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Abstract:
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realistic tree modeling, but the results retain a computer-generated appearance. According to fractal
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ABSTRACT
Computer modeling of nature is an enigmatic study. Natural objects, unlike 

man-made shapes, cannot be defined with standard mathematical functions. A 
number of studies have been done in the area of realistic tree modeling, but the 
results retain a computer-generated appearance. According to fractal theory, 
natural objects repeat a particular pattern in their structure and thus, can be 
described by a fractal dimension. Grammar-type systems serve as a template for 
the recursive productions of fractals. This system allows a wide variety of realistic 
Quaking Aspen trees to be generated.
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CHAPTER 1 . 

INTRODUCTION

Any man-made shapes can be modeled using Euclidean Geometry. 

Computer generated images of this type display amazing realism. Attempts to 

model natural objects with Euclidean Geometry; however, result in artificial-looking 

disasters. It is almost impossible to describe a cloud with a standard mathematical 

function. Benoit Mandelbrot noticed that nature displays a remarkable self

similarity. Mountains, clouds, rivers, coastlines, and trees can be described using 

the functions Mandelbrot termed "fractals." Chapter 3 describes fractals in detail.

In the same manner that English grammar is used to produce a sentence, 

a grammar used in computer graphics generates an object according to a 

predescribed set of rules or productions. The repetition of certain steps, or the 

recursive nature of the fractal, is characterized by the grammar. Chapter 4 

examines string manipulation grammars, the L-Systems. A set of grammars 

specifically designed for 3 dimensional tree modeling is presented in Chapter 5. 

An extended Backus-Naur form grammar is the basis of the tree modeling system 

illustrated in Chapter 6.

The object of nature chosen to be modeled here is a deciduous tree, the 

Quaking Aspen. The mechanism for generating a tree from mathematical 

functions so that the end result appears natural has not been an easy task, nor is 

the task completed.
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"Drawing random fractal trees that are not of unrealistic 'sparseness' 
presents a major difficulty, because branches must not overlap. 
Suppose that a random tree is to be constructed recursively. One 
cannot add a branch, or even the tiniest twig, without considering the 
Euclidean neighborhood where the additions will be attached." [4]

A method to draw planar trees with no self-intersection was designed by

Tom Witten and Leonard Sander.

"The Witten-Sander method is called diffusion limited aggregation.
Most unfortunately, it fails to yield realistic botanical trees, but it 
gives us hope for the future." [4]
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CHAPTER 2

BIOLOGY OF THE QUAKING ASPEN

The Quaking Aspen belongs to the family Salicaceae (which is the Latin 

name for willow) and the genus Populus. The American Quaking Aspen is 

officially known as Populus Tremuloides.

The lengths of stems (or trunks) before branching occurs vary randomly as 

does the diameter of branches.

Figure 1

Random Growth Characteristics of Aspens
! I I
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"Quaking aspen frequently reaches forty or fifty feet in height and 
eighteen to twenty inches in diameter, but in the southern Rockies 
it attains one hundred feet with diameters up to three feet. It 
matures at sixty or seventy years, and seldom jives beyond eighty 
years." [2]

The cordate leaf of the aspen is shiny green on top and dull pale green on the 

bottom. Aspens are said to "quake" because the petiole of the leaf is up to three 

inches long, pinched flat from the sides, and very thin; thus, the slightest breeze 

causes the leaves to move. Mature aspen leaves are about 8.7 cm long.

Bark ranges from pale-green on young trees to creamy-white on oldertrees, 

usually with heavy scarring. Bark near the base of mature trees varies from gray 

to black, characterized by wart-like growths and ridges. Many animals, including 

cattle and elk, forage on aspens, destroying branches, leaves, and bark. The 

beaver is the animal most closely associated with the aspen. "Wildlife biologists 

estimate that to supply his daily needs, an adult beaver needs to eat the bark off 

a 2-inch-thick aspen." [2] Quaking Aspen has one of the widest dispersions of 

trees in North America. Its seeds remain viable for only a few days in the spring, 

and so most aspen groves have flourished as a result of suckers grown from the 

root of the parent tree. An entire copse of trees may have the same genetic code, 

as seen in the autumn when the leaves of a stand will all change colors at the 

same time.

The diversity of the Quaking Aspen in North America makes it difficult to 

model just one tree. Younger trees exhibit branches close to the ground, while 

some older trees have branches only on the upper one-half to one- third of the
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trunk. My father and I trekked to the hills one day to cut an aspen, so that I could 

have a ready source of data close by for my modeling. I told my father to look for 

a "standard" aspen, one that wasn’t too young or too old, or too bushy or too thin. 

Our conclusion, after walking through several groves of trees, is that there is no 

such thing as a "standard" aspen. The diversity is tremendous.
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CHAPTER 3 

FRACTAL THEORY

In the early 1870’s, a crisis developed which forever changed the study of 

mathematics. A procedure repeated numerous times that could change a line into 

"dust" created Cantor Sets. Weierstrass demonstrated a continuous function that 

could not be differentiated. Peano showed that a curve could eventually touch 

every point in a plane without intersecting itself. These "monsters" did not belong 

to one-dimensional lines, ortwo-dimensional planes, or three-dimensional surfaces.

These "beastly" functions were determined to be of no use to anyone, and 

were largely ignored by the mathematical community for over fifty years.

Benoit Mandelbrot, a scientist at IBM’s Thomas J. Watson Research Center, 

began a mathematical analysis of the "monster" functions. A curve that exhibits 

a dimension greater than the standard Euclidian dimension is given a Hausdorff- 

Besicovitch dimension. Mandelbrot called all such curves "fractals", which is short

for "fractional dimensional.
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Figure 2

von Koch Snowflake

The von Koch snowflake illustrated in Figure 2 demonstrates the recursive nature 

of fractals. The von Koch snowflake is exactly self-similar. Each small portion that 

is magnified reproduces a larger portion. At each recursive step the length of the 

curve increases by 4/3. This curve puts an infinite length into a finite area of the 

plane without the curve ever intersecting itself.

A D-dimensional self-similar object can be divided into N smaller copies of 

itself, each scaled by a ratio of r.
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Table I .  Calculations of Fractal Dimensions

object
Euclidean
dimension ratio

Fractal
dimension

line 1=d r = 1/N D = Ioq(N)
square 2=d r = IZsqrt(N) Iog(T)
cube 3=d r = IZcuberoot(N)

D defines the fractal (similarity) dimension. This dimension may or may not be an 

integer. For the von Koch snowflake, 1 < D < 2. A dimension of 2 defines the 

Euclidean area of the plane. As D approaches 2, the resulting curve results in a 

Peano or "space-filling" curve. Natural objects demonstrate prominent self

similarity; therefore, inherently lend themselves to fractal-type modeling. 

Mandelbrot’s original definition for a fractal meant an object that was generated by 

infinitely recursive functions. The computer graphics community has widened the 

definition of fractals to include objects that are substantially self-similar. A tree, 

after several levels of recursion, no longer exhibits self-similarity. The trunk and 

branches look alike, but the leaves are unique in structure.

"The property that objects can look statistically similar while at the 
same time different in detail at different length scales, is the central 
feature of fractals in nature." [4]
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CHAPTER 4 

L-SYSTEMS

Aristid Lindenmayer, a biologist, proposed the bracketed L-system to 

describe plants and trees in 1968. An L-system is similiar to a context-free 

grammar. It is fractal in that it utilizes "data base amplification." (10) The 

amplification concept refers to generating complex objects from very few 

production rules. L-systems are basically string-rewriting systems in which the 

production rules are applied in parallel (as opposed to Chomsky grammars where 

the productions are applied sequentially). The L-System approach to rule 

applications simultaneously replaces all of the variables in a given string and 

generates languages that cannot be generated with context-free Chomsky 

grammars.

The string produced by an L-system corresponds to a picture. A LOGO- 

style turtle moves forward, right, and left according to symbols in the string. The 

state of the turtle contains x and y coordinates and the direction the turtle is 

heading. The step size and angle increment combined with the state of the turtle 

determine the next state. The axiom or first string is given, and each character of 

the axiom is replaced by a string taken from the production rules.
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Table 2. Turtle System Variables.

Movement Description

F Move forward a step of length d and draw a line,
f Move forward a step of length d, without

drawing a line.
+ Turn right by angle delta.

Turn left by angle delta.
I Turn around (turn 180 degrees).
[ Push state of turtle on stack.
] Pop state from top of stack and put turtle

into that state.

The examples in figures 3 and 4 illustrate the capabilities of two very simple L- 

Systems. In Figure 3, the production rule, axiom = F, pi = F -> F[+F]F[-F]F, was 

applied 5 times and delta = 25.7. Figure 4 was generated by 6 cycles of rule 

applications, axiom = Y, p i = Y -> YFX[+Y][-Y], and p2 = X -> X[-FFF][+FFF]FX, 

and delta = 25.7.

Figure 4

L-System Example #2

Figure 3

L-System Example #1

?
i
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The trees and plants generated by a deterministic zero-interaction L-system 

(DOL) cannot exhibit any randomness. A stochastic L-system utilizes a probability 

distribution which maps the productions into a set of production probabilities. The 

flower field rendering made famous by Richard Voss was modeled with this 

system. The original flower was altered by assigning equal probabilities to: the 

stem growing and producing new leaves, growing without leaves, or not growing 

at all. The mass quantities of flowers and captivating coloring techniques still 

cannot remove the inherent unreal quality of the rendering.

L-Systems give the natural modeler a base from which to start. These recursive 

mathematical routines can be implemented for simple designs, but cannot express 

a complex object, such as the aspen. An L-System is basically a string 

manipulation system that was not designed for 3 dimensional modeling.
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CHAPTER 5

A-SYSTEMS

"After extensive study and experimentation, we found that the L- 
system is not powerful enough to represent complex three-dimension 
branching patterns." [1]

After Masaki Aono and Tosiyasu L. Kunii from the University of Tokyo came 

to the above conclusion, they developed their own grammar-based algorithm called 

A-Systems to model botanically correct trees. Their theory contends that there 

exists only two types of branching: dichotomous, where a branch divides into two 

and each branch goes in a different direction from the original; and monopodial, 

where a branch divides in two at the growth point, but one follows the direction of 

the main axis and the other goes in a different direction to form a lateral branch.

Figure 5 Figure 6

Monopodial Branching Dichotomous Branching
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Divergence Angles

Aono and Kunii found that branches of certain trees spiral around the parent 

with a divergence angle of approximately 144 degrees. Following this pattern, the 

sixth branch will have the same divergence angle as the first. This 2/5 ratio 

(144/360) comes from a sequence of ratios that nature exhibits: 1/2,1/3, 2/5, 3/8, 

5/13, 8/21, 13/34... Willows like the Quaking Aspen exhibit a divergence angle of 

5/13 or 138 degrees. "The fractions of this sequence^ constitute a ’Fibonacci 

sequence’ whose ratio is 0.618,.. the golden ratio."8 Aono and Kunii use one 

parameter to specify phyllotaxis, or the arrangement of branches (or leaves) on the 

main axis, regardless of the age or condition of the tree. This divergence angle 

never changes in their tree models.

Branching Angles

Axiality is the quantity that represents how clearly the trunk can be seen. 

Apical dominance is the quantity that represents the tree’s external appearance. 

Aono and Kunii found that the absolute value of the branching angles controlled 

both the axiality and the apical dominance. It is obvious to the casual observer 

that Iargerbranching angles signify greater horizontal growth, while smaller angles 

represent greater vertical growth. Various studies have been done to determine 

optimimal branching angles from the ramification pattern of a blood vessel to the 

pattern of leaf veins so that nutrients can be conveyed efficiently. Mandelbrot, 

using fractal theory, assigns a contraction ratio of about 0.79 (1/cuberoot(2)), 

assuming self-similarity and space-filling characteristics.^] J.B. Fisher did a study
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on the maximal irradiation of a tree’s leaves by sunlight.[10] Most botanists agree 

that a tree's branching pattern is designed to allow maximal sunlight to reach the 

leaves.. "The net area of the leaves, excluding the overlaps, is the so-called 

'Dirichlet domain’, formed by the center points of the circles."6 This calculation 

determines if the branching pattern allows for maximal sunlight. The Dirichlet 

domain assumes there are no factors inhibiting the absorption of sunlight, such as 

neighboring trees. A tree must also be able to bear its own weight, this factor 

could inhibit maximal branching. Aono and Kunii list five possible characteristics 

of branching angles:

1) They decrease at constant ratios with the growth level from bottom to 

top.

2) They decrease gradually until they reach the middle level, then they 

decrease sharply.

3) They decrease sharply until they reach the middle level, then they 

decrease rapidly.

4) They decrease gradually until they reach the middle level, where they 

decrease sharply for a time, then they decrease gradually again.

5) They increase gradually until they reach the middle level, then they 

decrease.

Quaking Aspen trees can display characteristics 1 - 4.
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Deviators and Inhibitors

In the second stage of the A-System, the GMT2 model, Aono and Kunii 

deviate child branch positions by uniform deviators. These deviators are designed 

to alter the tree to account for wind, sunlight and gravity. The remaining two 

models, GMT3 and GMT4, allow for inhibitors and attractors, ternary branching 

and statistical branching. The inhibitors and attractors are interactively done and 

bend the tree's growth. The effect of these deviators on a tree is generally 

unnatural-looking.

Application of A-Svstems

When I used the Aono and Kunii A-System approach, I attempted to add 

realism with control points for a spline-type trunk. Stick branches with bifurcation 

or ternary ramification produced a maple tree-type skeleton. By dividing each 

branch into 4 equal segments, and randomly adjusting the values of the points in 

the middle, I could create a skeleton that looked relatively natural for an Aspen. 

Generating child branches from these middle points made a more lifelike branching 

effect than those by Aono and Kunii. In this manner, each child branch is a 

function of the parent branch. The branches radiating from the trunk had 

graduated angles, large at the bottom and small at the top. The growth of each 

tree is dependent on many things: the amount of sunlight, wind, moisture, pollution, 

and the proximity of neighboring trees. My conclusion is "correct" botanical 

growth is not as important as "Does it look real?".
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The trees generated by this modeling system are botanically correct 

and the profile resembles a particular species of tree. This method is ideal for 

planning gardens or parks, but the generated trees would never be mistaken for 

a photograph.
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MODELING OF A QUAKING ASPEN

CHAPTER 6

The study of previous efforts at computer generated tree modeling led to the 

following list of specifications:

1. A tree displays self-similarity, so it is fractal in structure, and can 

be generated with a recursive approach.

2. The grammar serves as a template to describe the fractal nature 

of the tree’s structure. The L-System approach, utilizing a grammar, 

can be used for the characterization of the basic pattern.

3. The basic pattern must be augmented with semantic routines 

which will add three dimensional structure, divergence angles, 

branch angles, and rendering techniques. The extensive botanical 

studies of the A-Systems were used as a guide for generation of 

these routines.

The purpose of these three steps is to generate a tree with a realistic 

appearance that is as close to being botanically correct as possible without 

detracting from the realism.
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Grammar

An extended BNF grammar for the generic modeling of branching objects

is listed.

<root> -> <linear_pt><!inear_tail>

< linear_tail» <linear_ptxlinear_tail | <leaf_clus> | Null

<linear_pt>-> <circle_pt>8

<circle_pt> -> <bark> | <bark><root>

<leaf_clus>-> <leaf_ptxleaf_tail>

<leaf_tail> -> <leaf_ptx!eaf_tail> | NULL

<leaf_pt> -> leaf

<bark> -> polygon

The contractions of length and diameter from the stem to the child branches are 

not specified in the grammar, nor are the divergence and branch angles defined. 

The grammar is generic to allow modeling, not only different species of trees, but 

rivers, bronchi, and any natural object that exhibits branching.
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Linear Length

The linear points are the "wire frame" in the center of each object. The root 

and starting linear point of each object have the same coordinates. All succeeding 

linear points are generated by the following formula:

Ln+1 = Ln + V * distance + B (6.1)

Where Ln is the previous linear point (given in x, y, and z coordinates). V is the 

direction vector of this object. The distance is a function of the diameter at this 

point. B is the "bump" vector which is described in detail later in Chapter 6. 

Direction Vector

The direction vector for a child object is calculated using the branch angle, 

the divergence angle, and the current parent direction vector.1 Rotations cannot 

be done around any axes except x, y, and z. If the parent direction vector does 

not lie on one of the axes, rotations to determine the child angle must be 

postponed until the direction vector of the parent is moved onto a major axis.

1In the case of the trunk, there is no parent direction vector, so it is assumed 
to be (0,-1,0) along the y axis. The original direction vector of the parent cannot 
be used, because "bumping" and self-adjustment can cause the vector to change.
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Stem A t A rbitrary Angle With Child Branch

Figure 7

stem ac arbitrary angle

branch angle

The 3D coordinate system used is right-handed. Transformation matrices are 

given as homogeneous coordinates to facilitate multiplication. A composite matrix 

to determine direction is built by multiplying the following translation and rotation 

matrices in reverse order. S, a vector of arbitrary length, is created from the 

specified point in the direction of the parent. The rotations will fix the base of S.2 

S is then translated to the origin. The projection of S on the xz-plane determines 

the angle theta. Phi is the angle that S makes with the y axis.

2The vector S is not altered until the composite matrix is assembled and S is 
multiplied by i t  It is convenient to think of the vector being translated and rotated 
at each step to maintain a mental picture of the matrix being constructed.
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In spherical coordinates, the point R (at the tip of S) is defined by:

D - the distance of R from the origin.

D = sqrt(Rx2 + Ry2 + Rz2) (6.2)

phi - the colatitude of point R (determined by the angle R makes with the 

y axis).

theta - the azimuth of R (determined by the angle between the zy-plane and

the plane through R and the y-axis).

Cartesian coordinates for point R are:

Rx = D * sin(phi) * cos(theta) (6.3)

Ry = D *  sin(phi) * sin (theta)

Rz = D *  cos(phi) (6.5)

Solving for phi and theta using the Cartesian coordinates

phi =  COS^1(R yZD) (6.6)

theta = atan(Rx, Rz) (6.7)

where atan(a,b) is defined as:

tan"1(a/b) if b > O

pi+tan'1(a/b) if b < 0

pi/2 if b = O and a > O

-pi/2 if b = O and a < O

The atan function differs from arctan in that it distinguishes a difference between 

both a and b positive, and both a and b negative.
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Prelim inary Rotations

Figure 8

theta
The vector S must now be rotated a negative theta around y to swing it onto 

the zy-plane. S is rotated around x a negative phi degrees to have it aligned to 

the y axis. Finally, the actual rotations relating to the divergence and branching 

angles for this object can be accomplished. Rotate S the required branch angle 

around the x axis (putting S on the zy-plane), then rotate S around the y axis for 

the divergence angle. The preliminary rotations that were done to allow the branch 

and divergence angles of the child to be calculated must be undone. Rotate 

around x by phi, rotate around y by theta, and translate S back to starting point.

The tip of vector S is multiplied by the composite matrix. The direction 

vector for this object is obtained by dividing the x, y, and z difference between the 

base and the tip of vector S by the arbitrary length and then normalizing. 

Subsequent points for this object are calculated by multipling the distance required 

by the direction vector.
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Distance

The distance between linear points is determined by the diameter of the 

object at this point plus the generation. The linear points become closer together 

as the object shrinks from its root to its tip. The grammar only allows branching 

at the same level as a linear point; therefore, closer branching requires smaller 

distance between linear points. If more than one branch is required at a particular 

level, the linear distance between the two points can be made minimal. Thus, the 

branches appear to be radiating from the same level.

Bumping

Some varieties of conifers exhibit straight trunks and branches that are 

almost parallel to the ground. These trees can be modeled with only slight 

variations to straight lines. Quaking Aspen seldom grow straight in any direction. 

In order to achieve a natural appearance, a "bumping" procedure is utilized. The 

predominant direction (the largest absolute value) is calculated: x, y, or z. The 

values of the two smaller directions are altered slightly. Every fifth linear point is 

a candidate for bumping. The amount of bumping is determined by random 

numbers and the diameter of the object at this point.
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•Perimeter Width

Leonardo da Vinci determined that the sum of the cross-sectional areas of 

all tree branches at a given height is constant.

D006 = D1" + D201 (6.8)

The equation states that for a branch the exhibits bifurcation, the diameters of the 

two branches that the stem splits into are a function of the diameter of the stem, 

a  in this case is 2. When an aspen exhibited bifurcation, the cross- 

sectional areas followed da Vinci’s function. Most aspen do not 

exhibit bifurcation, but rather have monopodial branching patterns. 

Although da Vinci’s equation cannot be utilized directly for aspen 

trees, the determination that a child’s diameter is a function of the 

stem is botanically correct.

The diameter of an object at its root is calculated as a 

function of the parent, the child number, and the generation. The 

girth shrinks as the object stretches from its root to its tip. The 

perimeter shrinkage is calculated by:

Dn+1 = Droot - (Droot * frac) (6.9)

where frac is given by:

(shrinkage * branchJength)/total_length (6.10)

Shrinkage that is part of the trunk is equal to 0.8. In all other cases shrinkage is 

0.2. The girth at a given linear point is generated by a circle of the required 

diameter with the linear point as the center.
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Each circle consists of eight points with p„ at 0°, P1 at 45° ... P7 at 360°. The 

horizontal circle is constructed in 3D with y unchanged.

Linear points that are part of the trunk with a direction vector (0,-1,0) lie 

along the y axis, and thus, require no further alterations.

Branches with direction vectors that are not on an axis must be adjusted. 

A composite transformation matrix to move the horizontal circle to the correct 

angle is constructed.

Figure 9

Child Circle Centered at Point of Attachment

Figure 9 illustrates the stem, or parent object, with a large circle consisting of 8 

points. The divergence angle of an object is between 0° and 360°. To simplify
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modeling, the actual angle is rounded to the closest multiple of 45; hence, the 

object is attached to one of the eight points of the stem. A child circle is 

generated with the attachment point at the center. The child must be translated 

so that a point on its perimeter, pn, shares the parent point of attachment ppm.

pn is determined by ppm where:

0 <= m <= 3 ==> n = m + 4 

4 <= m <= 7 ==> n = m - 4 

Figure 10

Child Circle after Translation to Parent Perimeter
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The child circle is then translated to the origin. The pn of the child branch must 

stay equal to the point of attachment. The point directly opposite of pn, pm, is 

rotated the branch angle. The circle is rotated to the positive zy-plane before the 

branching rotation.

Table 3. Theta - Angle of Rotation Around Y Axis 

Point of attachment Rotation Angle

A rotation around y with the theta determined above, sets the child circle ready to 

be rotated with the branch angle, phi. Phi is calculated from the direction vector 

of the child object.

After the rotation around x of phi, the preliminary rotation around y of theta must 

be undone. Rotate around y with -theta. Translation back from the origin to the 

point of attachment completes the composite matrix. The points of the circle 

describing the child object are multiplied by this matrix.

Po
Pl
P2
Ps
P4
P5
P6
Pt

-90°
-135°
180°
135°
90°
45°
0 °

-45°

phi = acos(y)/sqrt(x2 + y2 + z2) (6.11)
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3D Wire-Frame of Child after Rotations

Figure 11

The circle is now in the correct position for the divergence and branch angle for 

this object. Back projections from the eight circle points to the plane of the stem 

complete the attachment to the parent object.
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Child Branch A fter Back Projection

Figure 12

Figure 13

Child Branch Attached to Stem
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Child Branching

There are three conditions under which child branches cannot be produced: 

if the generation has reached the specified number, if the linear point being 

generated is part of the trunk and less than the fifth point, or if the diameter of the 

stem at this point is smaller than a pre-set minimum. Other than these three 

conditions, a random number determines what object will be associated with a 

linear point. Either a branch will be produced, the branch will be dead, or nothing 

will be produced. A dead branch is shorter in length and darker in shade than a 

regular branch.

Length Contraction
I

The length of a child branch is a function of the length of the parent, the 

child number, and the generation. The first child branch on a stem will be longer 

than the following children on the same branch. Branches on the trunk, generation 

1, will be longer in general than branches of succeeding levels.

Lc = (Lp * 0.618)-(child-numr * 4)-(generation * 3) (6.12)

The maximum length of a child branch, L0, is 0.618 of the length of the parent Lp, 

the "golden ratio" mentioned by Aono and Kunii.



Diameter Contraction

The diameter of a child branch is determined by the diameter of the parent 

at the point of branching and a random number. Quaking Aspen trees exhibit wide 

variations in branch widths on identical levels.

The random_number ranges between 0.25 and 0.45.

Divergence Angle

The divergence or radiating angle is determined by Aono and Kunii to be 

5/13 for a willow. By producing branches around a stem at exactly 138°, the 

generated tree is guaranteed not to look realistic. A random number alters the 

prescribed divergence angle to more closely resemble nature.

Branch Angle

The aspens that I have studied display a larger angle on lower branches 

than upper branches. As more levels are added to the tree, the branching angle 

gets smaller.The diversity of aspens display most of the branch characterictics 

listed by Aono and Kunii.

Dc = Dp - (Dp * random_number) (6.13)

Ab = 850 - (child_number * 0.04 + generation * 0.05) (6.14)
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Self-Adjustment

Self-adjustment variables are necessary to insure that the tree generated 

looks like a Quaking Aspen. The branch angle cannot be smaller than 0.1. The 

length of a branch must be longer than 6.0. Lifting insures that branches will not 

point to the ground; yet, it allows branches to sag due to gravity. The direction of 

an object is calculated with the creation of each linear point. When the child 

branch is produced, a direction vector is assigned. This vector is only the starting 

direction. Bumping and lifting can drastically change the original direction. As a 

linear point is generated, the direction of the previous linear point is examined to 

see if it is realistic or "drooping" too much. If so, y direction is too large and must 

be lessened so that the branch "lifts" and appears more natural.

Rendering

Rendering methods for this tree were adapted from those used by Alan 

Watt. Gouraud Shading is used to color the polygon mesh tree. This method 

constructs a normal vector for each polygon. The normal for a vertex is the 

average of the normals of all polygons that contain that vertex. This normal is 

then used to compute the intensity for each vertex. Light intensities for other 

points are found by interpolation.

Polvaori Culling

A back-facing surface consists of polygons that cannot be seen from the 

view point. Culling these polygons as a preprocessing operation can remove as
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much as 50% of the total polygons to be rendered. The angle between the 

polygon surface normal and the base of the surface normal to the viewpoint is 

calculated. If this angle is greater than 90°, then the polygon is not visible from the 

viewpoint and can be culled.

Z-Buffer

The DEC 5000 workstation that this program was designed on does not 

have any graphic capabilities built into the hardware. The z-buffer which contains 

an intensity value for each pixel along every scan line, could not be implemented 

as a multi-dimensional array. An array of linked list of structures was used to 

conserve memory.

Post-Processing

The scarring of the bark proved almost impossible to implement with 

Gouraud Shading. Small nicks in the bark turned to dark polygons resembling an 

old IBM punch card. Scarring had to be done after the z-buffer was completely 

assembled and ready to start indexing the color map. This post processing work 

slowed the rendering process.
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'  CHAPTER 7

CONCLUSION AND FUTURE DIRECTIONS

Conclusion

By combining characteristics of previous work and my own efforts, I have 

achieved a realistic-looking aspen tree. A small change in the input parameters 

of height, diameter, coordinates, and seeds to the random number generators 

create totally different aspen trees. The equations numbered with brackets are 

specifically designed for an aspen tree. These equations and the self-adjustment 

variables can be changed to model any branching object. The work that Aono and 

Kunii did modeling trees was especially helpful. Their goal was to generate trees 

that would reflect climatic factors and that could be easily identified by a siloutte. 

My goal was to produce a computer-generated tree that could be mistaken for a 

photograph. Although the aspens that are generated by this system are not of 

snapshot realism, they are an improvment from previous models. The secret to 

natural modeling is to define the basic structure and growth patterns and then 

apply liberal doses of randomization. The definition of structure and growth 

patterns are easier to articulate than to produce. It is not a simple task to know 

where and when to apply "controlled randomness." In the final analysis, many 

studies are overly concerned with being "mathematically sound" and "botanically 

correct"; however, the ultimate criterion is "Does it look real?"
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Future Work

Future work could include modeling trees from input data that include 

climatic conditions, soil nutrient content, proximity of other trees, and pollution 

factors. This modeling would require context-sensitive grammars, and would add 

to the complexity of the system. Given the problems today with pollution, both air 

and water, modeling trees that could display the effects of pollution is very 

valuable. The old adage, "One picture is worth a thousand words", would apply 

to pollution damage to trees.

Modeling a natural background for a tree would greatly enhance the 

appearance of the tree. Displaying a natural object on a plain color background 

makes the object appear stark and unnatural. Fractal mountains and clouds are 

a priority in the expansion of this project.
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