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Abstract

This research addresses endemic problems in the fields of computer graphics and sim-
ulation such as jittery motion, spatial scalability, rendering problems such as z-buffer
tearing, the repeatability of physics dynamics and numerical error in positional sys-
tems. Designers of simulation and computer graphics software tend to map real world
navigation rules onto the virtual world, expecting to see equivalent virtual behaviour.
After all, if computers are programmed to simulate the real world, it is reasonable to
expect the virtual behaviour to correspond. However, in computer simulation many
behaviours and other computations show measurable problems inconsistent with real-

world experience, particularly at large distances from the virtual world origin.

Many of these problems, particularly in rendering, can be imperceptible, so users
may be oblivious to them, but they are measurable using experimental methods.
These effects, generically termed spatial jitter in this thesis, are found in this study
to stem from floating point error in positional parameters such as spatial coordinates.
This simulation error increases with distance from the coordinate origin and as the
simulation progresses through the pipeline. The most common form of simulation
error relevant to this study is spatial error which is found by this thesis to not be
calculated, as may be expected, using numerical relative error propagation rules but

using the rules of geometry.

The endemic nature of the problem to simulation, evidence of poor understanding
of both the problem and its cause were the motivation for this study. The aim of this
research was to find a general and optimal solution that would improve many aspects

of simulation while accommodating the constraints of the software and hardware
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environment.

The approach taken was to study the fundamental nature of spatial systems, de-
rive a general and optimal approach and perform experiments to build a complete
understanding of all issues arising from spatial error. The experiments included a
case study applying origin centric techniques to ascertain their effectiveness. A new
optimising simulation architecture was defined to show how and where origin centric
techniques can be applied in a full system context. Knowledge of relative error propa-
gation and spatial error were then combined to show how error in a spatial simulation

can be calculated.

The results of this thesis show how a better understanding of the nature of simu-
lation space, new origin centric techniques and a redesign of the simulation pipeline
can achieve optimal scalability, repeatability and fidelity throughout virtual environ-
ments. Geospatial simulation is used as the main application case study to show how
the properties of simulation space can be exploited to remove observable spatial jitter
because both its demands for large environments and its reliance on measurement
input magnify spatial jitter. A number of pathological cases that magnify spatial
error were also found. It was further shown that spatial jitter grows exponentially

with distance from the origin.

The thesis shows that the thinking behind real-world rules, such as for navigation,
has to change in order to properly design for optimal fidelity simulation. Origin-
centric techniques, formulae, terms, architecture and processes are all presented as
one holistic solution in the form of an optimised simulation pipeline. The results
of analysis, experiments and case studies are used to derive a formula for relative
spatial error that accounts for potential pathological cases. A formula for spatial
error propagation is then derived by using the new knowledge of spatial error to
extend numerical relative error propagation mathematics. Finally, analytical results
are developed to provide a general mathematical expression for maximum simulation
error and how it varies with distance from the origin and the number of mathematical

operations performed.
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We conclude that the origin centric approach provides a general and optimal so-
lution to spatial jitter. Along with changing the way one thinks about navigation,
process guidelines and formulae developed in the study, the approach provides a new
paradigm for positional computing. This paradigm can improve many aspects of com-
puter simulation in areas such as entertainment, visualisation for education, industry,
science, or training. Examples are: spatial scalability, the accuracy of motion, interac-
tion and rendering; and the consistency and predictability of numerical computation
in physics. This research also affords potential cost benefits through simplification
of software design and code. These cost benefits come from some core techniques for
minimising position dependent error, error propagation and also the simplifications

and from new algorithms that flow naturally out of the core solution.
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Difference image between the Porsche rendered at (5million, 5million,
bmillion) and the reference image. . . . . . . . . ... ... ... .. 126
Snapshots of the test model at the origin (left) and 3000m (right).
Unexpectedly, different rendering artifacts than the anticipated miss-
ordering of red and white tiles were visible to the naked eye at the
relatively small distance of 3000m. Notice the white edged horizontal
highlights between the top two rows and vertical pale red highlights
further down. In hindsight, such effects should have been anticipated
because of minute x-y relative shifts of the tiles. . . . . . . . . . . .. 131
Snapshots of the test model at the origin (left) and 70,000m (right).
Clearer separation of tiles has become apparent in the right hand image

and bright red from tiles at the back shows through unobscured. . . . 132



4.29 Snapshots of the test model positioned at (300000, 300000, 300000)

4.30

4.31

4.32

(left) and (700000, 700000, 700000) on the right. The left hand model
shows the first occurrence of the expected incorrect z buffer ordering of
tiles, and both the upper two rows are consistent. Some random shift-
ing of tiles is now starting to become clear as well. In the right hand
image, although pairs numbered 1 and 10 have the same separation of
0.1, they show different z ordering errors. This is consistent with the
predicted random behaviour of z ordering logic when the jitter can dis-
place objects in one direction or the other. Similarly pairs 2 and 11 and
5 and 14 show the same effect. In theory, the columns headed by tiles
3 then 4 should have showed red tiles before the column headed by tile
5 because they have smaller separations. However, again, consistent
with the random nature of jitter, the results are somewhat random
too. The image for the model displaced by 1million showed the same
results. This is not too surprising because there is no power of two
jump in the mantissa value between 700,000 and 1million. . . . . ..
Snapshots of the test model positioned at (2million, 2million, 2million)
(a) and (3million, 3million, 3million) (b) . . . . ... ... ... ...
Snapshot of the test model positioned at (5Smillion, Smillion, 5Smillion).

It is hard to believe these are all the same model as in 4.27a. Red tiles
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are showing in front in all the rows and the model is breaking up badly. 134

This Figure shows a graph of z displacement versus distance from ori-
gin for the red-white tiled grid. The highest numbered tile that was
obscured by its red counterpart was recorded. Its separation distance
was recorded and converted into pixel coordinates. The graph shows

pixel coordinate displacement against distance from origin. . . . . . .

135



4.33

4.34

4.35

4.36

4.37

Snapshots of a rotating very large planet at a great distance from the
viewer. As the planet rotates, polygons on its surface are randomly
clipped behind the far clipping plane. Consequently, they alternately
appear black (clipped) then white (not clipped), producing a flashing
effect. . . . ..
Example of depth ordering problem with large, very distant object.
This image is a view of planet and a sun in the Eve-online game. The
depth order of the very distant Sun was calculated as being in front
of the planet (slightly bottom left of center of planet). The Sun shows
through the solid planet instead of being hidden by it.. . . . . . . ..
7 buffer tearing on space station in eve-online game. The tearing ap-
pears and disappears randomly, producing an unsightly flashing effect
during animation. Note that the patchy texture makes the tearing a
little difficult to see on the static image but can be distinguished by
its apparent alignment which is at an angle to the viertical /horizntal
alignment of the station’s texture. . . . . . . . .. ... .. ... ...
Z buffer tearing on a planet in the eve-online game. There is too little
7, depth resolution to distinguish which of overlapping surfaces used to
represent atmosphere and rings are in front or behind.. . . . . . . ..
Snapshots from a python ODE simulation where the left hand block
is stationary on a plane and the right hand block is dropped beside it.
The right hand image shows effect of shifting the simulation by 10m.
As can be seen, the right hand block’s rest position in the two images

is quite different. . . . . ..o Lo
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4.38

4.39

4.40

4.41
4.42

Snapshots from a python ODE simulation where the left hand block
is stationary on a plane and the right hand block is dropped beside
it. The right hand image shows effect of starting the simulation at
a different time = 8000 compared to the left hand simulation which
starts dropping the right hand block at time = 20. In both cases the

initial block positions were the same. As can be seen, the right hand

XXV1

block’s rest position in the second image is quite different from the first.144

This Figure is replicated from Chapter 1 for ease of reference. The
Figure shows snapshots of two moving dots overlaid into one image.
The dots are near (1million, 1million, 1million) and move from the
distant upper right to the near lower left. Each upper dot snapshot is
connected by a line, tracing its jittery path. A straight line underneath
highlights the uneven motion of the dots. . . . . . . .. .. ... ...
Snapshots from the Hall of Jitter, with the initial view on the left and
the view after moving inside the Hall entrance. Both of these views
are taken form the Hall positioned at the origin. . . . . . . . .. . ..
Image of hall with HUD turned on. . . . . . . ... .. ... .. ...
Interaction test results from the Hall of Jitter test model. As can be
seen from the Table, the mouse always functioned as expected but the

keyboard response started to fail from 1,000,000 onwards. . . . . . . .



4.43

4.44

4.45

This Figure shows two tables measuring pure code execution time:
without graphical output operations. In the left table, 10 measure-
ments recorded the time taken to execute the three instructions for
rotating an object about an observer situated at an arbitrary point.
OpenGL C code was executed in a loop of 50million iterations. The
average was calculated and labeled A. In the right table are the mea-
surements for executing 50million rotations about an origin centered
observer, using the single rotate instruction. The average was labeled
B. As can be seen from the calculation below the table, the origin
centered rotation is 27% faster. . . . . . . ... ...
This Figure shows two tables measuring pure code execution time:
without graphical output operations. In the left table, 10 measure-
ments recorded the time taken to execute the three instructions for
rotating an object about an observer situated at an arbitrary point.
The code used in this case was modelled after O’Neil’s algorithm. In
the right table are the measurements for executing 50million rotations
about an origin centered observer, using the single rotate instruction.
The average was labeled B. As can be seen from the calculation below
the table, the origin centered rotation is 31% faster. . . . . . . . . ..
This Figure shows two tables, each showing rotation about observer
timings, including graphical output instruction execution. On the left
are 10 time measurements recording the time taken to rotate an object,
using OpenGL, about an observer situated at an arbitrary point. The
average is labeled A. On the right are the measurements for rotating the
object about an observer centered at the origin, the average labeled B.
As can be seen from the calculation below the table, the origin centered

rotation is 9% faster. . . . . . . ..
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4.46

4.47

4.48

4.49

Table showing, on the left, 10 time measurements recording the time
taken to execute the insideBox function for calculating proximity from
an observer at an arbitrary position. Measurements were taken using
a C loop of 500million iterations. The average is given below and
labeled A. On the right are the measurements for executing 500million
insideBox calculations where the observer is at the origin. The average

was calculated and labeled B. As can be seen from the calculation

below the table, the origin centered distance calculation is 14% faster.

Table showing, on the left, 10 time measurements recording the time
taken to execute the normal square root function for calculating dis-
tance from an observer at an arbitrary position. Measurements were
taken using a C loop of 500million iterations. The average is given
below and labeled A. On the right are the measurements for executing
500million distance calculations where the observer is at the origin.
The average was calculated and labeled B. As can be seen from the
calculation below the table, the origin centered distance calculation is
only 0.95% faster. . . . . . . . ...
Series of zooms from space down to ground level in Sydney. Navigation
mode was changed to “Walk” and motion was smooth while walking

up to two figures in front of the Museum of Contemporary Art. The
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yellow translucent object in front of the figures also animated smoothly. 161

From top to bottom: 3D Models on left, 2D images on right with
successively larger coordinates. The bottom model shows bad floating
point quantization, jitter when manipulated and pathological diver-

sion/conversion of parts of the mesh. . . . ... ... ... ... ...



4.50 A region of space showing two points and the surrounding 8 coordinates

4.51

5.1

5.2

that each can have (the nearest red spheres). When each point moves
in opposite directions, this is a pathological case of diversion. The
largest diversion can occur when they diverge along the diagonals of
the cubes. Alternatively, a pathological conversion can occur if each
point is closer to the sphere common to both cubes. . . . . . . . . ..
Comparison of a simple, maximum mantissa value error calculation
(e.g. used for GeoVRML) compared to the relative spatial error (RSE)
calculation. The first table compares single precision floating point
error for four coordinate values ranging from 100,000 to 10,000,000m.
The ratio of spatial error to maximum mantissa value error is given in
the right column. The second table shows the same comparisons but
for double precision. Notice that the relative spatial error is always

larger. . . . . .

Elements of an error minimising geospatial simulation pipeline: carto-
graphic input, geospatial models, calculations and projections. Origin
centric techniques such as floating origin, lazy evaluation and progres-
sively refined fidelity are incorporated to improve accuracy. The appli-
cation of origin centric techniques to the geospatial domain is described
in the Cyberworlds 06 paper [86]. . . . . . .. ... ... ... ....
In this Figure the error minimising pipeline concept is broadened to
the more holistic concept of an optmimising simulation pipeline. An
optimising simulation pipeline not only offers the benefits of an er-
ror minimising simulation pipeline but also improved scalability, re-
peatability of results such as physics simulation, consistency, graphics

performance, floating point compression and code simplification. . . .
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5.3

5.4

5.9

Simplified model of the transformation of coordinates traveling down
the narrowing precision bottleneck of a simulation pipeline. Operations
such as world transformation due to viewpoint selection or navigation
are shown as well as the floating origin subtraction performed on object
positions after projection to cartesian values. Object positions are
relative to the object system application coordinate of the viewpoint,
and thus become small valued coordinates relative to the world space
origin in the display system. The viewer does not travel through the
world - the world comes to the viewer. . . . . . ... ... ... ...
This Figure shows how the techniques discussed in this thesis fit into
the overall architecture of a distributed simulation application. A num-
ber of high level techniques such as PRF and LOD apply at the high
precision server side of the networked application. This part of the
application includes the store for objects with their high precision po-
sitions and the global simulation algorithms. The majority of tech-
niques apply on the client side where there are spatial projections, lo-
cal simulation algorithms, the core floating origin technique, centered
navigation, centered viewpoints and other techniques. . . . . . . . ..
This Figure shows the positive portion of the floating point number
line. The step-wise increasing gaps between numbers represents how
gap error doubles at each exponent boundary: where the exponent is
incremented. Observe that the greatest density of exponent boundaries
exists close to the origin. This implies that operations on two or more

points near the origin will likely span multiple exponent boundaries. .
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5.6 A region of space showing two boxes delineating machine representable
positions for coordinates. The corners of both boxes are the only rep-
resentable coordinate values for the real valued coordinates (x,y,z) and
(x",y",z’). The box surrounding (x’,y’,z") is twice as large as that for
(x,y,2), although it does not look like it because it is further away. For
pathological diversion, arrows show the distance e that (x,y,z) and 2e
that (x’,y’,2’) can diverge respectively. (x',y’,z") will alias twice as far:
2e as (x,y,2): e. The line passing through point A represents the plane
that marks the transition from coordinates with one exponent value to
higher valued coordinates with exponents twice as large: an exponent

boundary. . . . .. .. 196



