent them from

crossing each other. Next we introduce more details.

7.2.2 Varying curvature

When a charged particle moves in the xy plane, it experiences a force from the magnetic
field. A constant acceleration a perpendicular to the direction of motion will cause circular
motion with radius r, where » = v>/a. Combined with a = F/m = qvB/m, we can see
that for fixed velocity and magnetic field, higher values of g give smaller values of radius
r. If we increase ¢, the radius of the curve will decrease accordingly. Similarly, with a
decreasing magnitude of ¢, the resulting curve will have an increased radius. If g changes
continuously, the curvature of the path will also vary continuously. Note also that if we
instantaneously change the sign of ¢ while preserving its magnitude, the direction of ac-
celeration will be instantaneously reversed, leading to a curve that winds in the opposite
direction.

Specific relationships between ¢() and resulting curves are shown in Figure 7.1. The
red point is the initial position. In the first row, the left image shows the charge g decreasing
with time ¢ according to the function ¢(f) = r~*. Here we use a = 0.7. Other functions
are also possible. The right image shows the resulting curve growing with an increasing
radius. In the second row, ¢(t) is a triangular wave with amplitude 1 and mean 0.5. Again,
the right image is the resulting curve; the point where the charge drops to O is visible at the
location on the curve where it abruptly straightens (no charge means the particle will travel
in a straight line). In the third row, ¢(¢) is a triangular wave with amplitude 2 and mean O.

Here, reversing the charge makes the curve switch the growth direction up/down, leading
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to a wavy shape. In the fourth row, g(t) is a square wave with 0 mean. Because the charge
is constant in each half-period, the curve follows a piecewise circular route; whenever the
sign of g flips, the circle is reversed. It holds less visual interest than the other graphs

because of the large sections of constant curvature.
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7.2.3 Branching curves

Instead of tracking one particle to get a single curve, we can use multiple particles to get
complicated branching patterns. We suggest releasing new particles at intervals along the
initial particle’s path. We refer to the initial particle as the “parent particle” of the new
particles. Each new particle will be tracked and produce a new curve. The process can
be made recursive: we can spawn new particles from the child particle’s path if we want.
To create an effect reminiscent of vegetation, with curves growing to either side of the
current branch, we set the sign of the child particles’ charge randomly. Figure 7.2 shows
the process. In the left image, we grow a single curve. In the right image, we grow six new

curves from six positions at equal intervals along the initial curve.

Figure 7.2: Left: a single curve; right: six new curves growing from the left initial curve

7.2.4 Space-filling curves

To create patterns with different sizes of spirals filling the space, we decompose the task
into the following two stages: creating different sizes of spirals, and filling space using the
obtained spirals. The policy to fill the space is that we first use the largest possible spiral,
and then use the smaller spirals to fill the remaining small spaces.

We first use the equation ¢(z) = (T —t) ™% to create spirals, where 7 is the elapsed time
for a given curve and o is a parameter that governs the rate of change of curvature for a
curve; T dictates the length of a curve, where a given curve ranges fromt =0tot =T.

Figure 7.3 shows different curves with different values for 7" and o. From top to bottom,
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T=650, 450, 250, 50; from left to right, ®=0.8, 0.75, 0.7, 0.65. Observe that in each column
from top to bottom the curve becomes shorter as 7 decreases; in each row from left to right

the spiral is looser as o decreases.

@ ©
® @ (o (©
® @ (o (9

® o) (” ("

Figure 7.3: Different curves with different 7" and o

Next, we use curves grown with four pairs of (T',a0): (11, o), (T2, ), (13, 03), (T4,
o4), where 71 > 7> > T3 > Ty and o1 > 0l > O3 > 04, to fill a space of size xmax, Ymax-
Here we use the parameters for the curves from top-left to bottom-right in the diagonal of
Figure 7.3.

To fill the space with curves, we first release a particle at a position (xg, yp). We choose
a position located at bottom center. Initially, the curve has parameters 71 and o. We
terminate the progress of a particle if either of the following is met: 1) the particle travels
beyond the boundary, that is x > xpax or x < 0 or y > ypax or y < 0; 2) the curve crosses
previously drawn curves.

To detect whether a curve crosses other curves we use the following method. We di-
vide the whole space into cells. Each cell stores an initial ID number to indicate that it
is unoccupied. If a particle moves into one cell and either the cell is unoccupied or the
cell is marked by its parent particle, the particle can survive; otherwise, the curve crosses

another curve, leading to a crossing event. A formerly unoccupied cell is marked with the
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ID number of the entering particle. Crossing is prohibited; if a crossing event is detected,
we remove the markers for the current particle and restart it at its initial position with the
next smaller (7,0) pair. If a crossing is still detected when the smallest available (7', ) is
used, we abandon that position and move to the next position.

As we observed from Figure 7.3, the curve with largest value of T and o occupies the
largest space. If the curve with 77 and o fails, we restart the particle at its initial position
with 7> and . If 7> does not fit, we use 73 and o3 and then 7 and 0y4. The intent behind
doing so is to fill the space with the largest possible curves, while still being able to use the

small curves to fill the gaps.

Figure 7.4: Iterations in creating the space-filling curve.
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If we release new particles successively, we can obtain a space filled with different
shapes of curves. The process is shown in Figure 7.4. The top left image shows the initial
curve. The top right image shows different sizes of curves growing from the initial curve.
Some curves are relegated to small size to fit in small spaces. The lower left image shows
more curves growing from new curves in the top right image. The lower right image shows
the final outcome, in which the curves fill the whole space. Note that while the process was
demonstrated with a particular set of ¢(¢) equations, it is a general process that can use any

set of equations or distributions of parameters.

We also have the option of varying the magnetic field instead of using a constant mag-
netic field. Next, we show the effect of using Perlin noise to vary B spatially; in particu-
lar we take B, from the noise, leaving the other two components at zero. We first build
a lattice of size mxm. For each node in the lattice we obtain a magnetic field value:
B; = 0.5 * (1 4 noise(x/50,y/50)), where (x,y) is the position of lattice points. We then
choose a position in the lattice to release a particle and create a space-filling branching
curve as described previously. At each time step, we update the velocity of our particle ac-
cording to the magnetic field at its current position. The irregular values of B give irregular
curves. In Figure 7.5 we visualize the magnetic field and the resulting curves. From this
figure, we can observe that curves are much more irregular than the curves in Figure 7.4,
while still possessing the same level of continuity of curvature, leading to a more visually

appealing structure.

Figure 7.5: Left: the magnetic field with value of Perlin noise; right: the resulting irregular
curves
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7.3 Results and Discussion

Magnetic curves are well suited to creating stylized depictions of certain classes of objects,
including trees, hair, water, and fire. In addition, they can be used to create decoration and
appealing abstract forms. In this section, we will show some examples of both representa-
tional and abstract structures created with magnetic curves.

Figure 7.6 shows two abstract trees created by varying B spatially using Perlin noise.
Each point on the curve is colored by taking one RGB color channel from the local noise
value and setting the other two to zero. These are space-filling curves with irregular spatial

variation in their curvature, yielding a subjectively pleasing structure.

Figure 7.6: Two abstract curvilinear forms.

In Figure 7.7 we show an abstract tree in a similar style to the tree in Figure 1.3. The
tree has our desired characteristics: it is composed of spiral branches; it has a hierarchical
structure where the trunk and the lower primary branches split into many smaller branches;
the space is compactly filled with different sizes of spirals. To achieve the result, we release
a particle to grow the main curve. Then we release new particles on the main curve and
repeat the process until the space (top 3/4 of the image) is filled with different sizes of
curves, while avoiding the curves crossing over each other. We are not intending to exactly
reproduce Klimt’s tree, but to demonstrate that this kind of stylization can be captured by
the magnetic curves. The spirals in “Tree of Life”, and present in some of Klimt’s other
work, are easy to create with magnetic curves.

In addition to abstract trees, other forms have similar curves that can be created using

our method. Architectural ornamentation on doors, windows, and arches is common; some
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Figure 7.7: Our stylized tree created with magnetic curves.

Figure 7.8: Architectural ornamentation. The window image comes from Richard Marcin
and John Wabhlert’s “The city of Kosice”. The door image comes from Cambridge 2000
Gallery.
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examples appear in Figure 7.8. Here we use our method to generate two window frames
as shown in Figure 7.9. In our results, all patterns are composed of different curves with
a background taken from a real glass image. Our results have similar aesthetic symmetric
patterns composed of curves with smoothly varying curvature. The crossing of curves
increases the beauty of complexity. Since we wanted a symmetrical pattern, we only built
the right side of the frame and mirrored it. The difficult part is the design of pattern and
finding proper T and o.. We use existing functions of ¢(¢) to get different shapes of curves.
We tentatively select T and o to make the curve fit in the window area. If the curve from

selected T and « is too long and out of the window boundary, we decrease T or change o.

Figure 7.9: Two window frames adorned with curves.

Figure 7.10 shows three different hair styles created by our method, overlayed on a
hand-drawn image (also shown). The hair is inspired by the art by Alfons Mucha [18]
(as shown in Figure 7.11), and has similar features. The hair is composed of curves with
smoothly varying curvature. Each curve has a thickness and the outer contour has a differ-
ent color, making the overlapping and crossing of curves have a 3D effect. To create each
hair style, we grow the curves by releasing particles from points on a hand-drawn “hairline”
curve. To obtain the upper right image, we set g(t) = (T —¢)~* with large 7 and small o
values; we used different 7 and o values for different strands, and reversed the sign of ¢
partway along the curve so that the hair would look wavy. In the lower left image, we set

¢q(t) to the sine function to achieve the curve. In the lower right image, we set the curves
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growing with different time length 7" and different o, so the hair is composed of curves
with different lengths and curvatures. A closer look at yet another hairstyle can be seen in

Figure 7.12; this was also produced using ¢(¢) = (T —1)~%.

Figure 7.10: Three hair styles by our method.

We use our method to create the fire image shown in Figure 7.13. We release an initial
particle with a charge profile of ¢(¢) = (T — )% and reverse its charge partway along its
trajectory (atz = T /2), causing the visible point of inflection. Subsequently, we terminate
the particle and spawn a new one when a condition is met; in the depicted fire, the condition
was that the x component of velocity was 0. The new particle is given a random velocity
with a small uniform angular distribution about the positive x direction. When a sufficient
number of repetitions have been performed (say 3 or 4) we start moving down the left side.

The overall result is a boundary composed of piecewise continuous curves; the positions
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Figure 7.11: Art by Alfons Mucha: inspiration for the hair styles in Figure 7.10.

Figure 7.12: Another magnetic hairstyle.
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Figure 7.13: Cartoon flames created with magnetic curves.

where the velocity changes happen are the tips of the flames. The resulting flame image
is a conventional cartoon flame. A similar process could be used to produce conventional
cartoon water waves.

Figure 7.14 shows curves grown in a magnetic field by setting B according to Perlin
noise. To create this figure, we tracked a single particle with a fixed charge as it wandered
within the image area. Whenever it reached the image boundary, we reversed its velocity,
ensuring that it remains within the image area. Every time it reentered the image area, we
assigned it a different random color, determined by assigning each RGB channel an inde-
pendently chosen value from a uniform random distribution. From the figure we can see
the different colors of curves which represent different periods of time spent continuously
within the image area. While we did not find this image as straightforwardly attractive as
the space-filling curve, we confess to a certain fascination with the unpredictable meander-
ings of the particle and the resulting tangle of curves.

Table 7.1 gives timing results for a 1.8GHz P4 with 512 MB RAM. The process is
not particularly demanding, and computer times are only a few seconds per image. Note
that the hair timing includes the time needed to load files (the face image and an image
containing the hairline to spawn hair particles from). In terms of human time, the process
can be time-consuming; we expect that most users lack intuition for controlling curves by
modifying charges and magnetic fields. It took on the order of two minutes to find the

appropriate parameters for each curve on the window frames in Figure 7.9.
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Figure 7.14: Meanderings of a charge in a varying magnetic field.

Image number of curves | processing time
Space-filling example 312 1.5s
Stylized Tree 72 0.7s
Perlin curves 272 1.0s
Hair 376 4.3s
Window 7 0.05s

Table 7.1: Timing results for some of the magnetic curves.

The main strength of the method lies in its ability to produce constantly and smoothly
varying curvature within the well-understood framework of particle systems. The ability to
create branching structures by tracing particles released from previous particle’s trajectory

is also an asset.

One limitation of the method is the difficulty to control the exact curve shapes. This
is a limitation held in common with other particle tracing methods. Another limitation of
the method is the lack of communication between particles as well as the environment. As
we have found in the creation of space-filling curves, we have to design some strategies
to avoid the crossing of curves and to prevent curves from growing out of a region. Our
current method of tentatively adjusting parameters is not efficient. An obvious limitation
of our present implementation is its restriction to 2D. The extension to 3D applications is

possible, such as allowing particles to move on a 3D surface.



109

7.4 Summary

In this chapter, we introduced the modeling of abstract trees in the art style of Gustav Klimt,
which has never been explored in computer graphics before. We proposed simulating mag-
netic forces to create curves with continuously varying curvature. The generation process
is fast, and the resulting curves can be used to create appealing abstract forms. Magnetic
curves are also a potential tool for creating stylized depictions of classes of objects and

phenomena that are well described by curves.

This work has been published as follows:

— L. Xu and D. Mould. Magnetic curves: Curvature-controlled aesthetic curves using

magnetic fields. Proceedings of Computational Aesthetics, pages 1-8, 2009



Chapter 8

Conclusion

Tree modeling is a popular topic in computer graphics. This thesis presented procedural
techniques for modeling realistic trees and abstract trees — the method with iterated graphs
(MIG), the method with guiding vectors (MGV), and magnetic curves. Using these meth-
ods, we created a variety of tree models that can be used in computer graphic applications

such as 3D movies, games, and artistic decorations.

For realistic tree modeling, it is a challenge for previous procedural methods to control
the global tree shape and branch shapes at the same time. In this thesis, we presented a
realistic tree modeling system based on the idea of path planning: least-cost paths between
selected endpoints and a root point form a branching structure. Our objective is to make
these structures resemble real trees by controlling their global shapes and intermediate-
scale architectures. Towards this objective, we focus on three modules in the system: cre-
ating a graph, setting edge weights, and placing endpoints. We tend to achieve the desired

controls through designing the modules.

We presented two designs of the modules: MIG and MGV. MIG emphasizes the graph
creation, and MGV emphasizes the setting of edge weights. MIG creates a tree in a hier-
archical graph. The global shape and the intermediate-scale architecture of the tree can be
controlled by specifying the graph properties, such as graph volume and orientations, and
by changing the endpoint distribution mechanisms. MGV creates a tree in a unified graph,
in which each node has a guiding vector. We set edge weights according to whether the
edge aligns with the guiding vector direction, thus controlling the intermediate-scale tree
architecture. Both the design in MIG and the design in MGV can create a wide range of
tree models. MGV, especially, can create branches that curve in a natural way resembling
real tree branches. In our judgement, the resulting models are more realistic than MIG’s
results, and also comparable to the results from some notable methods such as Neubert et

al.’s particle tracing method [48] and self-organizing method [52].

110



111

For abstract tree modeling, we presented magnetic curves, a particle tracing method
for generating curves with constantly changing curvature. The curves are used to create
abstract trees. We also described how to create aesthetic patterns with different sizes of
noncrossing spiral curves. Our work is the first exploration of abstract trees in the art style
of Gustav Klimt in computer graphics.

In conclusion, the thesis makes the following contributions.

e [t proposes using the Yao graph [93] for graph-based tree modeling. We are the first

to use the Yao graph for the purpose of tree modeling.

e [t proposes a graph construction method and a graph-based tree construction method
with iterated graphs. These methods are more elaborate than previous graph-based
tree modeling methods.

e [t proposes guiding vectors for setting edge weights. Guiding vectors provide effec-
tive control over branch shapes, which is a challenge for previous methods.

o It suggests a mechanism for assigning guiding vectors. It is flexible and control-
lable, allowing users to specify intermediate-scale tree architectures with a few sim-
ple rules.

e [t contributes magnetic curves, a particle tracing method, to create curvature-controlled
curves, which are difficult for previous particle tracing methods.

e [t contributes a method for abstract tree modeling. It is the first exploration of Gustav

Klimt’s art style in computer graphics.

8.1 Future Work

Our future work on realistic tree modeling includes the following possible directions.

— Interface to increase user control: Adding sketch-based and example-based con-
trol over the endpoint distribution and guiding vector field creation would be useful.

Alternatively, simulation could be used to create vector fields.

— Improvements to the algorithm: At present, guiding vectors alter the edge weights
unimodally; multimodal edge weight adjustments are possible, so that there can be

multiple favored directions. Also, we would like to reduce the memory requirements
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of our approach. The fixed resolution of our graph simplifies the implementation, but

a hierarchical or variable-resolution graph would reduce the memory usage.

— Landscapes: For realistic tree modeling, we have concentrated on creating individ-
ual trees; it is worth investigating constructing multiple trees simultaneously. Envi-
ronmental factors, such as daylight, wind direction, and space restrictions could be

considered in the tree modeling process.

— More applications: Graph-based methods have been used primarily for reconstruc-
tion, and enlisting guiding vectors to help in that domain would be productive. Our
model currently only treats the main structure of the tree, and we would like to in-
vestigate phenomena including leaves, bark, fruit, and flowers. Also, using guiding
vectors to help with other modeling tasks, such as creating rivers or cracks, is an

obvious direction.

For abstract tree modeling, the following directions for future work are possible.

— Further exploration: We have not yet much explored the possibility of allowing
q to vary according to other elements of the particle’s state vector. For example,
we could have g depend on position, or on the direction of the particle’s travel. We
demonstrated some position-dependent effects by varying B spatially; more investi-
gation is warranted, considering the success of the results obtained so far. We have
showed one method for creating branching curves, but we have not much considered
the aesthetics of curve thickness as it relates to branching. Varying curve thickness

will add richness to magnetic curves.

— More applications: Our present implementation is restricted to 2D. The idea of mag-
netic curves extends straightforwardly to three dimensions, and we hope both to cre-
ate curves in three dimensions and to create 2D curves on the surfaces of complex
structures. Magnetic fields could vary spatially or could be textures on the surfaces
of objects. We showed only one stylized tree (after Klimt) but other vegetation, in-
cluding trees but also vines and leaves, can be depicted also. Indeed, a variety of leaf
outlines can be created by adapting our approach for cartoon flames. We showed a
few hairstyles; we envision possibilities for also drawing stylized fur, feathers, cloth,

and smoke.
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In the long term, we will consider creating a complicated virtual world. It may contain
various branching natural phenomena such as trees, veins, rivers, cracks, and lightning.
Animations such as the growth of trees and the development of cracks would be interesting.

We believe this work will contribute to computer-generated movies and games.
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