Parametric tree-rendering

Andreas Solem Kjer Asmund Nordstoga

FAGLAERER:
Torbjorn Hallgren

— TDT4715 —
ALGORITMEKONSTRUKSJON, BEREGNINGSVITENSKAP OG GRAFIKK, FORDYPNINGSEMNE

INSTITUTT FOR DATATEKNIKK — NTNU H@STEN 2004



Contents

1 Introduction

2 Background

2.1 Models for tree rendering . . . . . . .. .. e
2.1.1  L-systems . . . . . .. e
2.1.2 Parametric tree modeling . . . . . . ... ... . Lo
2.1.3 Fractaltreemodels . . . . . . . .. L Lo

2.2 Our chosen parameters . . . . . . . . .« . . e e e
2.2.1 Term and parameter definitions . . . . . . . .. .. ... ... ... .. ..

2.3 Feature definitions . . . . . . . ..o
2.3.1 Levelofdetail . . . . . . . . .. . .
232 MIPmaps. . . . . .« v i e

3 Requirements and limitations

4 Design and Implementation

4.1 Design . . . . . o e e e e e
4.1.1 Graphical User Interface . . . . . . . . .. .. .. .. L.
4.1.2 The Simulator . . . . . . . ...
4.1.3 Building the tree . . . . . . . ..o
4.1.4 OpenGL extensions . . . . . . . . . .. o

4.2 TImplementation . . . . . . . . ..
4.2.1 Constructing individual trees . . . . . . . . ..o
4.2.2 Distributing branches . . . . . . ... o000
4.2.3 Performance tweaking . . . . . . ... Lo

5 Benchmarks

5.1 Framerate testing . . . . . . . ...

O N N B kRN NN NN

12
12
12
15
17
18
18
18
19
20

22



CONTENTS

5.2 Memory leaks . . . . .

6 Future work

6.1 Performance upgrades

6.1.1 Vertex arrays . . . . . . . . . . e
6.1.2 Billboards . . . . . . . ...
6.2 Visual upgrades . . . . . . ...
6.2.1 GPU programming . . . . . . . . . ... L o
6.2.2 Animation. . . . . . . ...
6.2.3 Rendering of landscapes . . . . . . .. .. oL oL

6.2.4 Limb artefacts
7 Conclusion

Bibliography

A Compiling the sourcecode

A.1 OpenGL, glut and glui

B Example source code
B.1 Spawning new branches
B.2 Level of detail . . . . .
B.3 Generating MIP-maps

ii

25
25
25
26
26
26
26
26
27

28

29

31
31



List of Figures

2.1
2.2
2.3
24

3.1
3.2
3.3

4.1
4.2
4.3
4.4
4.5
4.6

5.1
5.2

6.1

A tree with dichotomous splits at the base, created with our implementation 3
Forest of billboard trees . . . . . . . . . . .. 7
Aliased image . . . . . . . .o 8
Anti-aliased image . . . . . ... 8
SpeedTree . . . . . . . L 10
Trunk and ramiform with bark . . . . .. .. .. ... 000000 10
Carrot . . . . . e 11
Class Diagram . . . . . . .. . . e 13
The Graphical User Interface . . . . . . . . . .. ... ... ... ... ...... 14
The Simulator . . . . . . . . . . 16
Tree sketch . . . . . . . . e 19
MIP-map of bark texture . . . . . . . . . . . ... ... 20
Tree trunk (seen from above) with 3 lobes and 6 vertexes . . .. ... ... ... 21
Picture from benchmark testing without display lists . . . . . . .. ... ... .. 22
Picture from benchmark testing with display lists . . . . . .. ... ... ... .. 23
Tree rendered using direct ray tracing and the Blob Tree technique. . . . . . .. 27

iii



Chapter 1

Introduction

Photo realism has been the goal of 3-dimensional graphics from the beginning. This has also
been a motivation for this project as well as a genuine fascination with the possibilities inherent
in 3d-graphics technology. Our goal has been to create near-photo-realistic 3-dimensional trees
generated and rendered in real time on a computer screen. Before starting this project we saw
that recent advances in commercial 3-dimensional graphics hardware is making this a possibility.
We see a need for this in both games and other virtual reality applications where performance
and photo realism demand seem to be ever increasing.

Our goal and vision has also been the possibility of creating enormous, computerized landscapes
with minimum input. We see the need for this as computers resources increase and computerized
landscapes become larger. Modelling the trees manually becomes increasingly inefficient. We also
had a large interest in learning OpenGL programming. A substantial part of our work consisted
in studying the OpenGL syntax and functions mainly using the book OpenGL programming
Guide [1]. We saw this as important, as the OpenGL language in many respects has become the
industry standard graphical programming language.

In this project we wanted to make use of acknowledged studies on software and hardware for our
purpose. Luckily we have also had the opportunity to receive valuable assistance and guidance
from Ph.D. candidate Jo Skjermo at NTNU.

The reports’ main focus will be on the implementation of the article Creation and Rendering of
Realistic Trees written by Weber and Penn [2]. We will therefore strongly suggest reading this
article before reading this report.
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Background

Mathematicians have for centuries been attracted to the beauty of plants. The geometric features
and patterns of plants has been subject of intense studies and much inspiration by mathemati-
cians and botanists alike. Recent advances in computer technology has made it possible to make
use of their work for modeling trees realistically on a computer screen.

2.1 Models for tree rendering

In our project we choose to divide between two main branches of tree rendering models; para-
metric and L-system (Lindenmayer-system)[3] rendering.

2.1.1 L-systems

Aristid Lindenmayer (1925-1989) introduced a string rewriting system for cellular interaction
which was later applied to plants and trees. The notion of rewriting is central to L-systems where
the basic idea is to define complex objects by successively replacing parts of a simple object using
a set of rewriting rules or productions. The rewriting can be carried out recursively. Context
sensitivity and random variation has also been added to the model [2] L-systems take advantage
of patterns inherent in plants and trees such as bilateral and rotational symmetry as well as self
similarity.

Initially this was the model we planned to use for our project, much because of its appealing
mathematical purity. We later discovered that its complexity and CPU demand in generating
trees was too high for real time rendering. It is also inherently difficult to define the L-system
sentence for the desired tree shape, getting the desired result may require weeks of tweaking.
We therefore chose a different approach.

2.1.2 Parametric tree modeling

A somewhat simpler method is what we call parametric tree modeling. Several papers have been
written on this subject, namely Creation and Rendering of Realistic Trees [2] which is the paper
we chose as basis for our implementation.
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Penn and Weber’s approach is basically visualizing the structure of a tree as a primary trunk
consisting of a variably curved structure similar to a cone. The three can split along its length,
forming additional, similarly curved structures called clones, which can also split along their
length. This is called dichotomous branching.

Figure 2.1: A tree with dichotomous splits at the base, created with our implementation

A tree can also be built up of monopodial or ”child” branches which are formed from the trunk
and any existing clones. Unlike dichotomous splitting, these branches can have entirely different
attributes from their parents. A tree can be defined strictly dichotomous, strictly monopodial
or as a mixture of the two.

Incorporated into this model are parameters defining many important plant characteristics,
such as tree shape, cross sectional variation and oscillatory wind motion. We have chosen to
implement many of these parameters in our project which we will now discuss more thoroughly.
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2.1.3 Fractal tree models

Fractal tree models [4] can be seen as a mixture between L-system and parametric tree rendering
where the fractal theory of self similarity plays an important role, Weber and Penn [2] sees this
as an unnecessary restriction which limits the variety of trees which can be produced. However
in the fractal model of Honda many of the same parameters as in Creation and Rendering of
Realistic Trees were also used.

2.2 QOur chosen parameters

The timescope of this project gave us certain limits to which parameters we could implement.
Tree animation was not implemented. We chose to prioritize implementing as many tree shape
parameters as possible in order to make a solid base for further implementations and support a
satisfactory variation in tree shapes. The parameters mentioned below have all been implemented
in our project.

2.2.1 Term and parameter definitions

The Weber and Penn tree model is based on two elements; the stem referring to the trunk or
branches at any level of recursion and the leaf. The unit stem is a narrow near-conical tube with
its own relative coordinate system. We have chosen the y axis to coincide with the central axis
of the stem.We choose to separate between parameters that define the skeletal, surface (mainly
crossectional radius) shape of the tree and leaf parameters. All parameters and functions listed
are based on those discussed in the article Creation and Rendering of Realistic Trees.

Skeletal parameters

A stem at recursive level n is built up of a number of near-cylindrical segments defined by
nCurveRes. The n in front of the parameter always refer to its recursive level, and if there
is a V at the end of a parameter name it stands for variation. If nCurveBack is zero the
y-axis of each segment on the stem is rotated away from the y-axis of the previous segment
by (nCurve/nCuveRes) degrees about its z-axis. If nCurveBack is nonzero, each of the
segments in the first half of stem is rotated (nCurve/(nCurveRes/2)) degrees and each in the
second half is rotated (nCurveBack/(nCurveRes/2)) degrees. This makes it possible to form
simple S shaped stems. In either case a random rotation RAND(nCurveV /nCurveRes) is
also added for each segment.

The nBaseSplit parameter defines the number of dichotomous splits at the end of the first
segment of the trunk. The angle between the clones is defined by nSplitAngle, which we have
defined only for recursive level 0. nBranches defines the maximum number of child stems that
a stem can create over the length of all its segments. The average number of the probability
distribution of successive child stems (Grandchildren) is computed as

stems = stemsmag * (0.2 4 0.8 * (lengthcniia/lengthparent) /lengtheniid maz) (2.1)
for the first level and

stems = stems * (1.0 — 0.5 x of f setcpiia/lengthparent) (2.2)

4
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for further levels. Note that this is different from the functions described in Creation and
Rendering of Realistic Trees which uses stems as the exact number of spawned branches at a
certain recursion level.

The length of a child branch is calculated as:

lengthchild = lengthtrunk * lengthchild,max *
ShapeRatio(Shape, (lengthiyynk — of fsetcniia)/(lengthypunk — lengthpgse))) (2.3)

for the first level of branches and

lengthenila = lengtheniidmaz * (lengthparent — 0.6 * of fsetenia) (2.4)

for further levels of branches. Offsetchild is the position in meters for a child stem along the
parents length from the base. lengthbase is the length of the bare area at the base of the tree.
The length of the trunk is calculated:

lengthyunk = (OLength + OLength V') x scaleyyee. (2.5)

If nDownAngleV is positive, the y-axis of a child will rotate away from the y-axis of its parent
about the z-axis with the angle (nDownAngle + nDownAngleV') degrees, in our project it
has not been implemented for negative values.

If nRotate is positive, a child stem is rotated about the z axis, relative to the previous child by
the angle (nRotate + nRotateV) forming a helical distribution. This has not been implemented
for negative values.

Using a normalized position along the trunk from 0.0 to 1.0 the shape parameter defines the
overall tree shape according to the formula ShapeRatio(shape,ratio):

Shape Result
0 (conical) 0.2 + 0.8 * ratio
1 (spherical) 0.2 + 0.8 * sin( p * ratio )
2 (hemispherical) 0.2 + 0.8 * sin( 0.5 * p * ratio )
3 (cylindrical) 1.0
4 (tapered cylindrical) 0.5 + 0.5 * ratio
5 (flame) ratio/0.7 if ratio<=0.7
(1.0 - ratio)/0.3 if ratio>0.7
6 (inverse conical) 1.0 - 0.8 * ratio
7 (tend flame) 0.5 + 0.5 *x ratio/0.7 ratio<=0.7

0.5+ 0.5 x (1.0 - ratio)/0.3 ratio>0.7

Surface parameters

The stem radius is given for the trunk and branches respectively:

radiusyunk = lengthyunk * Ratio x 0Scale (2.6)

radiuschiig = radiuSparent * (lengthchild/lengthparem)mmpower (2.7)

5
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The radius is also tapered along its length according to the nTaper variable using the formulas:

nTaper Effect

0 Non-tapering cylinder

1 Taper to a point (cone)

2 Taper to a spherical end

3 Periodic tapering (concatenated spheres)

The periodic tapering is mainly used for modeling cactus.

Flare(increased radius) exist along the base of many trees and is computed with the value of
y being a normalized position along the trunk: flarey = Flare  (100Y~1)/100 + 1, y =1-8*Z.
The value of y is limited to the value of zero.

Lobes specifies the number of peaks in the radial distance about the perimeter along the base.
Preferrably it should be a odd number to avoid symmetry along the base. LobeDepth defines
the depth of the lobes, using the formula: Lobez = 1.0 + LobeDepth*sin(Lobes*angle).

Leaf parameters

If Leaves is nonzero, leaves are used as a last level of recursion. We have chosen the simple
approach of mirroring the leaf with an angle 45 degrees to each side outwards from the stem.

Parameters we did not implement

Due to time constraints parameters for leaf shape, density and orientation has not been imple-
mented. Neither has the use of a pruning envelope defining the overall shape of the tree and
dicthonomous branching at recursion levels higher than 0.
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2.3 Feature definitions

This section defines the terms "Level of detail” and "MIP-maps” which have been used in our
implementation.

2.3.1 Level of detail

Level of detail or LOD is a method for lowering the total number of polygons describing a scene
to achieve faster rendering. The idea is to represent a single object, such as a house, with several
different geometric models (a cube, a simple house, and a detailed house, for example) that are
designed to be displayed at different distances. The models and ranges are designed such that
the viewer is unaware of the substitutions being made. This is possible because distant objects
appear smaller and thus can be rendered with less detail.

LOD certainly becomes significant when contructing trees of high detail. If the objective is to
draw a forest of trees, it is almost impossible to draw every tree at full level of detail, while still
keeping a good frame rate. One way to render a tree that is far away from the observer, is to
render a billboard! of the tree. The observer would not notice the difference if the tree is beyond
a certain distance.

Figure 2.2: Forest of billboard trees

Other ways to handle level of detail within a single object is to lower the number of vertexes
and faces where it is less noticable. For example when the branches become thinner, they need
not be drawn as solid objects and can be drawn as pure line segments.

Level of detail is also used widely within texturemapping to simplify textures that are viewed
from a distance. This will be discussed in the next chapter.

'Billboards are prerendered versions of a tree which are texturemapped to a simple polygon.
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Figure 2.3: Aliased image Figure 2.4: Anti-aliased image

2.3.2 MIP maps

A technique called MIP-mapping ('multum in parvo’) is used to render many textures faster
and more acurately at the same time. Instead of using one full scaled texture at all times,
MIP-mapping makes a full-size version, a half size version, a quarter size version, etc, and uses
the correct one corresponding to the distance from the observer to the object being rendered.
This technique was developed as the result of having to put many textures out on the limited
graphics card memory at the same time when rendering a scene. Since not all textures have to
be rendered with the same amount of detail at the same time, some textures can be rendered
with lower detail. For example when a object is far away from the viewer, the texture does not
need to have the same level of detail as if the object was rendered up-close. Another purpose
of MIP-maps is the undesired effect of aliasing when rendering a scaled texture. If we look at a
chess board in perspective we get this undesired effect where the resolution is too low to render
the detail of the texture.

Figure 2.3 illustrates the visual distortion which occurs when anti-aliasing is not used. Notice
that near the top of the image, where the checkerboard is very distant, the image is impossible to
recognize, and is displeasing to the eye. By contrast, figure 2.4 is anti-aliased. The checkerboard
near the top blends into gray, which is usually the desired effect when the resolution is insufficient
to show the detail. Even near the bottom of the image, the edges appear much smoother in the
anti-aliased image. [5]
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Requirements and limitations

Simulating and generating trees on the computer is not a new invention, but it was for a long
time something that could not be done in real-time. With todays modern graphics cards it is
possible to render a huge forest of trees with quite impressive level of detail. One such engine
is called SpeedTree! and is capable of rendering a large amount a trees in real-time (figure 3.1).
Since SpeedTree employ a scalable technology, allowing you to create trees using less than 100
triangles or trees with over 100,000, it doesn’t directly require any specific hardware. But to
achieve natural motion in a complex and detailed scene, SpeedTree will require that you are
running on one of the latest graphics cards on the market, like a Nvidia GeForceFX 5800 or
higher. In our project we have developed an engine which can run on any graphics card which
supports OpenGL. However, since trees in general include a lot of detail, to render many trees
at the same time while achieving a high framerate, our program also requires a modern graphics
card to be able to render the large number of polygons which make up the trees.

When designing objects for real-time rendering one always has to weigh quality and realism to
speed. Naturally formed objects like trees will always be complex to express in mathematical
terms, so we often have to find shortcuts and approximations for describing these kinds of
shapes. Speed is achieved with the use of simple and few calculations and smart algorithms.
When building a tree, this often limits the methods for creating smooth transitions between
stems, like in the article Modeling the mighty maple by Jules Bloomenthal [7]. Although these
algorithms are fast and create very nice looking results, they are often not fast enough when it
comes to creating thousands of individual trees to make up a forest (figure 3.2). However the
speed of designing the tree is not the only limitation to generating trees for real-time rendering.
The number of faces which make up a tree must be sufficiently small so the graphics card can
render many trees a the same time. Our program is capable of creating very simple trees of
under 100 faces up to complex trees with over 100.000 faces per tree.

A realistic rendering of the tree surface is often an issue when designing trees. Since trees used
for real-time rendering cannot contain sufficiently many faces for rendering the gaps and holes
in the bark, other approximations must be considered, like textures, displacements-, normal?-
and/or bumb-maps. In todays modern graphics cards such detail can be simulated by the GPU

!SpeedTreeRT is a C++ Application Programmer’s Interface (APT) designed to provide access to SpeedTree
data for interactive, real-time applications. [6]

2These maps use colors to tell a rendering engine how to perturb the surface normal of an object. Although
this does not change the object’s silhouette, it does allow remarkably realistic depth effects that are superior to
bump mapping. [8]
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Figure 3.2: Trunk and ramiform with bark
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(Graphical Processing Unit) on the graphics card. Given a texture and a normal map the
graphics card can alter the normals which calculates the shading of the object in a way that an
object with few faces appear is if it contained a lot more.

Before starting to implement the application we looked at some different utilities and toolkits
which could be used to implement the article Creation and Rendering of Realistic Trees. We
found an implementation of this article written in Java using the scene graph utility Java3D?
called Carrot [10] (figure 3.3). This application gives a fairly good implementation of the trees,
but is not an interactive program since the user cannot see the changes while editing the para-
meters of the tree simultaneously. We decided not to use Java and Java3D since performance
and speed are important issues in interactive applications.

Other utilities which could have been used to implement the project are scene graph toolkits like
Open Inventor, OpenSceneGraph or Gizmo3D. We decided not to go for such a platform since
we wanted full control over the low level graphics programming. We decided to go for what may
be the most obvious choice which was implementing the application in C++ using OpenGL.
This is the most common choice when it comes to real-time and interactive applications like
games and simulators. The downside to this choice is that it involves a lot of programming, but
since learning is mainly the purpose of this project, this can clearly be seen as an advantage.
Another advantage of this choice is that our tree algorithm is implemented as a C++ class which
can easily be ported directly to other OpenGL projects and used directly for constructing and
rendering trees.

Canrot 1.1 - Creation And Realistic Rendering OF Trees 8 [=] B3

High Low Options Help

oo El
Franches2 | Branches3 | Leaves | LoD |;-I

Tree Trunk
[ e ] Current model

B opo: 1684 tree vertices.

3

1116 leaf vertices.
LOD1: 1086 tree vertices.

REREInE 1116 leaf vertices.
10Dz: 616 tree vertices.
1 1116 leaf vertices.
TELOD3: 664 tree wertives.

ownphiotot jpa 1116 leaf vertices.
Levels LOD4: B6l6 tree wertices.

1116 leaf vertices.

o TILODS: 550 tree vertices.
st 1116 leaf vertices.

Hernizpherical LODE: 522 tree wertices.

BaseSize 1116 leaf vertices.
oo

Scale

Scale Variation

——oofe =] [ Rener Export

>

Create Model | Save |

Figure 3.3: Carrot

3Java 3D is an addition to Java for displaying three-dimensional graphics. Programs written in Java 3D can
be run on several different types of computer and over the Internet. The Java 3D class library provides a simpler
interface than most other graphics libraries, but has enough capabilities to produce good games and animation.
Java 3D builds on existing technology such as DirectX and OpenGL so the programs do not run as slowly as you
might expect. Also, Java 3D can incorporate objects created by 3D modeling packages like TrueSpace and VRML
models.[9]
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Design and Implementation

This chapter presents the application implemented for this project and explains how the most
important methods and procedures are implemented.

4.1 Design

This application was implemented using Visual Studio .NET 2003 with the additional OpenGL
extensions and libraries explained later in the document. The application is meant to work
as a prototype software for quick construction and displaying of parametric trees. Figure 4.1
represents the class diagram for the implemented application.

4.1.1 Graphical User Interface

The Graphical User Interface (GUI) for this project uses a library called GLUI [11]. GLUI is a
GLUT-based! C++ user interface library which provides controls such as buttons, checkboxes,
radio buttons, and spinners to OpenGL applications. It is window-system independent, relying
on GLUT to handle all system-dependent issues, such as window and mouse management.

We chosen this library because it is easy and fast to implement and therefore ideal for prototype
software. The GUI consists of a single window with the various tree parameters on the left side,
a render of the actual tree based on these parameters in the middle, some navigation controls
on the bottom of the screen to manipulate the position of the viewer and the tree and other
program specific options on the right. Figure 4.2 shows the GUI window.

Most of the controls in the GUI are self-explaining and the names for the different parameters
are taken from the article Creation and Rendering of Realistic Trees [2]. The program specific
options in the panel to the right includes manipulation of lights placed in the scene and options
to turn on and off wire-frame rendering of the tree and whether or not to show leaves on the
tree. It also includes a button for running the internal tree simulator which will be explained in
more detail in the next section. The same panel also gives the user the ability to save his/her

LGLUT - The OpenGL Utility Toolkit is the OpenGL Utility Toolkit, a window system independent toolkit
for writing OpenGL programs. It implements a simple windowing application programming interface (API) for
OpenGL. GLUT makes it considerably easier to learn about and explore OpenGL programming. GLUT provides
a portable API so you can write a single OpenGL program that works across all PC and workstation OS platforms.

12
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Figure 4.1: Class Diagram
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Figure 4.2: The Graphical User Interface

14



CHAPTER 4. DESIGN AND IMPLEMENTATION

current tree configuration to a file and load previously saved tree configurations from files saved
in the current directory and/or subdirectories. The files are saved with the extension .TSP (Tree
System Parameters). This format will be explained in more detail in the CIniFile class section
4.1.1.

The GUI class

The GUI class contains the code for building the graphical user interface, located within the
CreateGUI() method, and handles all GUI specific interactions with the user. The interaction
is handled through callbacks when the user changes the states of the different components in
the interface. The class contains its own instance of the CTree class (see section 4.1.3). When
the user makes changes to the variables in the GUI, the parameters for this CTree instance is
changed directly, which makes it possible to see the changes rendered in real-time.

The SearchFolder() method simply searches for all . TSP files in the current directory from where
the program was launched, including subdirectories, and adds them to the "Open tree definition
file:” list box. This listbox lets the user load the tree configuration stored in the file listed.

The ClniFile class

The ClniFile class contains code for building and managing standard Windows .INI files? written
by Clauss and Hill [12]. The code features various methods for loading and saving information
to .INT files, but only the methods used in this project is listed in the class diagram. The
main reason we chose this type of format for saving tree configurations was that the format
supports backward compatibility in an elegant way so during development we could simply add
and remove parameters and the configurations stored in earlier formats could still be loaded into
the new version of the program. We will not go into explaining every method in this class since
they are well documented in the source code.

Instead of calling our configuration files .INI we have simply renamed them to .T'SP (Tree System
Parameters) without changing the basic .INI file format.

4.1.2 The Simulator

The Simulator was constructed for a more natural observation of the tree-type constructed in the
GUIL In the simulator the user can move freely around in a small forest of trees limited in form
and shape by the tree parameters specified in the GUIL. All the trees in the forest vary in that
they are constructed with different seeds as input to the random generator. The user can then
move as if he/she was in a game-like environment walking amongst the trees using the mouse
and keyboard. The game-like engine is based on source code written for a time-based-movement
tutorial by DigiBen at GameTutorials.com [13]. The engine uses Doom/Quake-like movement?

2Files with the extension .INI was originally invented by Microsoft for storing configuration information for
MS-Windows. In addition, many applications have their own .INT files. In Windows 95 and Windows NT, .INT files
have been replaced by the Registry, though many applications still include .INI files for backward compatibility.

3Movement in Doom and Quake by ID-software is based on the 1st-person shut-em-up game Wolfenstein 3D
which was one of the first games to present this type of first person movement using the arrow keys to move
around in the scene. In Doom and Quake however it’s possible to use the keys W for up, S for backwards and A
and D for strafing left and right.
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except that it is also possible to fly up and down using the up/down-arrow keys.

M Current Frames Per Second: 12

Figure 4.3: The Simulator

The Simulator methods

The Simulator methods are not really a class as specified in the class diagram, but rather a
natural conjunction of code for running the simulator engine. It was simply drawn as a class in
lack of a better representation.

The ShowSimulator() method handles all the OpenGL preparations for starting the simulator,
such as creating the window, setting up the callbacks for user interaction and finally creating
the terrain and forest. This method is called from the GUI when the user clicks on the show
simulator button. The simulator can however be run as a stand-alone program without the GUI
by specifying "-nogui” as a command line parameter to the executable.

The RenderScene() method renders the different elements in the scene, like the terrain and all
the trees.

The glDraw3DText() and glDrawCoordinateSystem() was created mainly for debugging purposes
for drawing debugging information and coordinate-systems in the scene.

The Timer methods

The Timer methods takes care of calculating the current framerate for the generated scene. This
method was used to do benchmark testing on different machine configurations (see chapter 5).
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The CCamera class

This class is part of the engine written by DigiBen [13] and controls the user interaction with
his/her camera. It contains the position-vector, view-vector and up-vector for the camera and
some other OpenGL related camera information. It also contains the logic for the special Quake
mouse movements which makes the user able to look around in the scene using the mouse.

4.1.3 Building the tree

This is the class were all the magic happens. The CTree class is together with the CVector3
class and the CMat4x4 class part of the stand-alone package which forms the main purpose of
this project; generating and drawing a tree in OpenGL based on certain input parameters.

The CTree class

The CTree class contains all the parameters for a certain tree-type including a seed variable
which is used as the input parameter for the random generator used to construct an instance of
the tree-type. The seed can be any number between 0 and 65535 which means the class is capable
of constructing 65536 individual trees for each configuration of parameters. How this seed is
actually used to construct the variation of trees will be discussed further in the implementation
section.

The makeTree() method generates an OpenGL display list* and returns the identifier for this
list as an integer. The 3D engine can then later call the drawSolid() method with this parameter
to draw the tree (or simply draw the display list on its own). The only thing the drawSolid()
does is offsetting the tree by the values given as an input and scaling the tree to fit within the
landscape. The reason we made a method for generating a display list was to achieve a better
framerate for drawing the trees, so all the calculation which goes into calculating the position
for each vertex will only have to be done once when creating the tree. This improvement will
be discussed further in the benchmarks chapter.

The makeLeaf() method generates a display list used for rendering the leaves. This was imple-
mented as an external routine since not all trees contains leaves (primarily depending on the
season). The leaf() method simply draws a standard leaf.

The drawWireframe() and drawSolid() mainly executes the same code, except for that the
drawWireframe() method draws the wireframe representation of the tree instead of a solid geom-
etry representation. The drawSolid() method with an extra displayList parameter, draws the
displayList generated by the makeTree() method.

The drawTree() method is the method called by makeTree() and drawSolid() (without the dis-
playList parameter) and is the method which actually generates the geometry of the tree. The
code implemented here will be discussed further in the implementation section 4.2.

The drawTreeBranch() method draws a new branch at a certain recursion level; recLev, with

40penGL display lists are used to ”extract” and store only the OpenGL specific commands when drawing an
object. This usually results in faster drawing of the object since all the code in between the OpenGL commands
are omitted. One restraint however is that a display list is static and not dependent on other variables. Therefore
when calling the display list the object(s) will be drawn in the same way as when it was created, i.e. the shape
can not be animated.
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base radius; radiusBranch, length; lengthStem, and using currentMat as the matrix representing
the local coordinate system. The number of child stems spawned on the next recursion level is
determined by the stems variable. The mode variable says in which OpenGL mode to draw the
solid (wireframe or triangle strips).

The methods shapeRatio(), getRadiusZ() and getFlareZ() are all methods for calculating the
shape of the tree and are implemented according to the article Creation and Rendering of
Realistic Trees.

The setDefault Values() method simply sets the default parameters for the CTree class.

The CMat4x4 class

For doing simple matrix calculations we designed a class for storing a 4-by-4 matrix of float
numbers and methods for adding and multiplying a matrix with other matrices and a method
for multiplying a matrix with a 3-dimensional point. These methods are used extensively during
the generation of a tree.

The CVector3 class

The CVector3 class is part of the engine written by DigiBen [13] and is used to represent 3-
dimensional vectors. It also contains methods for doing cross product of two vectors, finding
the magnitude of a vector and normalizing vectors. For simplicity we used the same class for
representing points in the space for the skeleton of the trees.

4.1.4 OpenGL extensions

”One of the greatest strengths of OpenGL is that it was designed to be readily extensible to
accommodate new hardware innovations. Using the OpenGL extension mechanism, hardware
developers can differentiate their products and incorporate new features by developing extensions
that allow software developers to access additional performance and technological innovations.
These extensions provide OpenGL application developers with new rendering features above
and beyond the features specified in the official OpenGL standard. OpenGL extensions keep the
OpenGL API current with the latest innovations in graphics hardware and rendering algorithms.”
[14]

For this project we have mainly used the standard OpenGL library available in version 1.1.
In addition we use the OpenGL Programming Guide Auxiliary Library (GLAUX) for loading
bitmaps and the OpenGL Utility Library (GLU) extension for building texture MIP-maps which
will be commented in section 4.2.3.

4.2 Implementation

4.2.1 Constructing individual trees

As explained in the CTree class section, the seed makes it possible to construct a wide variety
of individual trees. This parameter is involved in many calculations when building the tree.
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For each parameter whose name is followed by a V (for variation) the seed is used as the
input parameter for the random generator which ”chooses” any number within the range of the
variation parameter. For example the scale of the tree is calculated as follows:

scaletree = Scale + ScaleV (4.1)

If for example Scale was set to 23 and ScaleV was set to 4, scalegr. would be anything between
19 and 27.

4.2.2 Distributing branches

In our program, nearly all the variables like the length of the trunk and branches and down angle
for the spawned branches, flares, lobes and shape ratio are calculated as stated in the article
Creation and Rendering of Realistic Trees [2]. This article computes the number of branches
spawned from a particular stem as:

stems = stemsmagz * (0.2 4+ 0.8 * (lengtheniia/lengthparent) /lengtheniid maz) (4.2)

for the first level of branches, and

stems = stems * (1.0 — 0.5 * of fsetcniia/lengthparent) (4.3)

for further levels of branches. In our project we decided to do this a little different in order
to make the trees a bit more dependent on the seed variable thus being able to make a larger
amount of individual trees. We therefore decided to let the variable stems be the base of a
probability to spawn a new branch at a certain point along the parent stem. Trees are made
out of stems, and stems are made out of cylindrical stem segments as shown in figure 4.4.

| stems, =6

__local coordinate
- systems

Figure 4.4: Tree sketch
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In our program we consider spawning one or more branches at each stem segment. This proba-
bility is calculated as

branchesPerSegment = (integer)[nBranches/(nCurveRes * (1.0 — BaseSize))| (4.4)
branchProbability = (nBranches/(nCurveRes x branchesPerSegment)) (4.5)

for the trunk and

stems = (integer)(nBranchesx(0.2+0.8x(lengthcniia/lengthirunk) /lengtheniid maz+0.5) (4.6)

branchesPerSegment = (integer)[stems/nCurveRes ]| (4.7)

branchProbability = (stems/(nCurveRes x branchesPerSegment)) (4.8)

for further recursion levels. Then for each segment along the stem, we consider spawning a
number of branches evenly along the stem segment specified by the branchesPerSegment, calcu-
lating the probability of spawning each branch using the branchProbability factor. The code is
rendered in listings B.1 in the appendix.

4.2.3 Performance tweaking
Textures and MIP maps

In this project we use MIP-mapping (see 2.3.2) to render the textures for the different stems.
A typical MIP-map texture for the bark on a tree would look like in figure 4.5. To create a
MIP-map we use the built in functionality which comes with the GLU OpenGL extension. The
source code for loading a texture and generating a MIP-map is rendered in listing B.3 in the
appendix.

Figure 4.5: MIP-map of bark texture
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To achieve higher framerate, texture-coordinates are only calculated for stems thicker than a
certain radius.
if (radiusZ>0.03) glTexCoord2f((float)radxtileUfactor, currentHeight);

Level of detail

As the branches become thinner is no longer necessary to draw the branches with the same level
of detail. We have therefore added two variables which can be set, called MAX_POINTS and
MIN_POINTS which define the maximum and minimum number of vertexes around the stems.
The real number of vertexes for a certain level of recursion is calculated as:

(MAX_POINTS — (int)((MAX_POINTS—MIN_POINTS)*((double)recLev/(double)recurLevels)))

recLev represents the current recursion level and recurLevels represents total number of recursion
levels for this tree. The trunk will typically have the maximum number of vertexes around its
stem. This number becomes more critical when we add lobes to the tree as the general cylindrical
form is altered by a sinusoidal factor and detail becomes evident to draw this in a nice way. For
example with 3 lobes the minimum number of MAX_POINTS would be 6 to be able to see the
3 lobes as demonstrated in figure 4.6.

Figure 4.6: Tree trunk (seen from above) with 3 lobes and 6 vertexes

When the branches of the trees become sufficiently small, it becomes almost impossible to see
the thickness of the branches. It is therefore no longer necessary to draw the branch as a solid
object. We have therefore implemented a check for when the branches reaches a certain radius
they are drawn as straight lines in stead of a solid object of triangle strips. The check also
includes not drawing the line if leaves are drawn along this stem, as the leaves would cover the
line anyhow. Also since a line in OpenGL is always on pixel wide, it would not look natural
when the tree is viewed from a distance. The source code for this check is rendered in appendix
B.2.
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Benchmarks

5.1 Framerate testing

The benchmarking was performed to test how much performance was increased when comparing
two different methods of displaying the trees. First we tested the speed of creating display lists of
all the trees and then draw them using these display lists. We then compared this to calculating
and building the trees for each frame. All numbers are the minimum archived when looking at 5
high detail trees at the same time with a total of 54.572 vertices in the scene as shown in figure
5.1. The scene is rendered at a resolution of 800x600 with 32bits color depth.

M Vertices: 54572, FPS: 4

Figure 5.1: Picture from benchmark testing without display lists

From the numbers in table 5.1 there is, as expected, a big improvement when using display lists
to render the trees instead of generating the trees for every frame. These benchmarks where
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M Vertices: 54572, FPS: 21

Figure 5.2: Picture from benchmark testing with display lists

done by running the simulator with static seeds for the different trees to create the same trees
for every execution of the benchmark test. The benchmark was run using the simulator (-nogui)
(see section 4.1.2) including user interaction. We also experimented with using display list in
the GUI, but since generating and compiling the display lists take some time, this resulted in
unsatisfactory halts when manipulating parameters for the tree and did not create the desired
real-time interactive feeling.

5.2 Memory leaks

We let our implementation run for four hours with and without display lists. We found that
during the first half hour the memory usage of the program increased by 24KB and then stopped
increasing and kept running at this level for the next three and a half hours. We have not yet
identified the reason for this increase in memory usage, but it seems rather strange that it
would stop increasing after half an hour. This may imply that it has nothing to do with our
implementation, and might be an operating system specific automatic increase in the memory
allocated for any program.
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Table 5.1: Benchmark results

System Configuration FPS without display lists FPS with display lists
Athlon 1900+ 1.6GHz,
256KB cache, 512MB ram, 3 45

NVIDIA GeForce3 Ti 200

Intel Pentium 4 3.0 GHz PC800,
512KB cache, 1024MB ram, 4 20
ATI 9100IGP

Intel Pentium 4 3.2 GHz PC800,
512KB cache, 1024MB ram, 5 159
Geforce 6800LE

Intel Pentium 4 2.6 GHz,
256KB cache, 512MB ram, 4 24
ATT Radeon 9200 SE (64MB)

HP Workstation Xeon 2.8GHz,
512KB cache, 1024MB ram, 5 61
NVIDIA Quadro FX 3000
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Future work

As earlier mentioned our work was intended to create a good basis for further enhancement
in visual quality, usability and performance. We have identified a number of additions to our
implementation which can improve these factors most of whom will be mentioned in this chapter.

6.1 Performance upgrades

In our simulation the vertex data of the tree was put into an OpenGL display list, our benchmarks
show that this gave us a large boost in the number of frames rendered per second. However this
solution poses certain limitations. A display list is a cache of commands which may be stored in
dedicated memory. Therefore, once a display list is created it may not be altered. This makes
it very hard to perform animation or LOD (level of detail) on the vertex data in the display list
as the whole display list has to be deleted and regenerated. A way around this may be to use
vertex arrays.[1]

6.1.1 Vertex arrays

When using a vertex array, the vertex coordinates, vertex normals and color are among the data
that can be stored in an array for quick access from the openGL routines. As in displaylists, the
array data has to be calculated only once, substantially reducing the number of function calls.
In addition, because the vertices are stored in an array, every vertex needs only be defined once,
unlike the standard OpenGL method of drawing. This will substantially increase the framerate
and reduce the redundant processing of vertices.

It is also possible to make changes to the OpenGL commands while using the data from the vertex
array. In this way we could begin drawing only GL_LINES for the trees, and use GL_.POINTS
for the leaves when we cross a certain distance between the camera and the tree. This would
further increase the number of trees which could be displayed in the same scene.

Pushing the vertex array into a vertex buffer which is sent to GPU memory would also have a
positive speed impact.

25



CHAPTER 6. FUTURE WORK

6.1.2 Billboards

Using billboards we could display the whole tree, binding a texture map to only a handful of
polygons for each tree when they reach a certain distance from the camera. A typical approach
would be to first use the vertex arrays mentioned above to reduce the LOD and then alpha
blend to a billboard to further decrease LOD when the distance is increased even more. The
alpha blending would make the change from vertex arrays to billboards less apparent. We would
create only one billboard for each type of tree in order to not consume the entire texture map
memory. For visual quality it will be favorable to make a texture map from 4 sides of a tree at
least, preferrably also a map of the tree seen from above.

6.2 Visual upgrades

It is our belief that visual quality is a key factor when trying to commercialize 3D-graphics
technology. Therefore we have also tried to make our trees visually appealing. In order to
further increase visual quality there are a number of additions which can be implemented.

6.2.1 GPU programming

The latest advances in Graphics Processing Unit technology has made it possible to shade the
polygons with a speed and quality never before seen in real-time graphics. Using the ability of
state of the art GPUs to support a high level language to make shader programs running on
the GPU we could substantially increase the visual quality of our renderings. Using the FX-
Composer from NVIDIA for real-time-shader creation [15] we have seen examples of sub-surface
scattering which would make leaves look more natural. Bump mapping on the trunk would also
give a more natural and detailed impression of the trees.

6.2.2 Animation

Wind sway can be incorporated into our implementation by changing the angle of branches or
leaves periodically with time. Tree growth is very difficult to implement using parametric tree
modeling. This could have been implemented more easily had we used the L-system approach
described in chapter 2.

6.2.3 Rendering of landscapes

When rendering a large number of plants and trees in a plant ecosystem a number of new
problems arise. Plants must be distributed in a realistic manner in accordance with the position
of other plants and the terrain. A number of solutions to this problem have been suggested,
namely the article creation and rendering of plant ecosystems [16] where plant distribution is
determined with an interactive graphical editor and ecosystem simulation. When the landscapes
reach a certain size, memory constraints will limit the number of trees which can be created
beforehand forcing us to generate new trees “on-the-fly”. Using the parametric tree rendering
model this should not pose major difficulties.
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6.2.4 Limb artefacts

Artefacts in the base of branches (limbs) has been a problem in our implementation as well as
many other implementations. This issue could have been solved with the methods discussed in
the article Modelling the mighty maple [7] using splines with a frenet! coordinate system as a
tree skeleton and using a free form surface in the branching limbs. This would however have a
large negative impact on rendering performance and was therefore deemed unsuitable for real-
time rendering. A way around this problem was suggested by our advisor, Jo Skjermo, using
realtime- GPU based subdivision at the limbs.

Blob Tree trees

Some trees have non-smooth features such as branch bark ridges and collars. Galbraith, Mac-
murchy and Wywill [17] found a way to model these features using "Precise Contact Modeling”,
"Constructive Solid Geometry” and space warping. Implicit surfaces was also used. It was
shown however that with current computer technology and using OpenGL it will take around
60 seconds for each frame to be generated using these techniques making it higly unsuitable for
real-time purposes.

Figure 6.1: Tree rendered using direct ray tracing and the Blob Tree technique.

'Frame that represents a local coordinate system for creating identical shapes along a spline segment

27



Chapter 7

Conclusion

In this project we have implemented a prototype for parametric tree rendering in real-time.
We have also managed to create an interactive application to easily construct parametric trees.
Using our simulator, the user can get a feel of how it would be to walk around in a forest of trees
for which he has just specified the parameters. Our implementation is developed as a stand-
alone package which means it can be integrated into any other 3D engine running on C++ and
OpenGL. We have also discussed the possibilities for further development which mainly consist
of enhancing visual quality and performance. Prioritizing between these two is always an issue.
We made the choice to support real-time rendering which has strongly influenced our choice
of tools and implementation. However we have also discussed solutions that are not currently
implementable in real-time, mainly due to lack of computing power. As the rapid development
in GPUs, CPUs and software continue, these solutions may be implementable for real-time in
the future.
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Appendix A

Compiling the sourcecode

A.1 OpenGL, glut and glui

To compile the sourcecode for this project you need some additional files installed on your
system. These include the library files for OpenGL, glut and glui. To compile the project in
Visual Studio .NET 2003 on a Win XP machine you need the following files in their respective
directories:

HEADER FILES

glut.h installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Include/Gl *
glui.h installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK /Include/Gl
The following files should already exist in the proper location:

glu.h installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Include/Gl
gl.h installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Include/Gl
glaux.h installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Include/Gl
LIBRARY FILES

glut32.1ib installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Lib
glui32.1ib installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Lib

The following files should already exist in the proper location:

glu32.lib installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Lib
glaux.lib installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK/Lib
Opengl32.1ib installed in ../Microsoft Visual Studio .NET 2003/Vc7/PlatformSDK /Lib
DLL FILES

glut32.dll installed in C:/WINDOWS /system32

There is no glui dll file.

'Due to some changes in the standard library of Visual Studio .NET 2003 (stdlib.lib) the
exit function in the glut.h header file may have to be changed in order to compile. This
means replacing the exit definition on line 146 from extern CRTIMP void __cdecl exit(int) to
extern _CRTIMP__declspec(noreturn) void __cdecl exit(int)
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The following files should already exist in the proper location:
glu32.dll installed in C:/WINDOWS /system32
Opengl32.dll installed in C:/WINDOWS/system32
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Appendix B

Example source code

B.1 Spawning new branches

Listing B.1: Spawning new branches

-
for (int resLevel=0;resLevel<nCurveRes[recLev |;resLevel4++){

int childStems = (int)(nBranches[recLev+1] *x ( 1.0f — 0.5f % offsetChild
/lengthStem) + 0.5f); //+0.5 to round off properly
// Consider drawing a branch
for (int branch = 0;branch<branchesPerSegment ;branch++) {
if (myDoubleRand ()<branchProbability) {
// Create a new matrix translated along the current stem
// to place the new branches evenly along the stem
trans = IdentityMatrix () ;

trans.mat[1][3] = branch * lengthStem / (nCurveRes[recLev]x
branchesPerSegment); // translate along the y-axis
branchMat = currentMat * trans;

drawTreeBranch (recLev+1,branchMat , ., childStems , ...);
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APPENDIX B. EXAMPLE SOURCE CODE

B.2 Level of detail

Listing B.2: LOD: Draw lines

// Only draw a single line when the radius
// reaches a certain point
if (radiusZ <RADIUS DRAW_LINES) {
if (!showLeaves) {
glVertex3f(pOrigoOld.x, pOrigoOld.y, pOrigoOld.z);
glVertex3f(pOrigo.x, pOrigo.y, pOrigo.z);
¥
}
// else draw the entire stem
else {

B.3 Generating MIP-maps

Listing B.3: Generate MIP-map

AUX_RGBImageRec *pBitmap = NULL;

// We need to load the texture data, so we use a cool API that the glaux.
lib offers.

// Load the bitmap and store the data
pBitmap = auxDIBImageLoad (strFileName) ;

// If we can’t load the file, quit!
if (pBitmap == NULL)
exit (0) ;

/* Now that we have the texture data, we need to register our texture with
OpenGL. To do this we need to call glGenTextures(). The 1 for the first
parameter is how many texture we want to register this time (we could do

a bunch in a row). The second parameter is the array index that will
hold the reference to this texture. */

// Generate a texture with the associative texture ID stored in the array
glGenTextures (1, &textureArray [textureID]) ;

/* Now that we have a reference for the texture, we need to bind the
texture to tell OpenGL this is the reference that we are assigning the
bitmap data too. The first parameter tells OpenGL we want are using a 2D

texture, while the second parameter passes in the reference we are
going to assign the texture too. We will use this function later to tell
OpenGL we want to use this texture to texture map. */

// Bind the texture to the texture arrays index and init the texture
glBindTexture (GLLTEXTURE 2D, textureArray [textureID]) ;
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APPENDIX B. EXAMPLE SOURCE CODE

/* Now comes the important part, we actually pass in all the data from the
bitmap to create the texture. Here is what the parameters mean in
gluBuild2DMipmaps () : (We want a 2D texture, 3 channels (RGB), bitmap
width, bitmap height, It’s an RGB format, the data is stored as unsigned

bytes, and the actuall pixel data); */

// Build Mipmaps (builds different versions of the picture for distances -
looks better)

gluBuild2DMipmaps (GL.TEXTURE 2D, 3, pBitmap—>sizeX , pBitmap—>sizeY , GL.RGB
, GL_UNSIGNED_BYTE, pBitmap—>data);

/* Lastly, we need to tell OpenGL the quality of our texture map.
GL_LINEAR_MIPMAP_LINEAR is the smoothest. GL_LINEAR_MIPMAP_NEAREST is
faster than GL_LINEAR_MIPMAP_LINEAR, but looks blochy and pixilated.
Good for slower computers though. Read more about the MIN and MAG
filters at the bottom of main.cpp */

glTexParameteri (GL.TEXTURE 2D, GL_.TEXTURE MIN_FILTER,
GL_LINEAR_MIPMAP_NEAREST) ;

glTexParameteri (GL.TEXTURE 2D, GL.TEXTURE MAG_FILTER, GL_LINEAR_MIPMAP_LINEAR
);
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