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Abstract

3D engines, software used to render images from 3D data, for the most part vary little
in the technology utilised. All engines commercially available employ the same basic
techniques for rasterisation. An alternative approach to that commonly used will be

presented, which provides a cleaner result with comparable efficiency.

The history of 3D engines dates back before the era of personal computers. With
such limited resources of the time, only basic routines could be used. As technology
improved, these same methods were improved to eventually form what we now use
today. While some of the modern adaptations are innovative, it is put forward that a
change in technique from the standard practice is warranted to be more inline with the

demanding requirements of modern applications.

Currently, all engines use polygons. Polygons consist of 3 points in space, which are
joined together by line segments. A plane which passes through all 3 points is then
clipped by these lines to form a triangle. Several alternative approaches to this ageing
technology were analysed to determine viability on current hardware. Research was
limited to approaches which do not use polygons. Several promising methods were

found:

Scanline rendering of curves

Forward differencing of curves

‘3D pixels’

Micropolygons



ii

From these alternatives, it was determined the most viable was forward differencing of

curves.

Reasonable analysis into this area is undertaken, along with provision for analysis of
existing research on the topic. The use of bicubic patches is a core component, partic-
ularly using Bezier curves. For this reason analysis into such curves is also provided.
While significant work is required to fully determine its effectiveness, it can now be seen
that such an alternative technique to current 3D engine architecture is most certainly

viable.



University of Southern Queensland

Faculty of Engineering and Surveying

ENG4111/2 Research Project

Limitations of Use

The Council of the University of Southern Queensland, its Faculty of Engineering and
Surveying, and the staff of the University of Southern Queensland, do not accept any
responsibility for the truth, accuracy or completeness of material contained within or

associated with this dissertation.

Persons using all or any part of this material do so at their own risk, and not at the
risk of the Council of the University of Southern Queensland, its Faculty of Engineering

and Surveying or the staff of the University of Southern Queensland.

This dissertation reports an educational exercise and has no purpose or validity beyond
this exercise. The sole purpose of the course pair entitled “Research Project” is to
contribute to the overall education within the student’s chosen degree program. This
document, the associated hardware, software, drawings, and other material set out in
the associated appendices should not be used for any other purpose: if they are so used,

it is entirely at the risk of the user.

Prof R Smith
Dean

Faculty of Engineering and Surveying



Certification of Dissertation

I certify that the ideas, designs and experimental work, results, analyses and conclusions
set out in this dissertation are entirely my own effort, except where otherwise indicated
and acknowledged.

I further certify that the work is original and has not been previously submitted for

assessment in any other course or institution, except where specifically stated.

J. CAMERON

0011221117

Signature

Date



Acknowledgments

I would like to acknowledge those that helped me with suggestions and also those that
supported me through this more stressful time. I would first like to mention my saviour
Jesus for giving me the ability to do this project despite all the circumstances. I would
like to thank Dr. John Leis for all the input he’s provided me over the whole course
of the dissertation, in particular when shipment difficulties arose and when I was sick.
I would also like to thank my family for supporting me and arranging me to go on
retreat to get the bulk of the programming done. I would also like to thank my friends
that were very understanding when it came to the workload, and provided me with

guidance on how to approach my studies. Thanks guys.

J. CAMERON

University of Southern Queensland

November 2006



Contents

Abstract i
Acknowledgments v
Nomenclature ix
Chapter 1 Introduction 1
1.1 3D Graphics Engines . . . . . . . . ... Lo 1
1.2 Brief Overview of the Dissertation . . . ... ... ... ... ...... 2
Chapter 2 A History of 3D Engines 3
2.1 Polygonal Engines . . . . . . ... ... 3
2.1.1 Evolution of Polygons . . . . .. ... ... ... ... ...... 4

2.1.2 Hardware Implementation . . . . . . ... ... ... ... ... 6

2.2 Need for Change . . . ... .. . .. .. .. 8
Chapter 3 Curves and Curved Surfaces 10

3.1 Curves . . ..o e 10



CONTENTS vii
Chapter 4 Alternatives Engines 12
4.1 Overview of Alternative Approaches . . . . . .. ... ... ... .... 12
4.2 Scan-line Rendering . . . . . .. . ... o 12
4.3 Forward Differencing . . . . . . . ... o oL 15
4.4 3D Pixels’ . . . . e e 18
4.5 Micropolygons . . . . . . .. L 21
Chapter 5 Design 25
5.1 Comparison of Alternatives . . . . . . . . . . . ... .. ... ...... 25
5.2 Selection . . . . . .. 26
5.3 Integration with Adaptive Subdivision . . . . . ... .. ... ... ... 27
5.4 Adaptive Forward Differencing . . . . . .. .. ... ... ... ..... 28
5.5  Other Factors and Optimisations . . . . . . .. ... ... ... ..... 29
Chapter 6 Implementation 30
6.1 Hardware and Software Implementation . . . . .. .. ... ... .... 30
6.1.1 Hardware Selection . . . . . . .. ... ... L. 30

6.1.2 Software Selection . . . . .. .. ... ... L. 31

6.2 Overflow Prevention . . . . . .. .. .. ... ... ... .. .. ..., 31
Chapter 7 Conclusion 33
References 34



CONTENTS viii

Appendix A Project Specification 40
Appendix B Code Listing 42
B.1 Makefile . . . . . . . . . 44
B.2 Dataand Variables . . . . . . . . . .. ... ... 44

B.3 Program Code . . . . .. .. . . . .. 53



Nomenclature

3D Acceleration

3D Engine

6-neighbours

6-connected path

18-neighbours

18-connected path

26-neighbours

26-connected path

API

Backface Culling

Bézier Curve

Use of specialised hardware to increase the rendering speed
of a 3D engine. Requires special access such as an hardware-
accelerated API.

A software system which takes raw model data and produces
an image or series of images.

Adjacent voxels which share a face

A path of adjoining voxels in which each voxel is connected
to the next via one of its neighbours’ faces

Adjacent voxels which share at least one edge

A path of adjoining voxels in which each voxel is connected
to the next via at least one of its neighbours’ edges
Adjacent voxels which share at least one vertex/corner

A path of adjoining voxels in which each voxel is connected
to the next via at least one of its neighbours’ vertices/corners
Short for Application Programming Interface. A set of li-
braries from which programmers can quickly create an ap-
plication using its pre-built routines for a specific purpose.
The process of removing the reverse side of a surface (tradi-
tionally a polygon).

A special but common representation of a curve that is de-
picted by 4 control points. Used for examples that model

free-form curves and surfaces.



Nomenclature

X

Bicubic Patch

Clipping

Collision Detection

Cubic Curve

Cull

Depth Buffer

Dicing

DirectX

Distance Field

Eye Space

Forward Differencing

A curved surface represented by the combination of 4 curves
arranged along its edges.

The process of slicing an object in order to remove a sec-
tion. Often used at boundaries. Has the Boolean operation
equivalent of an OR.

A means of determining whether an object lies within an-
other object. Also traditionally used to determine whether
an object is moving through another object.

A curve which can be represented by a cubic function, but
does not necessarily have to be in that form. It will thus
have 4 coefficients.

To remove objects from consideration, typically for falling
outside a designated area.

A section of memory used to store candidate pixels prior to
rendering. Depth information is also stored so subsequent
candidates for the same pixel can be compared and judged
according to distance from view.

The process of generating micropolygons from another rep-
resentation.

A 3D graphics API developed by Microsoft to compete with
OpenGL. It is now the most-used such API.

The area between the Hither and Yon region in which models
can be seen. Objects outside these distances are typically
culled.

The coordinate system determined by an objects position
relative to the ‘eye’, or viewing point. Similar to screen
space.

An alternative to the traditional polygon method in which
curves are stepped through for at least every pixel drawn

with moderate speed.



Nomenclature

xi

Frame

Frame Buffer

Height Map

Hither

Hybrid Engine

IrisGL

LGPL

Micropolygons

Mipmapping

Object Space

OpenGL

Open-source

The current image to be drawn, even if it does not contain
all elements at the time. Can also refer to an image that
has been rendered or will be rendered as part of a series of
renderings (or ‘Frames’).

The memory that has been allocated to contain the current
or next frame. All current implementations use a frame
buffer, however that has not been historically true.

An image in which all pixels are instead references to the
height of the pixel with respect to the plane upon which it
has been placed. The use of one is usually restricted to offline
renderings, as the high calculation process is especially slow.
A term used to indicate the closest an object can come before
clipping or culling.

An engine that employs multiple, unrelated ideas in its im-
plementation.

The proprietary predecessor to OpenGL owned by SGI.

A licensing agreement used commonly by open-source prod-
ucts which allows for modification and use without special
permission.

Alternatives to regular polygons. Sub-pixel size and fast ren-
dering make them a candidate for an alternative 3D engine
design.

The process of storing smaller versions of utilised textures in
order to improve rendering speed with seamless integration.
Can be used in any situation where texturing is required.
The coordinate system relative to the object in question.
The first true standard 3D engine API. Spawned from SGI’s
IrisGL, it is now overseen by an independent board.
Software with a license that includes the source code (the
code the software was written from) and permission to mod-
ify this code. Is common in software that is intended to be

standard.



Nomenclature

xii

Pixel

Rasterisation

Ray Tracing

Render
Scanline
Scene

Screen Space

SDL

Slicing

Tessellation

Texture

View Space
Voxel

Wireframe

World Space

Yon

A single ‘dot’ on the computer screen. With the viewable
area of an image being divided into a matrix of small cells,
this would be one cell.

The process of generating pixels.

A slow but accurate and visually appealing method of ren-
dering objects. Particularly used when accurate shadows or
lighting is needed.

The process of converting data from the scene into an image.
A row of adjacent pixels having the same x coordinate.
The entire set of objects to be rendered.

The coordinate system based around the position relative to
the screen. Similar to eye space.

An API used for generating both 2D and 3D graphics. In-
cludes much of the OpenGL API as well as input functions.
The process of splitting a surface into multiple smaller sur-
faces.

The process of converting an object into polygons from any
form.

A matrix of pixels used to represent an image that will be
overlaid onto a surface. Is included in all currently used 3D
engines.

See screen space.

A 3D pixel’. A cell or a 3-dimensional matrix used to rep-
resent an object. Traditionally also used for various other
things.

The representation of an object that includes only the out-
line of its surfaces. Traditionally represents only the edges
of an objects’ polygons.

The absolute coordinate system used in a scene. Commonly
used to reference objects contained in the scene.

A term used to indicate the farthest an object can be before

clipping or culling.
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Chapter 1

Introduction

1.1 3D Graphics Engines

At the heart of any program that displays 3D graphics is a 3D graphics engine. A 3D
graphics engine is a piece of software that transforms 3D object data into an image.
This data can be in any form, and is usually tailored towards the engine in question.
Often software development companies produce a piece of software that just contains
a 3D engine, and other software development companies use these engines to make
programs. Standard mechanisms have been developed to improve 3D Engine creation,
such as OpenGL and DirectX. Almost all computers nowadays include a hardware

implementation of both systems.

Due to the complexity and vastness of the data to be represented, the 3D engine is
always the bottleneck of any program in which it is used. Normally it is the component
that takes the longest to create. A vast amount of research has been undertaken to
make existing 3D engines faster. Both special hardware and software exist in order to
improve performance. People pay top dollar to obtain the latest, fastest 3D acceleration
hardware in order to make the 3D engine they use faster. This translates to a large

amount of money and a large market.

With all this increase in speed, 3D engines have managed to be fast and contain an ex-
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traordinarily vast amount of detail. What I perceive is missing, however, is smoothness.
This translates to accuracy in the models being represented. All current 3D engines
in use today utilise the same method for displaying images. While it is fast and (rela-
tively) simple, it is not accurate (smooth), and produces obvious visual aliases. These
are in the form of ‘blockiness’ that can been seen around the visual edge, or silhouette,
of objects. The intention here is to provide an alternative 3D graphics display engine

that will not display such visual aliases, yet still be competitive in speed.

1.2 Brief Overview of the Dissertation

Presented in this paper is four reasonable candidates for consideration for being a
next-generation 3D graphics engine. The functions, strengths and weaknesses of each
of these is examined, and a suitable candidate chosen. Further analysis into this chosen
alternative to current engines is undertaken to find additional optimisations and tech-
niques. Lastly, an implementation (of sorts) is presented which is designed to testify

to its ability. Brief analysis is performed and a conclusion is reached.



Chapter 2

A History of 3D Engines

2.1 Polygonal Engines

The idea of 3D graphics (as we know it today), and thus the idea of 3D graphics engines,
has been around since mid-century. At that time computers were in their infancy.
Computers of the time spanned floors of a building, and were extremely expensive. 3D
graphics engines were initially thus built on very limited hardware. They consisted of
points in world space (absolute cartesian position) that are transformed into eye space
(position relative to the view). These transformations involve trigonometric operations,
which are not fast to process. Once in the correct position, lines are drawn between
these points, creating edges. The end result, called ‘wireframe’, took on the typical

form of a series of boxes loosely resembling simple objects.

Even drawing a simple line took a fair amount of resources for the technology of the
time. Thus the first 3D graphics engines were totally line-based. While such methods
were an achievement for back then, it is still very basic compared to what we have now.
The first optimisations were thus optimisation to the line-drawing algorithm. Most
notably the Bresenham line-drawing algorithm was both the first and the most popular
way of efficiently drawing lines. Others later followed that improved on it, but these

came too late to be noticed.
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The trouble with this representation was that the objects were essentially see-through.
The lines represented important edges of the objects, but objects behind them could be
seen as though they were in front. This caused a problem where both the position and
orientation of the objects were often vague. To overcome this, the idea of a solid object
was introduced. The gap between the lines was quartioned off, and nothing behind the

object was rendered (drawn to screen).

This gave birth to the idea of Polygons. These quartioned off areas could now be
considered flat surfaces. Polygons are are thus planar polyhedrons that are represented
in space as 3 or more points. Lines, visible or otherwise, are drawn between all these
points in a particular order and the space between these lines is filled. Nowadays most
polygons consist of 3 points to avoid ambiguity in the event that all points don’t lie
flat on a plane. Polygons are simple and very fast to render, which makes them very

convenient to implement.

2.1.1 Evolution of Polygons

As time progressed, the technology improved. Polygons were filled with colour rather
than being left blank. This created a more ‘solid’ look. Also by this time, colour
monitors were commonplace. The concept of lighting was then introduced. This took
the form of Polygons’ colours being reduced based on the angle they made with a light

source. This made them appear much more like what they are today.

The difference between different polygons was still considerably obvious, so better shad-
ing was introduced to make the whole object congruent. This is achieved by calculating
the normal vector (tangent vector to the plane - used to calculate the angle the plane
makes with the world and with lighting) for each vertex rather than for each polygon.
Blending of light intensity between the vertices of a polygon ensures congruence. This
is especially so as most polygons share vertices to form surfaces. Of course, like every
step, the engine got slower. While most other features’ calculation costs are evened out
with the increase in hardware performance, it is not the case here. Almost all real-time
3D engines in use today utilise the older affore mentioned shading method, however

this is expected to change in the future (around 40 years after it was developed).
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Regardless of the shading policy, polygons still only contained one colour. While colour
blending between vertices in much the same way as light blending would help, consid-
erably more is needed to create a believable result. Textures thus came into being.
Textures are 2D rasterised images used for overlaying onto polygons. The vertices then
contain information about their position on the image. Upon rendering, the points
in-between the vertices are interpolated based on these co-ordinates. Once textures are
placed on a polygon, the object then starts to resemble what it is supposed to be. Of
course, as with everything else, the texture position on a polygon is only truly accurate

at the vertices for curved surfaces unless it is perfectly rectangular.

At the time, textures were only small images, around 16x16 pixels. This was due to
the memory limitations of the systems of the time, the early ones having to use ROM
or magnetic media. Individual texture pixels were very obvious, as they usually took
up multiple screen pixels and produces a grid-like appearance when viewed up close.
The blockiness of objects in general was also still very much apparent. As technology
improved, the appearance of produced images improved as well. More polygons were
able to be included while maintaining acceptable speed. Textures got larger as well.
Eventually hardware was able to blend neighbouring texture pixels together for screen
pixels that fell in-between two texture pixels. This dramatically improved appearance,

but was not feaseable in any software implementation.

The process is very slow, however, for viewing large textures at a great distance (es-
sentially shrunk). Thus mipmapping was introduced. Mipmapping is a process where
successively smaller versions of a texture are also included (or generated). These sub-
images are used instead of the full image for cases where a large proportion of texture
pixels are skipped (i.e. at long distances). Further development allowed the technique
to even be used for many levels within the one polygon. ‘Tearing’ (a line of noticeable
change) was visible as the texture was changed from one scale to another, however it

was not too obvious and was worth the speedup.

To increase speed, lighting was calculated prior to use in real-time applications, typically
at model compliation time. This provided a convenient way of producing better-looking
images at a lower cost (to the renderer). In such circumstances, a crude form of

shadowing was also possible. Various light points (ray traces of sorts) were taken at
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regular intervals, and mapped onto surfaces. Due to the added rendering load, these
points were fairly sparse. Of course, this only worked on occasions where the models

would not move in such a way as to conflict with the expected lighting.

Models which are stationary to either the view or the world were feasible, however
everything else was not. This problem was solved by categorising models into world,
moving and view. World models were those that are always fixed relative to the global
x, y and z co-ordinates. Decent lighting and shadowing was quite feasible for such
models. Moving objects raised the most problems, as they could be oriented in any
direction. Mid-range lighting was placed in strategic points in order to attempt to
blend in with the surroundings, and lighting was then calculated as before. Nowadays

this is all done at rendering time.

2.1.2 Hardware Implementation

In the early 90’s, specialised hardware began to emerge. By this time, 3D engines had
progressed far enough that simple forms were able to be implemented for real-time
applications. When 3D games emerged, the market for all things 3D opened up, and
now high-volume production of hardware was possible. At the start, it took the form
of an expansion card, which pluggs into a standard expansion port in a PC. The video
card then blugs into this card, as does the monitor. This specialised card was called
a 3D accelerator, and was particularly designed for games. The games of the time
were designed for ordinary PCs, however they had special extensions to allow for ‘3D

acceleration .

Just prior to this, when 3D acceleration cards were quite expensive and designed specif-
ically for high-end machines, various APIs were introduced. Large firms that manu-
facture specialised minicomputers and microcomputers developed libraries and systems
that forms the basis for efficiently implementing 3D engines (that uses polygons). This
was done for specific hardware, and had drawbacks when trying to implement engines
that supported different hardware. Even when implementing for different hardware
from the same vendor, programmers had to manage features that existed on some

systems and not on others. Some of these libraries even grew into APIs (Applica-
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tion Programming Interfaces). This means that it is then possible for engines to be

implemented in different programming languages.

The most prominent of the companies to do this is SGI. SGI developed a popular
framework called IrisGL. It was significanly easier to use than the standard of the time
(PHIGS), and gained popularity. Eventually it became apparent that due to large
competition between companies, any API developed would be meaningless in the push
to make programs compatible with hardware from competing vendors. Programmers
refused to go with just one company, and therefore did not use any proprietary API.
Being robust enough, SGI decided to release IrisGL to the community as a standard

APL

‘Releasing to the community’ means to make it open-source. This means that control
of the code is no longer in the hands of the originating company and never will be.
Anyone can look at the underlying code and even change it, given a few loose con-
ditions. This code thus had to undergo significant change in order for it to be read
and accepted. Along with that, in order for it’s growth to be controlled, an indepen-
dent body comprising of representatives from the industry was formed. This body’s
sole purpose is to ensure it gets used in an effective and innovative manner. SGI also
took this opportunity to revise the API before release, enough to warrant a new name,

OpenGL.

OpenGL quickly became the standard interface, however hardware took a long time
to catch up with it. A new feature was that if hardware is unable to support all the
features of OpenGL, these features would be implemented in software. Even with this,
budget hardware, like that found in a PC of the time, was still not powerful enough to
take the load required for a smooth experience. Thus subsets of OpenGL were common,
such as Glide. These subsets behaved like the fully-fledged OpenGL, but with many of
the instructions unavailable. Hardware eventually grew enough to support the entire
API, however by then subsequent revisions included extra features that were beyond
this. In this way, OpenGL has always kept ahead of budget, home-user hardware,

making engines run in an awkward hardware/software conglomerate.

A few years after OpenGL was released and had gained popularity, Microsoft released
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DirectX, which runs purely under Windows. This is a rival API designed to compete
with OpenGL. DirectX works in a similar manner to OpenGL, however it includes fea-
tures outside the scope of 3D graphics including user input control, windowing control
and 2D graphics. Like OpenGL, DirectX also suffers from a lag in vendor hardware

implementation, resulting in a mix of hardware acceleration and software emulation.

2.2 Need for Change

Thus current 3D graphics engines have evolved considerably. 50 years of modifications
and implementations have made them what they are today. Most consider a 3D graphics
engine and a 3D polygonal engine one and the same. Due to competition by rival
companies and standards, 3D acceleration hardware has progressed massively. Most of
the ‘legwork’ for an engine has already been done by the API, so the programmer now no
longer has to be concerned about the mechanisms 3D egnines utilise. Along with that,
the basic knowledge of how a 3D engine is waning out of existence. Programmers almost
always use one of the two standard APIs, and those that don’t still use traditional

architectures designed by someone else.

In short, it’s simply too convenient to use current technology to design a 3D application.
Numerous tools exist. Due to the large amount of support, I doubt if most even think
about whether there is an alternative. The culture is that ‘if it aint broke, don’t fix it’.
While this may prove to work, it doesn’t mean it’s necessarily the best implementation

possible.

Also due to the strong advances in hardware, it is viewed that any alternative would
be significantly slower due to the lack of acceleration. This paper will not use any
special features of 3D acceleration hardware. With this said, that does not mean that
implementations need not use such features. OpenGL’s relatively new 2.0 and later
specifications were numbered so due to the addition of a new programming specifica-
tion. With this, programmers can now develop small routines that are purely run in
hardware (assuming the hardware supports it — which it will, as discussed prior). It

would be reasonable to assume that soon any given alternative 3D graphics engine im-
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plementation would have a major component that can be implemented in this. This will
effively ‘3D accelerate’ the purely software implementation. Such methods, however,

are beyond the scope of this research.

To recap, the slow evolution of the traditional 3D engine model has made it what it
is today. While it is due to hardware constraints forcing the prior implementations
down a particular path, this path need not necessarily be the fastest or most efficient.
Most consider it the best because current trends and technology favor this method,
and indeed most perceive it as the sole form of 3D engine. This is unnecessary, and
untrue. This paper strongly suggests that technology has evolved enough to be able to
support a new, better technique for generating 3D images, that sheds away the long
history of slight modifications from basic principles. To be consise, a next generation

of 3D engine is now plausable and warranted.



Chapter 3

Curves and Curved Surfaces

3.1 Curves

The main problem with current 3D engines today, as stated before, is the visual artifacts
created by using sparsely separated vertex points joined together by linear patches. A
linear approximation to a surface is simply not good enough for most objects. Any
object that has a curved surface is only accurately approximated around the vertex
points. All other areas display a huge deviation from the shape intended. One option is
to increase the vertex count to reduce the error. The more vertices, however, the slower
the image renders. Nowadays this is OK for offline rendering, where the speed is not
important. Applications such as CGI for movies or still images take advantage of this
technique. For the majority of applications, however, real-time rendering is involved.
There is a limit to the number of vertices and polygons that can be accommodated

before the usability of the entire program is compromised.

Thus an alternative method for representing image data is warranted. There are various
methods for representing objects, however to design accurate models, certain techniques
are necessary. While some of these techniques generate data that is not in any curved
form, means of designing models is necessary in order to get this data. Thus, curved

object representation is necessary.
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Regardless of which representation of curves you use, it can always be transformed into

a power series curve. These curves take the forms such as equations 3.1, 3.2 and 3.3.

r=ay+b (3.1)
z=ay? +by+c (3.2)
r=ay’ + by’ +cy+d (3.3)

Equation 3.1, for instance, represents a line, regardless of the form used to render it.
This could be classified as a 1%t-order curve (even though it does not curve at all). A
2nd_order curve, referred to a quadratic, is represented by equation 3.2. A cubic, a
37-order curve as represented by equation 3.3, is the lowest order possible in order to
approximate arbitrary curves. Thus cubic and higher curves are what will be employed

to generate more accurate images.

Various means of curve representation and rasterisation are presented here as some
approaches use this directly to generate images. Other schemes are also available that
can be either used to replace these curve representations or to generate models that

can be used in certain implementations.

Bézier curves are by far the most commonly used curves for research into computer
graphics. Originally created by Pierre Etienne Bézier for use at Renault, it is one
of the oldest and most convenient representations around. Bézier curves consist of 4
points. 2 are the endpoints of the curve, and the other 2 define how much the curve
bends, and towards where. Bézier curves still follow the formal rules for curves, though.
Having 4 points means it’s a 3"%order curve. It can be translated into normal power

representation easily.

The advantage of Bézier curves is they are easily deformed by moving the control points,
and are also easily converted to power representation. Given the widespread use of
Bézier curves, I am not surprised that they are the chosen method by all alternative

3D engines discussed in this paper.



Chapter 4

Alternatives Engines

4.1 Overview of Alternative Approaches

Many alternatives are presented here. Selection is based primarily on the ability to
render images that are more accurate than that produced by polygonal engines and
with comparable speed. Due to the complexity of creating higher precision engines, it
is obvious that a low-polygon traditional 3D engine will be faster. Polygonal engines
have the advantage of being able to sacrifice image quality (and thus precision) in favour
of speed. The goal is thus to choose an approach that has a high likelihood of improved

performance over the polygonal engine of similar quality.

4.2 Scan-line Rendering

Scan-line rendering works in a much similar way to the current methods used for poly-
gons. With polygonal methods, the common (and fastest) way of generating pixels
is to join polygon points up with lines and sort them by y, then x. A ‘scan-line’ is
then introduced to scan the y direction from top to bottom. For each (horizontal) line,
points between the two edges of that section of the polygon are filled. (Whitted 1978)
was the first to produce such an implimentation. At the time, disk access was the

major bottleneck in for hardware. Implementations as was common back then used a
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frame buffer to store rendered pieces of the image before everything was rendered. This
caused severe trashing of the harddisk. The scanline method did no do this however.
By calculating it in scan-line order, sequential disk access was possible. The meant
that little movement in the heads of the harddisk was necessary and that no time was

needed for the disk to move to the right orientation.

A significant speedup would have resulted from this method. It thus spawned everal
other scan-line techniques. Nowadays this is not an issue. Rendering is performed
in RAM, which has the same access time regardless of the memory’s location. A
framebuffer poses no problem then. In fact, a depth buffer is employed to distinguish

two objects that occupy the same x space.

A while later, (Blinn 1978) decided to re-explore this idea. It is unknown why it
was never taken up, however Blinn’s earlier work focused on shading techniques for
such surfaces. In face, Blinn is quite well known for this. Blinn’s algorithm, however,
quite closely resembles Whitted’s. Even the diagrams are familiar. He does go into more
detail about the different situations that can cause problems in such an implementation
though. In particular, when there’s a local maximum or minimum in one dimension,
or a combination of the two, the algorithm has to take special care in order to produce
the correct result. Along with the other sections which are described further down, a

special routine has to be implemented to correctly handle such situations.

(Lane, Carpenter, Whitted & Blinn 1980) looks at different scan-line algorithms in-
cluding those put forward by Whitted and Blinn. The lane-carpenter method is also
presented, however this is a hybrid engine that also uses polygons. Here we see how

scan-lines can be used to create polygons for use with traditional engines.

For each of these, the program essentially scans through each y line from top to bottom,
generating pixels for each polygon from left to right. It can be thought of as a series of
planes cutting through the z and x axes at each y pixel increment. This is reasonably
straightforward for linear polygons, as lines are reasonably fast to calculate (especially
considering a large amount of research is being done to make them even faster). Lines
are also monotonic in all axes, meaning that for any given z, y or z value, there is at

most one pixel value for the line.
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Such luxuries do not exist for curves, however. Attempting to implement a similar
technique, Whitted developed a method for scan-line rendering of cubic curves. He
decided to use Bézier curves as his curve representation form. The first problem he
encountered was the existence of a potential silhouette in surfaces. A special pre-
processing algorithm had to be implemented in order to find all silhouettes. A problem

37 order

which arose with that was that the order of silhouettes was not limited to
(cubic) curves. Higher-order curves were produced, and thus needed to either be sliced

up or approximated to fit the rendering algorithm.

Another problem that arose was that since the curves have the potential to be neither
monotonic in z or y, they had to be split up in order to fit the algorithm. It’s designed
in a similar way to traditional linear algorithms, and thus only works if the curve does
not curve in on itself. Considering curves are being split anyway, silhouette curves
are also approached likewise. Thus, extensive pre-processing is done to ensure all the

curves are in the right form.

Once that is achieved, (Whitted 1978) uses Newton’s iteration is used to calculate
the x values. This process is made more efficient by an estimate being taken from
the previous solution, and iterated. Occasionally a solution is not found, however, and

more expensive procedures have to be taken to find the point.

(Blinn 1978), however, uses heuristics and numerical techniques instead. This can work
much more efficiently in a lot of cases, but has a major drawback. (Lane et al. 1980)
mentions that this method may fail, and more often than Whitted’s method. If that
is the case, as before, expensive, brute-force methods have to be used to resolve the

situation.

This method seems to be solid, and backed up by other research. Scan-line rendering
has the advantage of a speed boost due to the successive writing of pixels to adjacent
locations. This, of course, due to hardware advances, does not produce as much of a
speed boost as it once did. The rendering of pixels between curves is also very fast.
What lets it down is the curve calculation. Newton’s iteration is fairly slow, especially
when it fails and you have to go by brute force. A lot of calculation is involved pre-

rendering, as local maxima and minima have to be found along with silhouettes. All
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these so as to slice curves up appropriately (and for every frame).

4.3 Forward Differencing

Forward Differencing uses a completely different technique. Here, curves are start off
initially in the Bézier form. At each frame, they are converted into parameter space.
This is another form which has a direct correlation to the Bézier form. Thus they can

easily be converted back if required.

(Klassen 19915) intoduces the method well. A large amount of detail goes into explain
how Bézier curves are used. It can be seen that any curves can be used (although
any less than cubic would not be suitable for arbitrary surfaces), however most of the
research indicates a strong preference towards Bézier curves. Subsequent research also

keeps to this ideal.

In parameter space, functions are monotonic in one value, ¢, which does not represent
any axis. Thus a curve that curves in on itself in a normal axis can still be expressed
as a function, as it does not do so in parameter space. One significance of this form is
that 3 equations are produced; one for each axis. While the ¢ does not represent any
particular axis, the result of stepping through ¢ is the axis location for points along
the axis in question. Thus to render a curve, t is stepped through from one value to

another, with the same values for ¢t used for every axis.

The stepping process is not an easy one. With traditional methods using cubic function
directly (or derivations thereof), a large number of multiplications are involved. For
example, the following cubic function for the z axis, equation 4.1, is expressed in the

computer as equation 4.2.

r =43 432 2t + 1 (4.1)

T = 4Axtxtxt + 3xtxt + 2xt + 1 (4.2)



4.3 Forward Differencing 16

While the number of multiplications can be halved, each operation still takes a pro-
portionally large amount of time to compute compared to an addition. Multiplication
and division operations are very computationally expensive, and thus must be avoided.
Forward differencing uses little of these operations, and usually uses bit shifts instead

of such operations. This will be further discussed in the next chapter.

(Shantz & Chang 1988), (Klassen 1991a), (Klassen 19916) and (Klassen 1994) all
deal in the same area. They detail explicitly how forward differencing works, and some
provide extra information on how it may be improved. They do bring forward different
implementations, though, and some often provide different solutions to inherent prob-
lems. Thus, to analyse and explain how forward differencing works, all four papers
need to be considered at once. A point to note now is that all subsequent formulae,

etc. come from these sources — usually all of them.

Curves, of any form, first need to be converted to the correct form. The only valid
conversion from Bézier is to power form. This is done in the usual manner. Forward
difference form is related to power form by equation 4.3, which can be derived from
the general form found in (Shantz & Chang 1988) (which has a typographic error,
specifying d+ 1 instead of d—1). The conversion from power form to forward difference

form is done using the matrix in equation 4.4 from the same passage.

(t=1) =1 =2)

t
ag + a1t + a2t2 + a3t3 = by + b1t + by 5 + 6 (4.3)
(100 0]
01 1 1
FD = (4.4)
00 2 6
i 00 0 6 i

Once in this form, the curve can then be ‘stepped through’. The forward matrix, de-
noted in equation 4.5, also derived from (Shantz & Chang 1988). This simple operation
masks a more complex theory behind it. As stated before, the curves are a 3"%-degree
polynomial. We start at one end, which is known already. If we differentiate this curve,

we get a 2"%-degree polynomial. A successive differentiation yields a 1%-degree polyno-
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mial. This becomes a linear equation of which the slope is trivial to find. Using a set
distance, we can trace this slope to the next point. Once obtained, the new point found
is treated as the original point in a new curve that resembles the original curve but is
shifted up the step distance. Earlier representations used a different matrix which too
more time to equate. This was using a slightly different basis, and once it was found

that the basis could be converted, this better representation was found.

(110 0]
0110
E = (4.5)
0011
(000 1]

In order to resolve the problem the scanline method has, a final change in representation
is warranted. In this case, t is stepped from 0 to 1. This is a totally stable region in
which the calculation will always produce the correct result and not default. This

speeds up the process greatly.

While t is stepped through with even steps, it does not hold that the steps will be even
for any axis. This means that even though for some sections of the curve every pixel
may be filled using a certain step size, other parts of the curve can produce gaps for
the same step size. Moreover, some parts of the same curve may have the pixel filled
numerous times, resulting in a huge reduction in efficiency. Thus, in order to ensure
that all pixels are filled, a relatively small step size has to be chosen, which can result
in a large number of points falling on the same pixel. This endangers the viability of

the procedure, as too many operations could be performed for each pixel.

To alleviate this, several methods have been put forward: adaptive subdivision and
adaptive forward differencing. Adaptive subdivision also solves the problem of accu-
racy by splitting curves (subdividing) prior to forwared differencing. Adaptive forward
differencing adaptively changes the step size used depending on whether there was a
redundant pixel or a pixel gap in the rendering. More detail into these methods will

be explained in the next chapter.

One other important thing to note with forward differencing is that errors accumulate.
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Due to each step producing a new curve, any error carries on for the rest of the curve.
Thus, if a large number of points along the curve are found (which would be not

uncommon), the error may grow large enough to be noticeable.

4.4 ‘3D Pixels’

‘3D Pixels’ is a term colloquially used to describe a number of 3D engines developed
around a concept of a cubic frame buffer. The term ‘Voxels’ was traditionally used,
however it is now used to describe several newer components used by traditional 3D
engines. This term originated from the term ‘volumetric pixels’, and over time evolved
into several varying ideas. I will use the term ‘Voxel’ to describe a single 3D pixel, as
the term ‘pixel’ by itself usually implies a 2D pixel. There are several flavours of ‘3D
Pixels’ including CUBE, GODPA, PARCUM and 3DP* architectures. My analysis is
on the most recent and the most comprehensive form, the CUBE architecture presented

by (Kaufman 1987).

‘3D Pixels’ are centred around the idea that 2D pixels can be extended into 3D. Pixels
are simply points on the screen, referenced by the horizontal and vertical (or x and y)
position. Because of the cardinality of the pixels, they are seen as squares covering the
screen. Pixels are organised into matrices in traditional 2D engines. These matrices are
called ‘sprites’. 2D engines use pixel mapping to move the sprites around the screen

forming the basis for the engine.

This is extended precisely in 3D, however the operations get a bit more complicated.
As well as movement, zooming and rotation have to be performed. For this, the size of
the pixels as well as the transformation operation have to be considered. This method

breaks away from the 2D model a bit more for this reason.

A voxel is obviously thus just like a pixel except for the extra z dimension. Thus, a 3D
matrix of pixels is formed for every object. The biggest problem with this idea is that
a large amount of memory is required to store everything. For example, the normal
resolution for PCs is 1024 x 768 pixels. So, in order to accommodate an object that fills

the screen and performs appropriate operations, the largest dimension must be taken to



4.4 ‘3D Pixels’ 19

all dimensions. The standard bit depth for each pixel in contemporary applications is
32 bits, or 4 bytes. This means, this object would be 1,024 x 1,024 x 1,024 x 4 bytes,
or 4GB (4,294,967,296 bytes)! This is more than the total RAM for most computers.
Obviously this is unacceptable, and poses a formidable obstacle. It is quite possible to

use a reduced resolution, however the quality of the result will be reduced.

100% perfect quality is not what we’re looking for, luckily, so this approach still warrants
consideration. As hinted previously, significant research has been done into this area,

indicating the plausibility of a decent implementation.

Due to the fact that objects can be viewed at any angle, a method has to be developed to
find the correct voxels to render into pixels. As the object may be further away, voxels
will be missed. The CUBE architecture uses a traversal system to find the correct
voxels. Starting at any arbitrary voxel (you could optimise it to find a nice match,
however this would lower the performance slightly), specific algorithms are used to
find the appropriate voxels for neighbouring pixels. These will be explained in general

shortly.

Adjacent voxels are categorised into 3 categories: ‘6-neighbours’, ‘18-neighbours’ and
‘26-neighbours’. 6-neighbours are the voxels that share one face (thus the 6 faces of
a cube). 18-neighbours are voxels that share one edge. They thus each share 1 face
in 2 6-neighbours. 26-neighbours are voxels that share one vertex. They thus share 1
face in 3 18-neighbours and no faces in any 6-neighbours. So, for a change in 1 axis
(for example to move 1 voxel in the z direction, and none in the y or z directions), a
6-neighbour is found. For change in 2 axes, a 18-neighbour is found. Likewise, for a
change in 3 axes, a 26-neighbour is found. This concept lends itself to paths as well.
A traversal between several 6-neighbours is called a ‘6-connected path’; between 18-
neighbours, it’s a ‘18-connected path’ and between 26-neighbours, it’s a ‘26-connected

path’. In this manner, it is easier to find the next voxel to be considered.

(Kaufman 1987) mainly demonstrates several algorithms for efficiently converting other
representations into voxels. This is also reflected in the later paper, (Kaufman &
Shimony 1986). Here’s the conversion practices is extended to various different imple-

mentations based on the object type. An interesting note is that a ‘3D Curves’ object
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type is presented with a very similar implementation to the forward differencing method
previously discussed. Kaufman and Shimony have also extended this into surfaces, pro-
viding insight into how 3 dimensions could be implemented using this technique. Thus
you could consider a hybrid engine where bicubic patches are converted into voxels
using forward differencing and all the additions previously discussed (as well as some

discussed later).

Once the connected paths are established, Kaufman assumes it is easy to obtain an
implementation for rendering. Successive voxels are selected based on the difference
between the z, y and z values. Thus, if most of the change is in one axis, a 6-connected
path is used. Likewise, for 2 axes, an 18-connecte path, and for 3 axes, a 26-connected
path. I can be demonstrated, however, that this is not the optimal method for voxel
selection. L-shaped paths access the next voxel. A recommendation for improvement
would be to move on a diagonal, using a differently-connected path until equilibrium

is reach whereapon the correct path is used.

To provide an example, imagine how a knight moves on a chess board. It moves 2
squares in one axis, and 1 in the other axis. If you consider it this way, the knight has
moved 3 squares. If, however, you consider it to move 1 square in a diagonal axis (i.e.
1 unit in 2 axes — a higher connected path) and then 1 square in 1 axes, you will yield
the same result. The knight, however, has only moved 2 squares. This might only be
a l-square advantage, however it increased the efficiency of the algorithm by % This
is scalable linearly to an arbitrary number of squares, and is also scalable to the 37

dimension.

The advantage of both these methods is that pixel- and voxel-finding operations are
reasonably quick. This is offset, however, if ‘in-between’ pixels (i.e. pixels that don’t
have a corresponding voxel due to the object being too close to the viewing screen)
need to be found. Morphing or changing objects may pose a problem, as a large
number of memory access operations (as well as numerous calculations) need to be
performed in order to re-populate a matrix. Most simulations, however, require little
of this. If memory if abundant, the option to pre-populate ‘frame’ matrices can also
be considered. This is where an animation is pre-empted, and motion is drawn offline

in numerous separate matrices. All that is required, then, is to change matrices for the
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next ‘frame’.

The most prominent benefit for using this method, however, is it’s ability to display
non-solid objects and objects that cannot be represented by curve patches. For non-
solid objects like particle fields, smoke, clouds, etc. many voxels have to be accessed and
rendered to a single pixel. This can be emulated by changing the value of the outside
voxels to emulate this state (producing less voxels). Other non-solid objects such as
crinkled plastic or cloth can be easily displayed using a similar technique. In fact,
such objects, transparent or otherwise, lend themselves better to this representation
than any other, as the complexity of the object being represented as no bearing on
the rendering time. 3D engines, are more commonly found these days with such items,
especially when dealing with character animation. Solving the problem of deformable
material such as cloth and hair has long been seen as one of the most difficult and

important obstacles facing 3D engines.

One last thing to note is that engines can be developed that use both this method, and
other methods at the same time. This is not a hybrid engine as is mentioned previously.
Here, voxels and polygons are used in the same scene without any conversion between
the two. (Kreeger & Kaufman 1999) shows an example where a polygonal jet is flying
through a voxel-based cloud. Two totally different implementations working together

to produce a working image. This would be an area for further study.

4.5 Micropolygons

Much less research has been done into the area of micropolygons than the previous
areas. That being said, it has been successfully used by companies like Pixar to render
high-quality, offline scenes. Although it was not used for real-time purposes back then,

20 years have passed, and thus the method is worth considering.

Micropolygons are basically small polygons. They behave in a similar way to regular
polygons, but the approach used to deal with them is vastly different. Micropolygons
have a maximum size of % pixel when converted into screen space, and therefore only

ever affect one pixel. With anti-aliasing methods, they can affect more than one sub-
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pixel though. Considering their size, they need only contain one colour. This makes

texture mapping simpler and quicker than any of the other methods discussed.

All rendered objects are eventually converted into micropolygons for each frame. This
is called ‘dicing’. Going over the details, I cannot see why this has to be done so often.
If objects change form or move dramatically (so that either some micropolygons are
greater than % the size of the pixel or they become too small to handle efficiently),
then re-conversion needs to be performed, however most objects do not behave as such
often. I propose that computation-saving efforts be brought forth in order to limit this
process. Diced objects could be stored in separate buffers to be used on subsequent
frames, saving a large amount of computation time. Considering the age of this method,
perhaps the designers felt that too much memory would have been used (at the time,
the maximum amount of RAM on offer would have been 1MB — 1,048,576 bytes). All
model data would have been stored on a hard-drive, making memory access a severe
bottleneck. This would have led to the designer’s strong preference to limit memory

thrashing, which ultimately affected the design choice.

History aside, the idea behind the concept still holds strong. (Kreeger & Kaufman
1999) lays it out in detail (and unlike the other alternatives, this has been used in
movies). Objects are originally in any arbitrary form, of which a bicubic patch is
recommended. The viewing area (an envellope for determening whether an object will
be within view) is considered, and all objects not falling within this are removed. The
distance field has also to be considered. Drawing from the traditional polygonal method
for rendering, objects will undergo a perspective transformation, and thus be subject
to mathematical instability if an object is too close to the ‘eye’. Unlike traditional
methods, however, objects are not immediately trimmed to make them either in-view
or far enough away from the ‘eye’. This was done in order to have room for a ‘heigh
map’ to be overlayed onto a surface. A hight map is like a texture map, however
instead of containing colour information, it contains height information. Vertices for
each micropolygon are moved to reflect the height point referenced to the corresponding
pixel on the height map. This often stretches the micropolygon (And also has the
potential to break the % pixel size rule). Thus, a micropolygon that would otherwise

be offscreen has the potential to be onscreen. While not implemented and beyond the
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scope of the paper, height maps can increase the complexity and quality of the result.

Room for such a quick implementation improves the outlook for this approach.

Not all objects can be immediately diced. Some objects would produce too many
micropolygons, and others start off in a form initially unsuitable for such an operation.
For these cases, the object is then split into smaller parts, or ‘sliced’. For the case of
bicubic patches, this means subdividing them into smaller patches. Given the nature
of cubic curves in that they do not follow uniform tesselation, this will most likely
produce more suitably spaced micropolygons. As explained in other sections, repeated
subdivision operations are too computationally slow for this to be employed often. I

would expect, though, that a normal scene would require few objects to be sliced.

Once all objects are diced, the original world and object coordinates need not be consid-
ered any longer (unless the previous suggestion of keeping micorpolygon data between
frames is considered). Thus there is no need for any inverse operations. Since we are
now dealing with screen space, micropolygons that fall entirely outside the viewing field
can be culled. It is at this point, also, that micropolygons falling outside the hither-yon
range (i.e. they are either too close or too far away from the ‘eye’) are culled. While

not mentioned, backface culling should be able to be performed at this point as well.

A depth buffer is used to distinguish micropolygons which fall under the same pixel.
This need be the only form of collission detection used, given the size of micropoly-
gons. It is suggested that lighting and texture calculations be performed prior to depth
calculations, however I stipulate that this need not be the case. As mentioned before,
the intention was to cut down on memory thrashing and disk access. This need not be
the case, as sufficient memory is now available to store everything necessary in RAM.
Another reason was to allow extensibility and compatability with other engines. It was
envisioned that some objects be rendered using other methods, such as ray-tracing, due

to requirements such as reflection. This is no longer necessary.

Shading is all that is left to produce the image. It is suggested that certain filtering
be performed to reduce ailising, however this will decrease performance. Calculation
of light intensity is easily done using the same method as used in traditional 3D en-

gines. Although mapping such as texturing and height mapping will have already been
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performed, extra mapping such as glossiness etc. can also be added at this stage.

This method lends itself to implementation in modern graphics hardware more than
the others. This is due to its resemblance to traditional 3D engines as well as features
of current standards to accomodate normals (the direction the polygon is facing) in
points. A major drawback, though, is the large quantity of micropolygons produced
in a normal scene. Even with the suggested changes, the number of points taken into

account in each frame are enormous.



Chapter 5

Design

5.1 Comparison of Alternatives

The four alternatives discussed each have different advantages and disadvantages. All
of them have a rather long history. At the time of their inception, computer hardware
was severely limited. Memory access was synonymous with disk access, which is very
different to today, where all mentioned memory operations are done in RAM. Each of
these alternatives were intended for non-interactive rendering on reasonably large and
expensive systems. The intention here is to compare how they would perform on a

normal PC computer system of today’s standards.

The scanline method looks good, however several things slow it down considerably.
When the curve algorithm fails to converge, a lot of time is spent obtaining an answer.
Also, The pre-processing algorithms are fairly lengthy. Particularly, the silhouette de-
tector is a very costly operation, and needs to be performed for every patch, sometimes

multiple times.

Forward differencing solves most of the problems associated with the scanline method,
however there is a lot of redundancy from the large amount of pixels being re-written so
that no gaps appear. Further optimisations can be made, however they do not solve the

problem entirely. Especially when translating between curves and surfaces, redundant
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pixels are still a huge slowdown.

The cubic frame biffer is quite good in the speed aspect. Each operation is quite simple,
and there is no slowdown. Problems can occur, however, when objects are enlarged too
much. The main issues is memory. A huge amount of memory is required to store all

objects. This has a significant impact on how this method is treated.

Micropolygons suffer for a mixture of the above. Once objects are diced, a large number
of micropolygons are produced. This is not enough to run out of memeory, however
it could be more than can be processed in a reasonable amount of time. Along with
that, significant pre-processing has to be performed before any micropolygons are made.

Even with the suggested changes, it still leaves a lot of data to process for each frame.

5.2 Selection

Ironically, the order the alternatives are presented in represents the initial expected
performance at the onset of the research. This proved to be inconsistent with the
final theoretical analysis. Note that the scope of the research is not to implement all
avenues, but rather to choose the best from available information and then compare an

implementation to the traditional form.

The objective is to choose an engine that is the fastest on current standard home
computers. This is the environment most 3D engines are targeted for. This system has
roughly a 3 GHz CPU, 200 GB HDD, 1 GB RAM and a graphics card that has 256
MB RAM. Ideally it should run smooth on such a system. The system obtained for

the test has slightly lower specifications, but enough that a real-time test is feaseable.

The cubic frame buffer engine simply takes too much memory. Models would have to be
stored on disk, making access times horrendous. Even though it’s fast, it’s not practical
at this point in time. Micropolygons are also too cumbersome. Objects are split into
thousands of micropolygons, making both the splitting task and the remaining tasks

extremely slow.
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Both the scanline and the forward differencing methods have great appeal. Adopting
a scanline guarantees no missing pixels and no redundant pixels. Forward differencing
guarantees not to default to significantly slower and more painful means and does not

require pre-processing to find silhouettes etc.

The speedup produced by the scanline order is now fairly irrelevent, as stated before.
Not only that, but the scanline order will prove more computationally expensive to
implement with textures. Along with the additional ways of speeding up its implemen-
tation, it can be easily seen to be faster than the scanline method. Detailed algorithms
are available which add extra speed boosts on top of the additional methods which

utilise bit shifting and clever use of registers.

5.3 Integration with Adaptive Subdivision

The main difficulty with a surface representation using forward differencing is that the
inaccuracies accumulate too much. The only solution by (Klassen 1994) and all the
others the address this issue is to increase the register width. At the time, this involved
joining two 32-bit registers together to form a pseudo-64-bit register. This operation

takes a lot of time, and thus reduces the efficiency of the algorithm too much.

According to (Klassen 1994), adaptive subdivision is the appropriate alternative. Like
forward differencing, points with a fixed step size are chosen. Unlike forward differ-
encing, these points are then used to split the curve. Thus instead of one curve, an
arbitary number of curves is produced. Since the inaccuracies are related to the num-
ber of steps, and the number of steps is related to the curve size, the number of curves

produces can be talored to the size of the curve.

Another advantage of this method is that it helps monotonise the resultant spacing
of points found. Normally curves have sections which have a higher density of points.

Using forward differencing, the step size can be reduced to accomodate these sections.

Subdivision is reasonably slow, however. New curves are created, and more slower

and traditional methods have to be utilised to split the curves in the first place. This
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slowdown, however, is still less than that produced by having to joing two registers
together. With the advent of common 64-bit registers, the slowdown of joining two 32-
bit registers becomes non-existent. Everything can be done in a single register. Thus,

this implementation becomes reasonably slow due to the disappearance of the tradeoff.

5.4 Adaptive Forward Differencing

Adaptive forward differencing is mentioned in quite a few papers. It is put best, how-
ever, in (Lien, Shantz & Pratt 1987). Several transformations have been developed to
halve the step size 5.1 or double it 5.2. This goes back to first principles of differentia-
tion. If you had initially decreased or increased the step size to start off with, it would

work this way. Thus, to re-arrange the calculations, simple algebra can be employed.

100 0
0210
L= (5.1)
00 4 4
(000 8|
(10 0 0|
1 1 1
1|02 78 1 (5.2)
00 3 -
000 L

The change in step size is triggered by the distance the current pixels is from the
previous one. If a pixel is missed, a half-step (or step-down) is performed on the
previous result to obtain the next correct pixel. If the step size results in a new pixel
that is less than half a pixel away from the previous one, a double-step (or step-up) is

performed.

In this way, far fewer redundant pixels are produced while still covering the entire curve.
An extra check has to be performed after each pixel is calculated, however after testing

it has been found that a step-up or step-down is rare. Other than this, the algorithm
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works with the precision and speed of ordinary forward differencing.

Adaptive forward differencing is thus the preferred choice for implementation, and will

be considered for the rest of the paper.

5.5 Other Factors and Optimisations

It is possible to combine the two optimisations, however there would be no discernable
speed increase (and would most likely produce a speed decrease), as both overheads

are added and the advantages overlap.

(Elber & Cohen 1996) provides an interesting optimisation. As it is common for
free-form surfaces to be concave, often adjacent curves overlap to produce a very large
amount of redundant pixels. Since we cannot skip curves (as that would result in a gap
at the ends), that is usually just assumed to be a result of the technique used. (Elber
& Cohen 1996) has used a technique to stop curves prematurely. In this way, when a
concave surface’s curve starts to overlap the previous one, it is terminated at that end.
While not mentioned in the paper, it would be presumable that the curve then needs to
be started from the other end to avoid a possible gap there. This method actually saves

as many pixels as adaptive forward differencing, and is thus worthy of consideration.



Chapter 6

Implementation

6.1 Hardware and Software Implementation

(Chang, Shantz & Rocchetti 1989) provides a very neat template for implementing
adaptive forward differencing. 32-bit registers are laid out and are complete for a
curve implementation. While 64-bit registers will be needed for surfaces, the method
can conceivably be easily transfered from curves to surfaces. This will take an extra
dimension, and thus an extra matrix operation. Since the research mainly deals with the
32-bit section, and due to hardware supply problems, the 32-bit registers and associated

curves will be discussed.

Matrices can be converted into computations by cross-multiplying. With this, a few
optimisations can be performed due to ordering. Register shifts can also be used to
squeeze precision out, resulting in a fixed-point format. With the speed of processors,

this allows for equivalent efficiency over iteger precision.

6.1.1 Hardware Selection

As hinted before, only a 64-bit processor will be viable for such an implementation.
(Chang et al. 1989) provides information on a 64-bit implementation, which would be

ideal. Unfortunately this was not possible in our test due to a hardware supply problem.
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The techniques can still be used in a higher-level language, however the efficiency will

suffer.

With 64-bit registers, greater freedom in terms of precision is possible. While it is
mostly fixed for surface calculations, curve calculations have a wide birth of freedom.
Unfortunately when testing, the implementation did not live up to this expectation.
Tests conclude that the accuracy is too low to be useable. Further tests were thus not

possible. Speed tests on curves could still be performed, however.

6.1.2 Software Selection

Due to the lack of timely resources, it was decided to implement the algorithm in
C/C++. Classes are not necessary, however certain advantages from C++ notation

were appreciated. The implementation is included in Appendix B.

An API called SDL was used for input/output. SDL is an open-source set of libraries
that also include OpenGL. The advantage of using SDL is that it has compatability
for both the Linux and Windows operating systems as well as support for 2D and 3D
acceleration. While 3D acceleration is not an issue given this situation, 2D acceleration
is appreciated. Unfortunatly most of that acceleration was lots in the implementation,
and resulted in custom memory access functions. It can still be considered a fast

implementation given the resources.

Unfortunately there was not enough time to finish the software component. The frame-
work is completely done, and the bezier points (and associations between them) can be
seen. Normal 3D operations can be performed on the view, making it a 3D engine in

its own right.

6.2 Overflow Prevention

Due to the use of 32-bit registers and the high demands for screen size and view space,

it is possible to have a register overflow. For this reason, our fixed-point algorithm
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shifts the registers to prevent this. Unlike some other implementations, our algorithm

allocates more bits for the significand. This is reflected in the register shifts.

Early tests resulted in a lack of precision that indicated an overflow. This was before
the register shifts were introduced. Thus, register shifts are an essential component in

obtaining a workable solution.



Chapter 7

Conclusion

Unfortunately the alternative 3D engine method did not live up to expectations. The
32-bit register implementation lacked the needed precision given the methods used. It
is possible further register shifting can solve this problem, however not enough time was
allowed to test this. Vital computer parts were significantly delayed enough to disallow
adequate time for implementation and testing. The author also sufferd a prolonged

sickness during the implementation phase that delayed the project significantly.

Partial results, as explained before, were obtained. Apart from the lack of precision,
the performance was adequate. The object was viewable in real-time with a forward
difference algorithm with a sufficient density to disallow pixel gaps. That being said,
a surface algorithm was not developed. While not enough progress was performed to
confirm this, it can be reasonably argued that all thing considered, this implemen-
tation would not stand up to the traditional polygonal method. Even given further

optimisations, such a high accuracy of image at a decent frame-rate is unachieveable.

It could also be considered, though, that a more inaccurate representation using similar
techniques to the ones presented in this paper could be a viable candidate to be called

a next-generation 3D graphics engine. This would be an area of further research.
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Project Specification



University of Southern Queensland
Faculty of Engineering and Surveying

ENG 4111/4112 Research Project

PROJECT SPECIFICATION
CONFIDENTIAL
FOR: Justin John Cameron
TOPIC: Next-generation 3D graphics engine design
SUPERVISOR: Prof. John Leis
PROJECT AIM: This project aims to investigate alternative approaches to 3D
engines that do not utilise polygons, and then implement a
new design in a low-level programming language.
PROGRAMME: Issue A, 27" March 2006
1. Research existing alternatives to polygonal 3D engines to determine their
viability for high-speed applications
2. Analyse the strengths and weaknesses of the most viable alternatives
3. Develop a plan for a new engine that draws from the strengths of these
previous engines with the emphasis on speed
4. Research a low-level programming language capable of implementing this
engine efficiently.
5. Implement the core routines of the engine
6. Implement the base framework for the engine so it can be utilised by an

application

As time permits:

7. Implement a standard interface for the engine so it can be separated from the
application
8. Implement a test application to determine its capabilities
9. Analyse the performance of the engine using this application
AGREED: (Student) (Supervisor)

(dated)___/ /. (dated)___/__/
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This appendix contains the complete listing of the program developed to implement
the chosen 3D graphics engine design. The interface used to access graphics hardware
and input devices is SDL (Simple Directmedia Layer). Thus, SDL must be installed on
the system. In order to comply with the LGPL license (A fairly standard license for

open systems), the library libsdl.so must be available for modification by users.
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B.2 Data and Variables

¢ SNOLINANIT INON [ duljop#
7 SINIOd INAN [ ouljop#

7 SHAMND INON [ PUljop#

8¢ SHHOLVA INNN [ ouIjop#

(20dva3 yv1) TVNIDINO 2Y1) soyoipd 21qnorq buisn japow 2)dwvs 2y3 sauifoq //

¢ / (LHOHH NATUOS ) A HHINAD [ oulyop#
¢ / (HLAIM NATHOS ) X TULNIAD [ ouljop#

Jipuozt
009 LHOIAH NATHDS [ ourjop#
008 HLAIM NATMOS [ oUuljop#
oS|[0
89/, ILHOIAH NAMMDS [ oUIljop#
70T HLAIM NATHOS [ 2Uljop#
¢ = HZIS NAHYDS [ J1#

sa)qniava ajquabuvyo fo puyg //

0T ALIALLISNHAS AAM [ Quljop#
(0r—1nofaq) figrarpisuag pavoqfiayy //
0T ALIALLISNAS ASNOIN [ 2uljop#
(0r—1nofaq) fizrargisuag asnopy //

¢ HAZIS NHAAYMDS [ ouIjop#

09LTFE0T ¢ ‘0097008 ‘T ‘opow u22.dg )/

//
§91qD1uD | 2]qD2buvyy) //

<q'11dS/T1dSs> epnoul#

"H SALNGIMILLY ™ ouljap#
TH SHLNGIMILY ™~ Jopuji#
SO[qRLIRA O} pUR ®IRD [OPOW o) SUIUIRIUOD O IoPedy o], :g g SuIIsr|



©
<

I— ‘ggise’c [<08°0}
3 €V T— ‘6ggIs8e’c ‘0}
LeV T— ‘GTI8EC ‘0}
— ‘GgZI8E’T ‘€08°0—}
- ‘GgI8E'C ‘GlEvI—}
) ‘GZI8ET ‘GlevI—}
) ‘GZI8E'T ‘GlEVI—}
) ‘GZI8ET ‘GLEVI—}

‘T ‘¢gI8€'C ‘¢08°0—}

{crev'1 ‘cgisie’s ‘0}

n
‘crE8ET 0}
7’1 ‘GCI8¢°Cm[S08°0}
0 ‘GTI8E T ELLEV L)

(]

{0 ‘gzi8ec 8gLev 1}

‘{gree'1— ‘GgI8€'C ‘6¥L 0}
‘{oree 1— ‘gg18€'C ‘0}
‘{gree’1— ‘ggisec ‘0}

‘{gree 1— ‘GTI8€°'C ‘6¥L0—}

“{6¥7L°0— ‘czI8¢'C ‘cLeeT1—}
‘{0 ‘czi8¢ec ‘gree1—}
‘{0 ‘cgi8e'c ‘gLee1—}

“{6%2°0 ‘cgi8e'c ‘GLeeT1—}

‘“{gree'1 ‘GrI8€'C ‘6¥WL0—}

‘{greet

‘GTI8€°'C ‘0}

“{gree'1 ‘gzi8ec ‘0}

‘{gree1

“GTI/E'T ‘6L 0}

“{67L°0 ‘ggI8e'c ‘cLee' 1}

‘{0 ‘gzi8¢Cc ‘gLee 1}

‘“{{g'1— ‘gzz ‘¥8°0}
“{v'1— ‘cz'z ‘w8L0}}
‘“Heg'1—- ‘¢zz ‘0}
v 1— ‘¢zz ‘0}}
|
{{ec1— ‘gzz ‘0}
Ay 1— ‘¢z ‘0}}
‘“{{e'1— ‘gzz ‘v80—1}
“A{v'1— ‘cz'z ‘¥8L0—1}}
“{{vs'0— ‘gzz ‘¢1—}
‘{¥8L°0— ‘Gz'¢ ‘vi—}}
“{{o ‘czz ‘¢1—-}
“{o ‘g¢zc ‘vi—}}
|
{{o ‘czz ‘¢1-}
“{o ‘¢zzc ‘vi—}}
“{{¥8'0 ‘czzc ‘¢1—-}
‘“{¥8L°0 ‘czz ‘vi—1}}
“{{g1 ‘gz ¢ ‘¥ 0—}
“A9'1 ‘gz ‘F8LO—}}
“{{e¢1 ‘¢zz ‘0}
‘“{\v1 ‘gzz ‘0}}
|
{{g'1 ‘gz¢ ‘0}
‘A{v'1 ‘¢z¢ ‘0}}
“{{¢'1 ‘¢zz ‘v80}
‘“Av'1 ‘czz ‘weL0}}
“{{¥8'0 ‘gzz ‘¢1}
“{v8L°0 ‘gzz ‘v1}}
“{{o ‘¢zz ‘¢1}
“{o ‘gzz ‘7 1t} W

SNOLLNANICA TN L] [ SLNIOd INAN [ ] [ SHAMND INAN [ ] [ SHHOLVJA INOAN [] Aet1eyojed sjgqnop
g&\mﬁoﬁﬁwﬁﬁﬁ & ‘oauno/sjurod ¥ ‘yoynd/soauno } fsoyojynd [o uaqunpy :fiviay //




“{o‘gz18¢'C

nﬁo AN.

FANHH AN.

e ‘21
FAN ¢

— ~=
o\ (o]
-~ — -
— -~ —~
o — o] (]

2 Data and Variables

‘GTI8E T m

c'T ‘0}
‘T1 T}
c'1 ‘gl

c'1 ‘et

GLET T}

GLET T}

“{er1— ‘ggl'T ‘0}
gL 1— ‘ggl'1 ‘o0}
‘{61 1— ‘ggl'1 ‘86°0—}
“{86°0— ‘gglL'1 ‘gL1-}
“{o ‘ggLT ‘¢l 1}

“{o ‘gL T ‘eLT1—}
“{86°0 ‘gzl T ‘cL1-}
‘{611 ‘gzl T ‘86°0—}
“{gr'1 ‘ggL'T ‘0}
“{gr'1 ‘gzl T ‘0}
‘{611 ‘ggL'T ‘86°0}

“{86°0 ‘GgL T‘GL T}

‘{0 ‘gzL1

‘gL 1}

‘{0 ‘ggr8¢'c ‘¢cLree T}

“{6¥L0—

‘ggI8e’e ‘gLee 1}

“fHe— ‘gL 0 ‘o}
‘de1— ‘¢z ‘0}}
|
{{z— “g20 ‘0}
“He1— ‘¢z ‘0}}
“He— ‘gL0 ‘g1 1—}
“fo1— ‘gzz ‘v80—1}}
‘“Her1— ‘gro0 ‘z—}
‘“{y8°0— ‘gzc ‘¢1—}}

“{{o0 ‘cr0 ‘¢-}

“{o ‘g¢zz ‘S1-}}

J

{{o ‘g20 ‘¢—}

‘{0 ‘¢z¢c ‘¢g1—}}
“{{er'1 ‘gL°0 ‘z—}

‘“{¥8'0 ‘¢z¢ ‘S1-}}
‘e ‘¢L0 ‘g1 1—}

‘6z ‘70— 1}
“{{z ‘¢r0 ‘0}

‘g1

‘g1

‘g1
“{{z ‘¢gr0
‘“{¢'1T ‘¢zc ‘¥8°0}
“{er1 ‘g0 ‘¢t
‘“{¥8°0 ‘gg'c ‘G 1}}
“{{o ‘¢r0 ‘¢}
‘{0 ‘gzz ‘¢1}}

b
{{o0 ‘¢zz ‘¢1}
‘{0 ‘gzz ‘v1}}
‘“{{vg0— ‘czz ‘g¢1}
“{¥8L0— ‘gz'c ‘v1}}



ﬁ,ﬂm.

(61—

(78°0—
{0
{0

“{vs80

‘g1

‘gt

‘“{g1

‘g1

‘“{¥s0 ‘¢gL

“{o ‘g

£
I— ‘6L
"6L0°0
“6L0°0

"6L0°0

“6L0°0
“6L0°0
“GL0°0

‘6L

‘6L

“GL0°0

I~
Bi2 Data and Variables

0°0 ‘0}
¥8'0— }
‘¢r1—1}

‘61—t

‘¢r1—1}
‘61—t
80—}

0°0 ‘0}

0°0 ‘0}
‘v8°0}
) ‘ST
) ‘G 1}
¢ 1 ‘c)
c'1 ‘c}

‘T 1}

-

‘¢0 ‘0

fe— ‘¢0 ‘er1—}

der1—
nﬁo

{0

Aer1

‘e0 ‘c—}
‘¢0 ‘c—}
‘e0 ‘c—}
‘e0 ‘c—}

‘ez ‘¢0 ‘zcr1—}

‘ez ‘¢0 ‘0}

‘“{z ‘¢0 ‘0}

‘ez ‘¢0 ‘zgr1}
“der't ‘¢0 ‘¢t

“{o ‘¢0 ‘c}

“{o ‘ggL'1 ‘cL 1}
“{86'0— ‘GgL'T ‘GL'T}
‘“{gL'1— ‘ggl'1 ‘86°0}

|
{{e1— ‘0 ‘0}
e— ‘¢L0 ‘0}}
“He1— ‘0 ‘v8°0—}
He— ‘¢L0 ‘er1-}}
“vs0— ‘0 ‘¢1—-}
fer'1— ‘cr0 ‘¢—}}
F,ﬂﬁo “O "m.le
“{o ‘¢20 ‘¢-}}
|
{{o ‘0 ‘¢1—-}
“{o ‘gL 0 ‘¢t—}}
“{¥g0 ‘0 ‘¢1-}
“Ae1'1 ‘9270 ‘5—1}}
“{{e1 ‘0 ‘v80—}
‘{z ‘¢L0 ‘e 1-}}
«AMAMﬁ uO BOW
‘¢ ‘L0 ‘0}}
|
{{e'1 ‘0 ‘0}
‘“{¢ ‘L0 ‘0}}
“{{¢'1 ‘0 ‘¥8°0}
‘g ‘¢L0 ‘g1 1}}
“{{¥s0 ‘0 ‘¢1}
“fe1'1 ‘gL0 ‘gl}
NAAO nO “mu._uw
“{o ‘¢20 ‘¢}}
|
{{o ‘¢cr0 ‘g}
“{o ‘¢zz ‘¢1}}
‘“Her1— ‘gL 0 ‘g
“{v8°0— ‘¢z ‘91}}
“He— ‘gr0 ‘g1
fe1— ‘gzz ‘ve0}}



[4 [4 9
{0 “gr8L° 0%
{e'0 ‘g18L°0
“{e0 ‘cL6°0
‘{0 ‘¢L6°0
‘{0 ‘6181
“{eo— ‘6181

ﬁﬁm.Ol RH.

“fo ‘1

“fo ‘1

“{eo ‘1
‘“{e0 ‘gL8T
n

{0 ‘gL8F

8

=

“do ‘qLe”

)

¢ ¢ n
{v8°0— ‘GLO®
&

{o1— ‘L0

fmm.ﬁl

182

c9'c—}
G9'z—}
‘¢c'z—}

‘¢c'z—1}

‘L'c—}
‘Lt—}
z ‘e—}

'z ‘e—}

'z ‘e—}
'z ‘e—}
‘Le—1}

‘Le—1}

) ‘¢T}
) ‘¢1}
“$8°0}

0°0 ‘0}

nﬁo AN.H nM|Hv
‘“{e0 ‘¢1 ‘¢—}
“{e0 ‘cey'1 ‘Lo—}

“fo ‘gzv1 ‘LT—}

“{o ‘gr8'1 ‘¢c—}
“{e0— ‘gL8'1 ‘€c—}
‘“{e0— ‘1'¢ ‘¢z—}

“{o ‘1z ‘¢gz—}

“{o ‘1z ‘¢z—}
‘“{e¢0 ‘172 ‘¢z—}
“{e0 ‘gL8°1 ‘¢c—}

“{o ‘gr8'1 ‘¢c—}

“{o ‘¢9'1 ‘¢e—}}
“{{¢0 ‘¢¥'0 ‘61—}

“ﬁm. ﬁmw.H ﬁmlww
“{{e¢'0 ‘gr0 ‘z-}

“{e0 ‘991 ‘Lg—}}
“{{0 ‘¢cr0 ‘¢—}

“{o ‘g¢o'1 ‘LCz—}}

|
{{o ‘g9'1 ‘L¢—}
“{o ‘cL8'T ‘9'1—}}
“{e'o— ‘g9'1 ‘Lg—}
“{e0o— ‘gL8'1 ‘91—-1}}
“{{eo— ‘g9 1 ‘¢-}
fmm.ol ﬁﬁ.N ﬁm.H|ww
“{{0 ‘c9'1 ‘¢-}
“{o ‘1tz ‘¢1—-}}
J
{{fo ‘g9'1 ‘¢—}
AAO ﬁﬁ.N ﬁm.H|ww
“{{e¢0 ‘¢go1 ‘¢-}
‘“{¢0 ‘1'e ‘g1—-}}
“{{e¢0 ‘¢91 ‘Lg—}
‘“{¢0 ‘¢gr81 ‘91-}}
“{{o ‘¢91 ‘2¢-}
“{o ‘6181 ‘9 1—-}}
|
{{o ‘0 ‘g1}
“{o ‘gL 0 ‘T}}
“{¥s0— ‘0 ‘¢ 1}
der'1— ‘cLr0 ‘T)}
“He1—= ‘0 ‘v8°0}
e— ‘gL0 ‘gr1t}
"ﬁﬁm.ﬂl ND pOw
“fzc— ‘gL0 ‘0}}



[aw)
{g1'0 ‘cg9eg| ‘¢ e}
“{g1'0 ‘g28'% ‘6°C}
‘{0 ‘¢ze¢ ‘6°¢}t
“{o ‘¢6°1 ‘¢
‘“{ez0— ‘g6 ‘¢c}
‘{ez0— ‘GL8°1 ‘vg}
“{o ‘gu81 ‘v¢}
“{o ‘¢18' 1 ‘¥¢}
‘“{¢z'0 ‘GL8'T ‘¥'¢}
‘{gz0 ‘¢6'1 ‘¢c}
“{o ‘¢6°1 ‘¢

n

<L

Q0
“{0 “mnaﬁ ‘¢c'g—}

[}
‘{e'0— ‘cL6®| ‘cz—}

)

. =}
0— ‘GL8L0%[C9gc—}
‘{0 ‘g18.°081¢9¢—}

B.2 Data

‘{¢z'0 ‘cLeve'C

‘{gz0 ‘cee
“{o ‘cee
“{o ‘gquz
“{99°0— ‘gLz
“{99°0— ‘gL9°
“{0 ‘gL9
“{o ‘cL9
“{99°0 ‘5L9"
“{99°0 ‘gLz
“{o ‘gquz

‘ggae}
¢ ‘8¢t

8¢}

I ‘9°¢}t
9°2}
0 ‘1°¢}

0 ‘1°¢}

0 ‘1°¢}
0 ‘1°¢}
I ‘9°¢}

I ‘9°¢}t

“{o ‘gzv'1 ‘LT—}

“{e0— ‘ggv'1 ‘LC—}
“{eo— ‘21 ‘¢—}
“{o ‘g1 ‘¢e—}

‘“{gz'0 ‘gzc ‘eet}
‘“{{¢1°0 ‘g2°¢c ‘sc}
‘“{gz'0 ‘¢zz ‘Lc}}
“{{o ‘¢zz ‘s8¢c}
‘“{o ‘¢zz ‘L))
b
{{o ‘¢zz ‘Lc}
“{o ‘gLz ‘L1}}
‘“{{ez0— ‘gzc ‘Lc}
“{99°0— ‘grz'T ‘L 1}}
“{{ez0- ‘czz ‘¢¢}
“{99°0— ‘S¥0 ‘L 1}}
‘“{{o ‘¢zzc ‘¢¢}
“{o ‘¢evo ‘21}}
|
{{o ‘¢zz ‘¢¢}
“{o ‘gv¥0 ‘L1}}
‘“{{gz0 ‘gzzc ‘¢¢}
“{99°0 ‘gv'0 ‘L 1}}
‘“{{gz0 ‘gz¢c ‘Lz}
“{99°0 ‘grzT ‘L T1}})
‘“{{o ‘g¢zz ‘rC}
“{o ‘greT ‘L1}}
|
{{o ‘gr0 ‘¢—}
“{o ‘¢o'1 ‘LC—}}
“{{e¢'0— ‘gr0 ‘¢—}
“{e0o— ‘g9'1T ‘Lo—}}
“{{e0— ‘¢v0 ‘61-}
“{e0— ‘¢o91 ‘¢—}}
“{{o ‘¢v'0 ‘6 1—}
“{o ‘¢9'1 ‘¢—}}
|
{{o ‘¢v0 ‘61-}



—_
)
Yo
N

“{er0-

1170~

{0

{0

{013

FAO ¢

{0

—_
(e

i)
[a]

‘6zo¢

‘6zo¢”

2:Dataand Varfible®

‘629¢,

B

o

‘0}
‘'z ‘0}

(o]

‘0}
‘0}
‘0}

a

[a]

[a]

‘670
‘6°¢}
‘gy e}

‘gy e}

‘gpel

“{ev0— ‘¢
“{o ‘¢
“{o ‘¢

‘“{ev0 ‘¢

‘80— }
‘80— }
‘80— }

‘80— }

‘{80 ‘¢ ‘sv0—}

‘{870
‘{870
‘{80 ‘¢
“{¢y0 ‘¢
“{o ‘¢
‘{0 ‘gzee
‘{¢z'0— ‘gee'c
“{e¢z'0— ‘glLeveq
‘{0 ‘gLevec
“{o ‘greve T ¢

‘¢ ‘o0t

‘¢ ‘0t
‘“670}
‘8°0}

‘8°0}

‘97zt

‘8721

‘ggae}

‘gggre}

“{200°0— ‘¢ ‘0}}
“{{o ‘cg¢z ‘zo—-}
nﬁo nm ROWW
|
{{o ‘¢cezc ‘co—1}
nﬁo nm ROH“VW
“{{g11°0 ‘992 ‘z0—}
“{zo00 ‘¢ ‘0}}
‘{20 ‘gz ‘zrT0—}
“{o ‘¢ ‘zoo0—1}}
“{{z'0 ‘¢¢z ‘0}
pﬁo pm noww
|
{{z0 ‘gez ‘0}
nﬁo pm noww
‘“{{z0 ‘gez ‘g11°0}
“{o ‘¢ ‘zoo0}}
“{{z11°0 ‘99°¢ ‘T0}
“{zo00 ‘¢ ‘0}}
“{{o ‘¢gz ‘zo0}
“ﬁo “m “OH“VW
b
{{o ‘¢zz ‘szl
“{o ‘czz ‘LC}}
‘“{{er0— ‘gz ‘8°c}
‘“{¢z'0— ‘¢z ‘LT}}
‘“{{e1'0— ‘czz ‘ce}
‘“{¢z0— ‘czc ‘eelt}
“{{o ‘¢zzc ‘z¢}
“{o ‘¢zz ‘¢¢e}}
|
{{o ‘¢z¢c ‘z¢}
“{o ‘¢zz ‘¢¢}}
“{{c10 ‘czz ‘ce}



o ‘vel‘¢c1-}

{0 ‘vgler—}
‘{8zL0 ‘vz ‘e1-}
“e'1 ‘vz ‘geL0—}

“e'1 ‘b ‘o)
“de'1 ‘b ‘o)
‘{e'1 ‘ve [8TL 0}

‘{ggL0 ‘v'¢ ‘¢1}

AAO BUW.‘W AMHW
“{o ‘L'z ‘0}
ﬁﬁo,m».m ‘0}

0
ﬁﬁo.mN.m ‘0}

[}
“fo”bLz ‘0}

)

=}

(]
ﬁﬁo.mp.m ‘0}
Fﬁomwb.m 0}

m

“{o ‘vz ‘vo—-}

“{o ‘v ¢ ‘v o—}
‘A{vzz0 ‘ve ‘vo—}
“Avy0 ‘ve ‘veco—}

‘“{v0 ‘vz ‘0}

‘“{v0 ‘vz ‘0}
“Av0 ‘ve ‘vee 0}
‘“{vec0 ‘v'¢ ‘v0}

“{o ‘vz ‘vo}

“{o ‘¢ ‘g0}
“{ev0— ‘¢ ‘8°0}
‘“{g80— ‘¢ ‘¢v o0}

‘“{g80— ‘¢ ‘o0}

‘“{g80— ‘¢ ‘o0}

‘“{g0— ‘¢ ‘¢cv0—}

‘{0 ‘¢cz ‘¢co—}}
J
{{o ‘¢czz ‘¢1-}
‘{0 ‘¢¢z ‘¢co—}}
“{{8zL0 ‘czz ‘¢1-}
‘“{e11°0 ‘g¢'¢ ‘To—}}
“{{e'1 ‘gz¢ ‘8L 0-}
‘{20 ‘¢gz ‘cI10—}}
“{{e1 ‘czz ‘0}
‘{z¢0 ‘¢¢¢z ‘0}}
|
{{e'1 ‘gz'z ‘0}
‘“{z¢0 ‘¢¢¢ ‘0}}
“{{e1 ‘gzz ‘scL0}
‘{20 ‘gez ‘zr1°0}}
“{{8zL0 ‘gz ‘¢1}
“{e11°0 ‘68'2 ‘2 0}}
‘“{{o ‘¢zz ‘¢1}
“{o ‘cgz ‘20}}
|
{{o ‘¢ez ‘zo0}
pﬁo pm novw
‘“{{err0— ‘¢g'¢ ‘zo}
“{z00°0— ‘¢ ‘0}}
‘“{{e'0— ‘gg¢ ‘zr1°0}
“{o ‘¢ ‘2o00}}
‘“{{z'0— ‘g¢z ‘0}
nﬁo pm novw
|
{{zo—- ‘¢gz ‘o}
uﬁo “m ROH“VW
‘“{{z0— ‘gg'¢ ‘zI10—}
“{o ‘¢ ‘zoo0—1}}
“{{ertr0— ‘cg¢ ‘zo—}



53

B.3 Program Code

“{o ‘vz ‘g1
‘{scL0— ‘v¢ ‘¢1}
fe1— ‘vz ‘8eL0}

e1— ‘vz ‘o)

de1—- ‘vz ‘o)
“fe1— ‘vz ‘scL 0}

‘“{gzL0— ‘¥ ‘¢1—}

“fo ‘vz ‘vo}
‘“{vez0— ‘¥'¢ ‘v0}
“dv0- ‘v'e ‘v 0}

“{v0- ‘72 ‘0}

v 0— ‘¥'¢ ‘0}
{vo— ‘ve ‘vezo0—}

“{vez0o— ‘v'e ‘vo—}

‘uoryejuL[duWI papuL)UI

9l I0J YIOMOUWIRIJ ST} [[B SUIRIUOD I N ‘SIUTRIISTOD dUII} 0} onp ojo[duroout §,91 9sInod j() -wreirsdord oty surejuod ‘ddo-uTem ‘o[y ST,

opo) weidoag ¢€'9d

Jipuo#
{
{
{{o ‘gz ‘¢1}
“{o ‘¢gz ‘zo0}}
‘“{{szL0— ‘gz ‘¢1}
“{g11°0— ‘¢g¢'z ‘¢c0}}
‘“{{e'1— ‘gzz ‘8zl 0}
‘“{¢'0— ‘cc'g ‘gIT0}}
‘“He1— ‘¢zz ‘0l
‘{2z 0— ‘¢¢z ‘0}}
|
{{ee1- ‘gzz ‘0}
‘“{z0— ‘¢sz ‘0}}
‘“{{e'1— ‘czzg ‘8L 0-}
‘{e0— ‘gez ‘cIiT0—}}
‘“{{scL0— ‘czz ‘¢1—-}
“{e11°0— ‘C9c ‘zo—}}
“{{o ‘¢zz ‘¢1—}



54

B.3 Program Code

([Jaur [Jaur < [J3ur ¢ []sur)osmoneip proa
‘() o8e3uo proa

‘() uorjoorrpe3uryo pIOA

‘(gur ‘gur ‘gur ‘Ul ‘ JuUI)OsSIN0dd3URYD PIOA

‘(1ooq ‘1o0q ‘[00q ‘[00Q ‘[00Q)9SIN0D}3S9I PIOA

‘() osinoojles proa

‘() jnismerp proa

‘() ueoiosoalj ploa

‘() uoo10os)08 proa

‘() woryoeyrod [ooq

“(yeory ‘gjeory ‘jeo[y ‘jeo[y ‘jur ‘jur ‘Ul ‘JuUl)OUI[MBID PIOA
‘(2eoqy ‘geory ‘geoyy ‘geoyy ‘giurn ‘gur ‘gur)oxrdias proa
((gyurpn fgrurn fglurn fgyurn Cgur Cgur)fexidias proa

‘() osreryrutop proa

() esterjrur jooq

{8uraow [ooq

:8utwmooz ¢ j1oa8urtuued ¢ zoySuruued [ooq

iwooz a[qnop

tgreaurd ‘zoyued jul

1110A99%%101I ‘ZOUojlRIOI I[qNOP

' [SNOLINHINIA NAN T * SINIOd INAN [ * SHAMAD INAN [ * SHHOLVA INAN ] s1utodiojx a[qnop
* [ SNOLLNEINIQ WAN T ] [ SINIOd INAN [ ] [SHAMNY WAN [ ] [SHHOLVI AN [| syutodjoi3uod jur

IHOIAH NAZYOS ] [ HLAIM NAFIOS ] 1033nquidop gjuip
L U09I0Sk 20RIING (IS

tozis~191inq yidep gur
:pa1s ededsswreu Iuisn

L sIeA, opniouRft
<[ '11dS/TdS> epn[oul#
< qQI[p)so> apnpoul#
<)eWO> SPN[IUIHE
<WRIIISOI> SPN[OUIH

opoo wrerdord +-+0) oy, ¢ Sursry



55

1m
OVIO VHATV I

‘Ipuo

c€  LHDIHH N4

‘(oz1s 19]]
971s~I8)Jnq 17
u fivydsip Jyb

‘lpue>>(
(AQVAYHLL

ram @)\d’e

Q®

1as | LIrTgT)

‘(osyey)osa)Hmoys Tds

/*{
U2 >>()40dd 199~ TAS>>, buruivpy vyd)y IS, >>1n00
S THOOVATYIAS | VHATVOYS IAS  uw2242s)oyd)yia8~1ds ) f1 */

{
.9s[ejy uanjaa
>> () 101119 D TAS>>," : T01IF "OPON~ 09PTA (S (>> 1109
} (8 > ezrstropynq qidap )i

{

{

{Yeauaq

} (TINN =i uweoeu1os)J1

HIOS “EHQE\meEOmeowoa\/ﬂo@wiﬁom\qﬂm = U9919S

nq-yidop HMNHm\EHQMD\AU\AQmV@@zfiﬁ«u@m\qw\qﬂm
dop g =< ozis-i19jjnq-yadep :gg¢ @Nﬂm\;mm:@\:pg@@vaoaﬂ
4 2Y] j40ddns 3, usoop puvo 09pIa Y] ISDI UL S SIY]J \\

ST ‘YAAINGATINOd IO TIAS) 23nqII3V oS IO 1AS
(8 ‘HZISVHATV 1O IAS) 21nqrizyyivs 1o 1ds
(8 ‘AZISTHANTI 1O TAS)eInqrizyies 1o 1ds

H(8 ‘AZIS NAFUD THIAS) 2IMqLIy19s 1o TAS
8 ‘AZIS YT IAS) 2InqrIlivIes IO 1dSs

{

8

— —

.9s[e} uanjoa
IIH199H ™ TS>>, " I0IIH " IdWI],~pue~ 09pIA ~I(S  >>1N09
AT LINTCTIAS | YAIWLL LINTIAS | OJAIALINITAS) 31Ul 1ds ) 31

C(AHIINAD T X HYLNAD [ ) osnoNdie TS
NAJOIAS | ADVAMNSMHIAS = SS®B[J 9pOW-09PIA ZEIUl[) }SUOD

} ()esriperjrur ooq
sbuiyy souvdoug //

¢

o
B.3Pr

‘rHuad() ffnqg yidop pup swoLf 2y ‘puvd 09pla Y} 231




©
0

{

‘uanjaa

}(IHOMEH NEAYOS [ =< £ || HIAIM NAZIOST =< X || 0 > £ || 0 > x)J1

‘onyq gjeofy
—0) sivoyf b

(g > x) +

b} (LHOIIH N
(enpq gauIp

imq suobojgur

B.3 Program Code

‘ uo013 jeoO[J ‘pol gjeoly ‘tyydep giurn ‘A qul ‘x jur)[exridies PpIloa
1sn u42ffnq owvaf ayy 03 jozid » buryrer)q uof worpounf uamolg //

{
[£][x] toggnquadap
(81u1n) = [g]dynq
(g1urn) = [1]dinq
(g1utn) = [o0]dynq

[J) = 9[®os 3eO[]

{
‘uanjaax
}o(wsdep => [£][x]aezpnqusdop) gt

yojrd<—uaaldsxA + s[axrd<—ueaids(x giuin) = djnqx giuin

{
‘uanjaa

HEIUDS L =< & || HIAIWNAZUOST =< X [| 0 > £ [| 0 > x)j1
‘w0138 iurpn ‘por gjurpn ‘yydep giurn ‘A jur ‘x jur)[oxidios PpIoA
buisn uaffnq owwvif oy3 07 joxrd v burypr)q sof uorpounf ysvg //

{

cqadep =

:(oreos x onyq(jeory))
‘(areos % ueo13(3e0(]))
‘(oreos x poi(geory))
eO

‘geg / (qadep — ¢cg) (1

() amdIas
‘(enuay)rosamHmoys Tds

} ()esiferjrutop proa
spinb wouabousd oyy woym poajyvo (fiypporgpwognn) sy //

{

‘onJa) uanjoada

‘() osimnooges



57

©O[} ‘pol jeo
DA d WDYUISILQ

x+ eydre x ong
rydie x UooI]
* eydie *x po

(g >> x)

| + uworyzodpro x ggz / [g]dnq(reory)
3 + uworyrodpro x ggg / [1]dynq(reory)
it + uorjrodpio x 66z / [0]djnq(reor])
7
!

B.3;Program Code

‘12 — gz = Zp
14 — gh = Ap
Xp

LIX — gx =
‘1z = zlexid
(1L = A1extd
Ix = xJexud

tzreoxtd ¢ Apexid ¢ xyexid
‘gZp ‘CAp ‘gxXp ‘gTale ‘17119
‘ourz ‘ourd ‘ourx ‘u ‘m ‘17 ‘zZp ‘Ap ‘xp 9QuI

[J ‘gz jur ‘gL qur ‘gx gur ‘1z jur ‘T[4 Ul ‘X JUI)dUI[MRID pIOA

sowydvub /ofur/fivoyjun _/no npa -nb- 10 ‘mmm//: dygy wouf pajdopvo //
wy1406)0 burmvip—aur] woyuasaig //

= [£][x] z033nquadop
))(8yuin) = [g]dynq
))(83uin) = [1]dynq
)) (grurn) = [o] dynq
BO[J) = o[®ds 3eO[]
= uorjriodpio 3eo[}

{
‘uanjaa
b (uadep => [£][x]1o3ynqusdap )3t

qydep

‘ggg / (urdep — ggg)(
ceydre —

yoyrd<—uoorosxA + spoxtd<—uoo1ds(x Qiuif) = djnqx giuln

{



58

four A =+ Apoxid
1gzp =+ g 119
‘0Xp =+ 1 110
{
‘gAp =— g 110
courz =+ zpoxid
} (o0 < m\z@vmw
‘gAp =— 17119
‘our x =+ xyoxid
} (0 < 17awe)gr

1 ‘ueaid ‘pei| ¢ zlexid (giurn) ‘ Ajexid ¢ xyjexid)fexidjyes
} (1 fm> 1 ofg = 1 gur)aog
‘W — gzZp = g 119
‘w — gxp = [ 119
po((w =<w) 33 (I nAaz,ﬂ osto {
courTx =+ xyoxid
1gZp =+ g 1190
‘CAp =+ 17110
{
LgXp =— g 110
cour~z =+ zpoxid
p (o < N;Eﬂ
1ZXp =— 17119
‘our-A =+ Apoxid
b0 < 17119) 31
1 ‘uee1l ‘p ‘zioxtd (giurn ) ¢ Arextd ¢ xpoxid)extdjyes

}o(+r fp > 1 0 =1 jur)iog
I — gzp = g 119
‘1 — 2Ap = 17110
Po((w=<1) w3 (w=<71))Jt

‘T >> u = gzp

B.3 ProgramfCode



1

59

‘(eydre ¢

‘ U001I8

=
B.3 Progfam Code

penb a0 //
“HdVOSH M'1IdS oseo
b (whs wAsAoy * A0Y " 1USAD ) YIIIMS
‘NMOAADIAS 9sed
:9s[ey uainjada
Gurppend uays //
“LIND 1dS @sed
} (ed4&y - queas)yoyims
moara ayy sabuvyo fippnsnsy //

b ((1usnazg)iueaq[od TAS ) OIIYM

{os[ey = o10ufl [00q DJI}e)S
DJueAd YUSAH TS
} ()uorjoejjod [ooq

42]puny 1uaaa Iqs //
{

on[q ‘ueaid ‘per ‘ zloxid(giurn) ‘ Ajexrd ¢ xyjexid)fextdjyes
{
{
‘our z =+ zjoxid
LCXp =+ g 118
‘CAp =+ 17110
{
igZp =— gT1I10
iourx =+ xyoxid
b (o< N‘:@:M
L%Zp =— [T 119
cour A =+ Apoxid
}o(0 < 17aze)gr
‘zlexid (giurn ) ¢ Arextd ¢ xpoxrid)exrtdiyes
} (41 fu>1 g = 1 jur)aiog
‘u — gxp AR
‘u — gAp 1-119
poeste |




B.3 Program Code

‘eaaq

‘() osinooe3uryo
*SONIIN d3 M'1dS

‘eaaq

PMNI) ) 9SINO0DI9SDI
~dOoIddd d¥ M'1dS

‘yeoaq

‘() esinooneduryo
(643 MIAS

‘yeaaq

“0)esinoosoduryd
“8dMMTAS

‘yeaaq

‘() osinooo3ueyo
S LAMTMTIAS

‘eaaq

‘() osinooo3uryo
-9d3 M'IAS

i eaaq

S[eJ)9sIN0030sal
<Gd3 MIAS

‘3ealq

‘() osinooe3uryo
VA MIAS

‘Yeoaq

‘() osinooneduryo
sed> MIAS

‘yeaaq

‘() esinooneduryd
“od>IAS

‘yeaaq

‘() 9sinooeduryd
S TIMMTTAS

‘eaaq

S[eJ)0sIN00308al

-0d3 MIAS
.9s[e} uinjolx

o9seo

osed

osed

osed

9sed

9sed

o9sed

osed

osed

o9sed

9sed

9sed



61
—~—

lanurjuod
ios[ej = o10UuS8I
} (e10u8rt)JI
‘NOLLOIWASNO 'IdS °seo2

. yeauaq
{
‘yeaaq
-}nejop
‘eaaq
i9s[e] = Suraow
. 9s[e} = JUIWO0Z
‘os[e} = j10a8uruued
.os[[ey = zoySuruued

“HHINH I3 MIdS oseo
‘SOTd M MIdS 9seo
*SONIIN d3 M'IdS °seod
(6d¥M MIdS 9seo
‘8IMMIAS 9seo
SLAMOMTIAS 9seo
(9d¥M M'IdS |seo
PIMMIAS 9seo
(edM MIAS 9seo
“odM IS 9sed
CIAMTMTIAS °seo

b (wAs  wAsSAoy * oY " JUOAD ) IIIMS

“dNAHM IS °Seo
‘Yesauaq

{

Code

‘Yeoaq
Synejop

‘yeaaq

‘() 9sinooeduryd
“HHINH I MIAS oseo

‘yeaaq

‘() 9sinooo3uryd
“SOTd M MTIAS °seo

(@)
(@)
gram

=
=
B.3Pro



62

(82 8¢ ‘8¢ ‘0 ‘T — ILHOMH NIAHYOST ‘X)ioxrdioes
‘(8¢ ‘8¢ ‘8¢ ‘0 ‘0 ‘x)reoxridjyes
b CCHLAIM NAIZYOS [ > X f0 = X jul)10)

((ggg ‘0 ‘0 ‘0 IrewWIofj<—woolds ) yIOUARNIAS “TINN ‘ WooIds ) 109y I[1 A TAS

‘() uoo10s908

b ()jgnysmerp proa
u2942s ayy burgppdn uof sourynou oyy syvy //

{

{
‘(uoearos)eoryIngyoo[unN-TdS
} (o108 )3MOOTISANIAS ) 31
} () uoeoiosoolj proa

daffnq owvif 2yy asvajey //

{
{
{
H1—)arxo
[PUo>>()I0IIH YD) T(S>>, " : I0IIF ~ Y00 T~ UW2I0G (S>> IN0D
} (1= = (ud010s)00e3I0G00T TAS ) 31

b (w0108 ) SDOTISNNIAST) 31
} () uoeo10s103 proa

burygeyq wof uaffnq owvusf 2vyy bog //

{

‘onaj) uanjad

{

i yeauaq
LNAD [ X HYINHD [ )osnondrep\1dS
o ‘9nJa) = 9I0UFI
OAD JﬂmEHmem‘m — X' UOIJOUW " JUDAD ) 9SIN0D93URYD

-
ﬁrogram Code
—




63

{
‘() j3nysmerp
}o(() wonpoeqrod)orrgm

H(1—) 1%

S(pue>> | " 8urjIxe”  weIS0IdT 9SI[RIJTIUI T J0U” P[NOD) [ >>IN0D
bo(()estreryrurg) g

f(osI[eI}IUIOP ) }IX0YR

} ()urewr gur
dn buisrg //

{
buraaffnq—oajqnop woq //  ()sieyngdemg THTAS
‘(ueoros)di4 1ds

‘() uoo1osool]

‘() o8e3ue

{
‘(0 ‘0 ‘0 ‘0 ‘0)osinoooluryd
} (Sutaom) g1

(0 ‘¢z ‘0 ‘0 ‘0 ‘T — HILAIM NATYOS ) [oxtdjyes

I — LHOIHAH NAZYDS L ‘T — HILAIM zmmmomizxazm
‘(¢gz ‘0 ‘0 ‘0 ‘1 \Hmoﬁqzmmmomﬁ o:ox?:@m
‘(ggg ‘geg ‘ggg ¢ 0) 1oxt1dyoes

3

GGC ‘0

{
‘(8¢ ‘8T ‘St ‘0 ‘A ‘T — HILAIM NAZYOST) oxtdjos
‘(8¢ ‘8% ‘8¢ ‘0 ‘L ‘p)rexidjes

}o(++HE CTHOIMH NAIZYOS [ > £ (0 = £ jur) a0y

{

B.3 Program Code



‘uedjioa 100O(

NIOd INAN [

64

B.3 Progiam Code

H

‘{9nJd) = SUIWO0ZIOZUI}R}IOT
tos[ej = JUIWOO0Z
‘{1 = wWooz

} (Junowrewooz ) y1

{
cos[ey = j19a8uruued
‘0 = 3119aued

} (uedjren) gt

{
tosiey = zoyduruued
‘0 = zoyued

} (uedzoy) 31

{
‘oni) = 3UIWO00ZIOIUI}BIOI
‘0 = 3I9A931®101

} (@3rer01310A )31

{

‘oni) = 3UIWO0ZIOIUI}B)OI
‘0 = zoyoajlrjlO01

b (ore101701) g1

.os[eJ = Surwoo0zIio3urjelol [ooq

‘uedzoy [00q ‘ 91®10I}I9A [00Q ‘91RI0IZOY [00()dSINO0DI9SOI PIOA
mora 2yy fo spoadsv spasoy //

‘(enay ‘onij) ‘onij) ‘ONI) ‘ONI))OSIN0D)0SAI

{

‘g'1 =— [1](Ae1reyojed (x arqnop))

SHAMND NAN [ * SHHOLVAINANT > T ‘T = [ jul poudisun)ioj

sonjva 2y sasUDWLON //

{

} ()esinoojes proa
mara 2yy 2svyvipruy //



65

JALLISNHS HSN

ALIAILISNHS HS

qul  ‘ uedjioa

‘ana) = Juraouw
‘onay = jioa3uruurd
‘uediion = junowreuedlioa

} (uedjien) gt

{
CALIALLISNAS AAM [ * junowreurdzoy =— zoyued
} (zoySuruued) J1

{

‘enay) = Suraow
‘enay = zoysuruued
cuedzoy = junowruedzoy

} (uedzoy) 31
{

‘oni) = Sulwoo0zio3UI}B)OI

DIN (o[qnop)) * ©98)0I1110A (9[qNOP) =+ }I0A9)R)OI
} (@3®j019104 )31
‘onad) = SUIWO00ZI03UI}R)OI t

NOI r(a[qnop)) * o931ev101z07 (9[qNOP) =+ ZOYDIRIOI
} (erero1zo1) g1

i9s[e} = SuUlWO00zIO3UI}RIO0I [O0O(q
fjunowresurwooz ¢ junoweurdjroa ‘junowreuedzoy Ul d13€QS
pur ‘uedzoy JUI ¢ 9)RJOIJILA JUI ‘0JRI0IZOY JUI)ISIN0I03URYD PIOA
saniva o1f1oads uof mora ayy ajvpdp //

{
‘(0 ‘0 ‘0 ‘0 ‘0)esinooeduryd

{
‘() uoryoorrpa8ueyo
} (Surtwoozio8urjelor)Ji

{
.9s[ey = Suraow

B3 Program Code

} (ostey

nruwooz 2379 o9s[ej — jioadutuued 239 asjej — zoydutuued)JI



3 {

+1]sjurodiajx
+1]sjurodiajx
[1]sjurodiojx

1eyojed (x o[qmop)) + (31I10a9)e)0oI)soo x duwe) = [g
DA99R)01)S0D K [[+1]( Aerreyojed (x aqnop))) = [T
— (zoyoejejor)soo x [1](Aeireyojed (x ajqnop))) =

[qnop)) + (zofojrejor)soo x [g+1]( Lerreyojed(x ajqnop)) = duey
NIOd INAN [ * $HAAMND AN * SHHOLVA AN > [ 0 = [ jul poudisun).iojy
‘dwey arqnop
} ()uorjoerripeSurys proa
suoippiado agppdn mara wiofidg //

{

F1]syurodaoyx)(ggrurn) — 81 = [g+1](syurodjoajuon (x ggiurn))
vdaogx ) (gerui)) — AHUINAD [ = [1+1](srurodjorguoo (x ggiuin))
urodioyx ) (geIwin) — XHUINID [ = [1](syurodjoruod (x ggyuin))
NIOd AN [ * $HAUMND INAN T * SHHOLVA AN > [ ‘0 = [ jul poulisun).ioj
{
‘() uoryoerrpagduryo
} (Sutwoozio8urjelor)Ji

{

‘anij) = SUIWO0ZIOIUI}BIOI

“(0€1 / AJIAILISNAS AHUM [(9IqnOp)) # jUNOWeIUTWO0Z =+ W00z
g } (Sutwooz) 1

‘onay = Suraow
‘{ana) = SUIWOO0Z
{UNOWRBWO0Z = JUNOWRIUIUIO0Z

} (yunouwrewrooz ) y1

{
* ALIALLISNAS AAM [ * junouwreuedyros =— jroaued
} (110a8urtuued) J1

B.3 Program Cod



b~
©

{
rdiorguoo  ‘ [o][q][[][1]srutodjorjuoo ) exid)as
}(+HT SSINIOIINANL > Y (0 = Y jul pousisun) oy
(++0 ‘SHAMNDINANTT > [ 0 = [ gur poauSisun)ioy
}o(++1 SSHHOLVAINANT > U f0 = ! jul pouSisun).ioj

{
{

1]spurodjorjuoo ‘ [o][[][o][1]srutod[oijuoo)ourimerp
1]syutodjorjuoo ‘ [g][[][g][1]srurtodjorjuod)aurimerp
1]spurodjorjuoo ¢ [o][[][1][1]srutod[oijuoo)outr{merp
1] syutodjorjuoo ‘ [g][[][0][1]ssutodjorjuod)eurimerp
1] syutodjorjuoo ‘ [o][0][[][1]ssutodjorjuod)eurimerp
1]syutodjoxrjuoo ‘ [o][g][[][1]srurtodjorjuod)aurimerp
1]spurodjorjuoo ‘ [o][1][[][1]srutod[oijuod)outrimerp
1] syutodjorjuoo ‘ [o][0][[][1]syurtodjorjuod)aurimerp
(++0 ‘SHAUNDWANTT > [ f0 = [ jur pouSisun)ioj
}o(H+T SSHHOLVAINANTL > T 0 = U gul Esmmmssfﬁ
100 ‘[e][1][1]srutodiorjuon ¢ [g][o][1]srurodjorruod )aaInomerp
100 ‘[o][1]][1]srurodjorguon ‘[g][0][1]srutodjorjuoo)oarnomerp
100 ‘[1][g][1]srutodjorjuon ¢ [p][e][1]srutodjorruod )aaInomerp
100 ‘[1][0]][1]ssurodjorguoo ‘[g][0][1]srutodjorjuod)oarrnomerp
} (41 SSHHOLVAINANT > 1 f0 = 1 jul poausisun)ioj

{

{
‘geg = [L][x]1eg3nquadop
}o(++HL S IHOIAH NAZYIDS T > £ ‘0 = £ jur)aog
(X CCHIAIM NATIOS T > X ‘0 = X Jul)doj]

} ()o8e3us proa
su9g0woind mara mou 125 //

B.3 Program Code



((8c1 ‘48
((&—=1)*(1—1)

uworprpvay fiq
1x[00]D) + 1%
I

——
B.3 Program Code

[ ‘Gg¢z ‘[g]spiooo ‘[1]spiood ‘[(]spiooo)[oxidyos
{
1)) % ( (wturu)>>[09]v)) (1ur) = [09]5ps00d //
wiof oouaudffip pavmaof ur 31 finydsiq //
px[00]g + 1x1xpx[00]y)(qur) = [00]spiood //
poyjow, 421zag (DUO0LILPDL) 2Yy) finydsiq //
} (+4+00 ¢ > 00 () = 00 jur)aoj
} (100°0=+1 ‘1T > 1 {0 = 1 9[qnop)10]
‘[¢] sprooo qur
{
fu<<([1]y*x9) = [1]e
(u<<([t]v=9))+[t]axc = [1]q
H(u<<(u<[t]y)) +(u<<[t]a@)+[1]D = [1]>
Hrla= [rt]p
fgdurey — gdwey — ([1]qd — [1]ed) = [1]Vy
cedurey x ¢ = |1]g
cpdwey x ¢ = [1]D
Hrled = [r]a
{1dwe) — gdwey = ¢dwoy
‘[1]od — [1]qd = gdwey
‘f1]pd — [1]od = 1dwey
} (41 ¢ > 1 {0 = 1 jul poulisun)aoj
ceduwrey ‘gdure) ‘ ydwe) QUL
‘9T =N ‘¥ = U y9jul) 9suod
lelpp “[e]oo *lelaq p93urs
Help tle]o “lela ‘lele voruis
lela “lelo “lela flelv vorurs
ed gerurg ‘[]qd ggaurg ‘[]od ggrurg ¢ []pd ggiulg)eaInomerp PpIroa
suoipnisado daps puavpmuof ayjy burop ‘wwvibosd 2y3 fo qunib ayp //
{
{



‘(ggtT ¢

69

B.3 Progofiam Code

I

‘g
}

Gz ‘u << [glp ‘u << |
(++doegs :sdejswnu >

u>>

{

{
tlaq = [1]q
1]oo = [1]o
tjpp = [1]p
tla = [t]aq
1]o = [1]920
tlp = [r]pp

I qul poaulisun)aoj

‘u << [o]p)exrdaes
‘0 = dejs jur peulisun)ioj
sdejswinu gqul paudisun 3IsuUod

{



	Abstract
	Acknowledgments
	Nomenclature
	Chapter Introduction
	3D Graphics Engines
	Brief Overview of the Dissertation

	Chapter A History of 3D Engines
	Polygonal Engines
	Evolution of Polygons
	Hardware Implementation

	Need for Change

	Chapter Curves and Curved Surfaces
	Curves

	Chapter Alternatives Engines
	Overview of Alternative Approaches
	Scan-line Rendering
	Forward Differencing
	`3D Pixels'
	Micropolygons

	Chapter Design
	Comparison of Alternatives
	Selection
	Integration with Adaptive Subdivision
	Adaptive Forward Differencing
	Other Factors and Optimisations

	Chapter Implementation
	Hardware and Software Implementation
	Hardware Selection
	Software Selection

	Overflow Prevention

	Chapter Conclusion
	References
	Appendix Project Specification
	Appendix Code Listing
	Makefile
	Data and Variables
	Program Code


