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Thesis
Scan-line rendering can be combined with real-time image composition to
produce a flexible, scalable image-generation architecture with higher
performance than existing architectures.
Abstract
This proposal describes a new architectural approach for high-speed
rendering based on image-composition and scan-line rendering. The
graphics database (or application producing graphics primitives) is
partitioned and distributed over a homogeneous array of processors. Each
processor transforms and rasterizes its respective primitives in scan-line
order, computing subpixel information where appropriate. The pixel
streams produced by the scan-line renderers are fed into an imagecomposition structure that combines them into a single pixel stream that
describes the entire image. This pixel stream can either be stored in a
conventional frame buffer, or, if the composition circuitry is sufficiently fast
and if the flow of data is sufficiently uniform, it can drive a raster display
directly. Such a system offers potential advantages of scalability over a
wide performance range, low latency, and flexibility for many alternative
input streams, such as volume data, and transparent surfaces. The object of
this proposed research is to demonstrate that these properties can be
achieved in a realizable system.
1.

Introduction

A major thrust of research in computer graphics is developing hardware architectures to
display graphics images rapidly, realistically, and economically. The field has progressed
from monochrome systems that displayed only a few lines in real time in the 1960s, to
raster systems that display up to one million realistically-shaded polygons per second in
1990 [SGI90]. Over this entire period, users have consistently demanded higher rendering
speed, the ability to display more realistic images, and to do so at lower cost.
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The display process in a raster computer image-generation (CIG) system is composed of
two conceptual pipelined parts: geometric processing (frequently called the "front-end"
subsystem), and rasterization (the "back-end" subsystem). Geometric processing
encompasses the stages that transform the user's display model into a series of primitives in
screen coordinates. Rasterization then converts these transformed primitives into pixels on
a raster display screen. Figure 1 shows the conceptual pipeline for a typical, modern CIG
system.
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Figure 1. Conceptual pipeline for displaying Phong-shaded polygons.
Both geometric processing and rasterization are related; solutions to one problem inevitably
affect the other. Both are computationally demanding in high-performance CIG systems as
well, typically requiring extensive pipelining or parallelism to achieve desired rendering
speeds. This proposal is largely concerned with rasterization, though it has ramifications
for the front-end as well.
Parallel rasterization systems. Two traditional approaches for high-performance
rasterization systems are image-parallelism (computing multiple pixels in parallel) and
object-parallelism (processing multiple objects/primitives in parallel) [FOLE90].
In an image-parallel system, the frame buffer is divided into several partitions, and each
partition is provided with its own rasterization processor, thereby increasing pixel
processing and bandwidth into memory. This is the most common approach in commercial
high-speed graphics systems. Its chief advantages are flexibility and high performance vs.
price for moderate-performance systems. The performance of such architectures does not
scale indefinitely, however; as more and more partitions are added, the percentage of time
that each partition is doing useful work decreases. Indeed current image-generation
architectures are rapidly approaching fundamental performance limits [GHAR89].
In an object-parallel system, a series of parallel object processors are each assigned one or
more graphics primitives. The image is then traversed pixel-by-pixel in some fixed order
(generally scan-line), with each object processor computing the contribution of its
primitive(s) to the current pixel. The contributions from each object-processor are then
prioritized in some manner (generally by comparing their z values) to determine which
surface is visible. Object-parallelism in theory allows scalability beyond current
performance levels, but the most-commonly-described variation, systems that allocate a
processor for each primitive, restricts the class of primitives and rendering methods that can
be used. A number of object-parallel systems have been proposed, though relatively few
have actually been built.
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Scan-line image composition. Scan-line image composition is a hybrid-parallel
approach that combines many of the advantages of image and object-parallelism. Like
other object-parallel systems, it is composed of a parallel array of identical processors.
Rather than assigning one processor per primitive, however, each processor is assigned a
number of primitives (typically several hundred or thousand). In other words, the entire
graphics database is distributed over these processors without regard to final screen
position. Each processor transforms and rasterizes its respective primitives in scan-line
order. The pixel streams produced by the scan-line renderers are fed into an imagecomposition structure that combines them into a single pixel stream that describes the entire
image. If the scan-line processors and the image-composition circuitry is sufficiently fast
and the data flow is sufficiently predictable, the composite pixel stream can be displayed on
a raster screen directly. More likely, it will be stored in a conventional frame buffer, and
refreshed to the screen in the usual manner.
If image-composition can be made sufficiently efficient and "z-buffer" aliasing can be
reduced to an acceptable level, such an architecture offers the following appealing
properties:
•
•
•

Modularity and expandability that allows systems to be built with arbitrarily high
performance at a near-constant performance/price ratio.
Image-generation latency approaching one frame time—the minimum possible
(many high-speed graphics systems, particularly systems requiring a screen sort,
have latencies of 2–3 frame times).
Flexibility to render primitives other than opaque polygons or surfaces (such as
volume datasets and transparent surfaces).

The object of this proposed research is to demonstrate that these properties can be achieved
in a realizable system.
2. Related Work
This section describes previous work related to the proposed research.
Scan-line renderers. Scan-line rendering algorithms have been used in hardware and
software graphics systems since the early days of computer graphics [WYLI67; BOUK70a;
BOUK70b; WATK70]. Watkins' original scan-line system, built at the University of Utah
in 1969-70, generated a video signal in real time for approximately 1200 polygons
[WATK70]. This system achieved its performance using relatively few transistors—a
necessity since integrated circuits were only beginning to become available. Evans and
Sutherland developed several generations of real-time flight simulators using scan-line
algorithms [SCHA83]. Scan-line rendering has been widely used in software rendering
systems where high quality images are desired [WHIT82][CARP84].
Image Composition. Image composition has been used for many years as well.
Simple overlays have been used to compose images in video editors, video games, and
certain flight simulators—applications in which one image has absolute priority over
another image. Video editors typically use chroma-keying, in which pixels in the primary
image having a particular color (such as dark blue) are overwritten by pixels in the
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secondary image. A technique used in some flight simulators is to build a pipeline of
processors, each of which generates an image of increasing priority. Pixels generated by
one processor overwrite those generated by previous processors. This is effective, for
example, when aircraft always obscure lights, which in turn always obscure surface
terrain.
The full image-composition problem involves composing two images with pixels of
different priorities. The simplest technique, used in most object-parallel systems, is to
compare z-values to determine which pixel has priority. This composition method suffers
from the same types of image aliasing as the conventional z-buffer algorithm. Duff
[DUFF85] developed a composition algorithm that uses z-values at the four corners of
each pixel to approximate the fractional contribution from each image. Although
economical, this technique does not handle every case correctly (it is adequate for
compositing uncorrelated images from a rendering toolkit—the purpose for which it was
designed—but fails when primitives from different images share common edges).
Nakamae et. al. described a technique based on decomposing multiple images into visible
spans on scanlines with higher y resolution than the raster display [NAKA89]. The
composite image is computed by merging spans from multiple images. The subscanline
spans allow an antialiased color to be calculated for each pixel.
Processor-per-primitive systems. Several processor-per-primitive architectures have
been proposed. The earliest, perhaps, was General Electric's NASA II [BUNK89]. This
system allocated one polygon (face) per processor (face card) and rendered in scan-line
order at video rates. Priorities between the faces were determined by a global priority
algorithm. Cohen and Demetrescu proposed the first processor-per-primitive system in
which surface priorities were decided using z-values and not global priorities [DEME80].
Pixels would stream through a pipeline of triangle processors with the color value of the
closest surface emerging from the end. Fussell proposed a variation of this, in which a
binary tree of comparators is used instead of Demetrescu's pipeline [FUSS82]. Weinberg
proposed an enhancement to Demetrescu's system for antialiasing, in which variable-length
packets containing subpixel information would be sent between pipelined polygon
processors, and a filtering module would filter the subpixels appropriately [WEIN81].
Deering et. al. [DEER88] and Schneider [SCHN88] both proposed triangle-processorpipeline systems in which shading is deferred to a final shading processor.
Image-composition systems. Several image-composition systems with multiprimitive renderers have been proposed as well. Bender et. al. proposed an imagecomposition system based on Inmos Transputers that uses a BSP-tree algorithm to compute
polygon priorities and a DMA engine to combine pixels from several frame buffers into a
composite frame buffer [BEND89]. Molnar described an architecture that combined the
outputs of a number of z-buffer renderers using a binary tree of z-comparator/multiplexers and could achieve linearly scalable performance vs. price [MOLN88]. Shaw et. al.
proposed implementing a simplified version of Duff's algorithm in VLSI chips to make
possible a multi-renderer system with antialiasing [SHAW88]. This system is currently
under construction at the University of Alberta.
Contribution of the proposed work. This proposal uses many ideas developed in
the above work. It is closely related to other image-composition systems and some
processor-per-primitive systems (particularly Weinberg's) but differs in several important
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respects:
•

It is the first attempt to combine a large-scale scan-line renderer with imagecomposition. This reduces the need for intermediate storage, a major expense in
other proposed systems.
• It seeks to address the antialiasing problem comprehensively. Shaw's system
addresses antialiasing, but suffers from a serious difficulty: Duff's imagecomposition algorithm allows the color of background surfaces to "leak through"
the seams between two adjacent polygons that form part of the same surface. For a
scalable system, adjacent polygons must be able to reside on different renderers (in
fact, this may be a necessary condition to assure even load balancing between
renderers).
• It is intended to support a variety of rendering algorithms on different types of
primitives, rather than being tailored to a single algorithm and primitive type.
• It addresses the problem of image-generation latency, an emerging problem in highperformance CIG systems.
The contribution of this research is to explore this new, potentially promising, architectural
space and to demonstrate that many of its potential benefits can be realized.
3.

A Prototype System

There's a long way between an idealized, high-level conception of an architecture and a
feasible realization. It may not be possible, in fact, to achieve all of the properties listed
above in a single system. This section describes a prototype scan-line image-composition
system that could conceivably meet these goals. The individual parts of the system may or
may not be feasible as described. The purpose here is to demonstrate a plausible outline of
a system that could achieve the above properties and an avenue for initial research.
Host
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Figure 2: Prototype scan-line image-composition system.
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The prototype system is composed of five main components, diagramed in Figure 2:
•
•
•
•
•

A host computer
A homogeneous array of parallel scan-line renderers
A binary tree of compositors
A pixel assembler
A conventional frame-buffer and video display.

The host computer is a high-speed workstation with a disk drive, ethernet port, I/O
devices, and other features necessary to support the user interface and I/O requirements of
the graphics application. It need not have sufficient power to traverse, transform, or
display the graphics database, as these functions are performed in other parts of the system.
The renderers are homogeneous parallel processors with sufficient memory to store a
fraction of the graphics database, floating-point hardware to transform their share of the
primitives, and (perhaps) special hardware for high-speed scan-line rasterization. Rather
than computing a stream of RGB pixel values in scan-line order, the rasterizer here
generates a stream of unassembled pixels. An unassembled pixel is an arbitrarily long
packet of surface descriptors of the form:
<subpixel coverage bitmask> <surface color> <surface z-value>
Surface descriptors describe each surface that is potentially visible at a pixel. They are
sorted in z-value from near-to-far. The list may be truncated when the first n surface
descriptors completely cover the pixel (determined by and ing the subpixel coverage
bitmasks).
Compositors are special-purpose devices that combine two streams of unassembled pixels
into a single stream. Each of the inputs to the compositor contains a short FIFO queue to
buffer incoming pixel streams. A custom compositor chip rapidly interleaves the incoming
unassembled pixel streams according to z-values, and truncates the streams when the pixel
has been fully covered. The stream of unassembled pixels leaving a compositor has the
same form as the two incoming streams. A binary tree of compositors, therefore,
combines the n streams from the renderers into a single stream of unassembled pixels
emerging from the root of the tree.
The pixel assembler assembles or converts the stream of unassembled pixels into a stream
of RGB color values. The pixel assembler computes the weighted sum of surface
components based on the subpixel coverage bitmasks. Each position in the subpixel mask
is assigned a coefficient based on an appropriate filter kernel. Each surface's contribution
to the final RGB value for the pixel is based on the sum of its subpixel contributions.
The stream of RGB pixel values emerging from the pixel assembler is then stored in a
double-buffered frame buffer, which allows screen refreshing at any rate desired,
independent of the image-generation process.
Antialiasing. An important requirement for any graphics system, real-time, or
otherwise, is that it display images without noticeable aliasing. Aliasing results from both
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the scan-conversion and visibility-determination stages of the rasterization process.
Unfortunately, the obvious method for computing and combining digital images—using a
single point-sample at the center of each pixel (the heart of the z-buffer algorithm)—is
notorious for generating aliased images. Solving this problem requires scan-converting
and determining visibility at a sub-pixel level of detail.
The two main approaches toward this are object-precision and image-precision antialiasing.
In the object-precision approach, the boundaries and z-values of primitives are described
geometrically, and the resulting coverage fraction is evaluated analytically. The difficulty
with this approach is that many special cases are possible, and subsequent filtering to
obtain a single pixel value is difficult.
The more popular approach is image-precision antialiasing. In this approach, the image is
point-sampled at a higher level of detail where necessary. Although this technique can still
miss details if image components are extremely small (small image features may slip
between successive sample points), subpixel samples can be treated uniformly. A common
variant of this technique is the A-buffer [CARP84], which we propose to adapt for our
system. In the A-buffer approach, each pixel is represented by an arbitrarily long list of
surface descriptors, each containing a subpixel coverage bitmask, a color value, and a zvalue. Note that subpixel samples need not be distributed uniformly. Indeed, jittered
sampling offers many advantages and can be computed efficiently using techniques
described in [ABRA85]. Using a single z-value for each surface descriptor causes aliasing
when primitives interpenetrate. This is a limitation for some datasets, but may not be
sufficiently serious to justify the expense of handling it correctly (this is a detail that needs
investigation).
Handling multiple surfaces per pixel and subpixel coverage masks significantly complicates
rasterization and image-composition. The scan-line rasterizer must be able to determine
rapidly whether a surface completely covers a pixel, and if not, to determine which
subpixels the surface covers (this is particularly difficult at the corners of primitives, since
two edges must be considered). The variable amount of information for each pixel, which
can increase or decrease if a surface partially overlaps a pixel or if a surface completely
obscures those behind it, complicates the design and analysis of the compositors. One
must be able to guarantee that for the set of images likely to be encountered, serious
bottlenecks do not arise in the composition tree. The FIFO queues at the inputs of each
compositor are designed to help this problem. Also, the use of a binary tree of
compositors, which means that pixel streams pass through only log 2 # of renderers
compositors), should help this problem significantly. This problem requires analysis very
early on in the proposed work.
This antialiasing method also requires the presence of a pixel assembler. A single hardware
unit is probably insufficient for this task, since it would have to resolve the visibility of
every visible subpixel in the final image, an enormous computing requirement for complex
images displayed at high frame rates. An alternative is to multiplex pixels between several
pixel assemblers, so each assembler only processes a fraction of the pixels in the display.
Memory Requirements. Since rendering is performed in scan-line order, only a small
amount of memory is required beyond the memory for storing the graphics database.
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Scan-line systems typically transform all primitives into screen-space and sort them by
scan-line (a process called bucket-sorting)—all before rasterizing. This can be a
convenience for software algorithms, but is not a strict requirement. An alternative is to
initially compute only the y-component of each transformed vertex. This suffices to
determine which scan-line bucket each primitive falls into. The bucket can be used to store
a pointer to the primitive in object-space, rather the entire transformed primitive, as is
typically done. Storage for the sorted list is minimal—approximately 2 words per
primitive.
The active primitive list also requires some additional storage, but only enough for the list
of primitives active for a given scan line. For most databases this should be 10% of the
primitives in the database or less.
Finally, no z-buffer is required, since rendering is performed in scan-line order. Only a
small amount of buffering is required to even out temporary differences in processing rates
between the renderer and the tree of compositors.
Latency. An increasingly important issue in interactive systems is image-generation
latency. Latency is the time between when input values (such as joystick position) are
sampled and when the final image is presented to the viewer. This issue is distinct from
update rate, which is the time between successive images.
For interactive applications both frame rate and latency are important. Users are distracted
by jerky motion from a slow update rate. Users are also bothered by slow response times
produced by high latency. In certain applications, such as head-mounted displays or flight
simulators, high latency can cause motion sickness [DEYO89].
Many high-performance graphics systems achieve speed through pipelining. For example,
primitives of one frame can be transformed, while primitives from the preceding frame are
rasterized, while primitives from the preceding frame are refreshed from a double-buffered
frame buffer. Pipelining decreases the time between frames, but does not improve latency.
The minimum latency possible occurs when the latency is exactly equal to the imagegeneration time.
A scan-line image composition system can approach this minimum. If y-sorting is
performed using the approach described above (in the Memory Requirements section), only
one scan line is transformed and rasterized at a time. Image-composition adds very little
latency to the display process, since pixels flow through only a small number (log 2 # of
renderers compositors. The only latency beyond the image-generation time occurs
because the frame-buffer can only switch banks during vertical retrace. Since video refresh
is faster than frame rates (typically 60 – 72 Hz. vs. 20 – 30 Hz), this is still only a fraction
of the image-generation time on average.
Volume Rendering. Volume rendering is becoming an increasingly important method
for visualizing 3D data. Real-time volume rendering is even more daunting than real-time
polygon rendering because of the much larger amount of data involved. Volume rendering
calculations can be parallelized in a number of ways, some of which potentially can be
accelerated using image-composition hardware. Here we briefly outline one method that
maps well to the architecture of the prototype system:
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The volume dataset is statically decomposed into a number of blocks (for simplicity, these
may be cubes, but this is not a requirement for the method). Voxel elements within each
block are assigned to graphics processor as shown in Figure 3.
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Figure 3: Decomposition of volume dataset into blocks and assignment to
graphics processors.
To render each frame, the current viewing parameters are broadcast to each graphics
processor. Rays are then cast into the volume array in a predetermined order (scan-line
order is not good for load-balancing, as we will see later). Each graphics processor
computes an aggregate color and opacity for its set of voxels, as seen by the current ray. It
loads these, along with the z value where the ray intersects its block, into the imagecomposition tree. The composition tree then composites colors and opacities from adjacent
blocks, until, at the root of the tree, a single color and opacity for the ray emerges.
The naive distribution of volume blocks to processors shown above has the useful property
that at each composition node, color/opacity streams from each branch can be merged; there
is no need to pass unmerged information further through the tree. This means that the data
flowing through each tree branch is limited to just one color and opacity per ray.
One concern about this method of partitioning the dataset is that any given ray intersects
only a fraction of the partition blocks. If the scene is rendered in scan-line order, some
processors will be idle for long periods of time while others are extremely busy. A method
of distributing the load is to send successive rays to different parts of the image. If the
pattern in Figure 3 is used, a high probability exists that one of every eight rays will
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intersect each processors's block of voxels. If a queue is provided between the processor
and the image-composition tree, the processor can quickly process rays which do not
intersect its volume, and spend time on the few rays that do. This load-balancing scheme
only works, of course, if the frame buffer can accept pixels out of scan-line order. An
alternative rendering method proposed by Marc Levoy [LEVO90] is to have each renderer
compute the "image" (color and opacity) of its voxels on each side its subvolume. These
"textured" polygons can then be transformed and composited using the image-composition
tree (to do this for a large range of viewpoints, the images must be calculated at different
resolution levels, and a filtering method must be provided).
4. Research Plan and Schedule
I intend to demonstrate that the prototype system described above (or a modification to it) is
practical and achieves some or all of the goals in Section 1. To do this, I propose the
following research plan. Some of the steps have already been accomplished already.
Others are dependent on the results of prelimary work and, therefore, must be somewhat
flexible.
1. Build rendering software testbed. (prelimary version complete) This is important,
since the family of rendering algorithms that will be efficient (and even possible) on the
composite architecture will be constrained by hardware decisions. The rendering
software testbed is flexible and easy to modify (rendering speed is a secondary concern
here). The renderer subdivides the database into a variable number of partitions prior to
rendering, and renders these partitions independently. It also allows different rendering
algorithms and antialiasing methods to be tested and can sample pixels at variable
resolution.
2. Evaluate potential gains of variable-resolution sampling. (prelimary results already)
An open question is whether to treat pixels uniformly or to allow variable-resolution
sampling, as described in the prototype system. The variable-resolution scheme counts
on only a small percentage of the pixels of the screen requiring higher-resolution
sampling (multiple visible surfaces per pixel). It offers the attractive possibility of
generating high-quality images at nearly the same speed as unantialiased images, and
provides a convenient way to incorporate transparent surfaces. If a large percentage of
pixels requires higher resolution, however, the advantage this approach diminishes; a
more parsimonious system may be built by simply supersampling in the traditional
way. Simulations with the renderer testbed on a number of databases produce the
following prelimary results:
Database
Number of polygons
Screen size
Number of pixels
Number of complex pixels
Complex pixels/total pixels
Avg surfs per pixel
Avg surfs per complex pixel
Max surfs per complex pixel

Room
249
128x128
16384
4025
0.25
1.42
2.72
10

Old Well
356
256x256
65536
13246
0.202
1.29
2.44
12

Space station
3784
512x512
262144
27105
0.103
1.24
3.33
15
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Unfortunately, these results don't settle the question of which approach is better. More
simulations with more complex datasets will cast further light on this. I have solicited
datasets from a number of sources, and intend to gather statistics on them as soon as
time permits. I expect that neither architectural approach will be a clear choice for all
conditions.
3. Develop criteria and algorithms for high-quality image generation. Systems are only
beginning to approach the threshold of real-time, high-quality image generation. To
provide a basis for evaluating architectural alternatives, I propose to perform
experiments to determine what levels of antialiasing, texture filtering, etc., are required
to generate images of sufficient quality. I intend to render a number of representative
images with varying degrees of sophistication in antialiasing: a) using a single point
sample per pixel, b) supersampling on regular x,y grids of varying resolution (but
with a single z value per pixel), c) supersampling with independent z values for each
subsample, and d) stochastic super sampling. Since some aliasing is only visible when
a series of consecutive frames is displayed, I will generate film loops of moving images
to completely evaluate the image quality. I have ideas for an efficient form of
successive refinement antialiasing using stochastic sampling, which I plan to develop.
I also intend to look at the issues of prefiltering texture maps and look for algorithms to
perform it efficiently (no ideas here yet).
4. Attempt to map other rendering methods to the image-composition framework.
Different algorithms run more or less efficiently on different hardware architectures.
An image-composition architecture is sufficiently different from current architectures
and provides enough parallel processing capability that elegant implementations for
many rendering techniques may exist (the volume rendering algorithm described above
is one such example).
(The following steps are more tentative and depend on the results of previous steps)
5. Simulate image-composition of component images. If the steps above indicate that the
variable resolution approach is potentially useful, I will write a program to simulate the
image-composition tree described in Figure 2. In addition to combining pixel-streams
correctly, this simulator will be parameterized to evaluate the flow-through
characteristics of the image-composition tree. Parameters will include composition
rates for pixels with different numbers of surface descriptors, the amount of FIFO
buffering at each node, and the speed of the pixel assembler. I will estimate the
bandwidth, contention, and utilization of system resources. The two simulators and the
library of test objects will provide a testbed for developing implementations for the
scan-line renderers, compositors, and pixel assembler.
6. Investigate implementations for compositors. Compositors may be simple or
complicated, depending on whether variable resolution is used. In either case they
must handle the bandwidth to generate images of desired complexity at a given update
rate. There may be opportunities to make them programmable or general-purpose
enough to allow volume rendering and other algorithms aside from displaying
polygons.
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7. Investigate implementations for pixel assembler and/or final frame buffer. If a variable
resolution approach is used, a pixel assembler is needed. It must be able to assemble
pixels at frame rates, but may include extra functionality to Phong-shade or texture
pixels. These functions could also be included in a final accumulator frame buffer,
which would probably be desirable even if the fixed-resolution approach is adopted.
Substantial savings can be achieved by performing rendering tasks that are only
performed once per pixel in the pixel assembler/accumulator frame buffer, rather than in
individual renderers.
8. Evaluate architectural alternatives, design, and (perhaps) implement a prototype
system. If the results of simulation are encouraging, I intend to begin a detailed design
of the various parts of a prototype system (an entire system design would probably be
infeasible except under the most optimistic circumstances). If simulation indicates that
there are major difficulties with the prototype system as described, I intend to evaluate
architectural alternatives. Many possibilities exist for hardware-assisted scan-line
rendering and deferred evaluation of lighting/shading models.
I propose the following schedule for undertaking this research:
Date
Activity
___________________________________________________
3/89 – 9/89
4/90 – 8/90
6/90
6/90 – 12/90

9/90 – 12/90
11/90 – 2/90
9/90 – 1/91
8/90 – 4/91
4/91 – 6/91
6/91 – 8/91

Literature survey (performed in course of co-authoring Chapter
18 of [FOLE90]).
Build rendering software testbed and simulation platform for
scan-line renderer and image-composition network. Gather
statistics on sample images.
Proposal accepted
Characterize requirements for real-time, high-quality imagegeneration. Develop antialiasing and texturing algorithms.
Investigate implementing other algorithms on an imagecomposition system.
Evaluate architectural alternatives based on results of above
research and high-level simulation.
Converge on a desirable architecture, developing a high-level
design for a prototype system.
Develop low-level design for interesting parts of architecture
(perhaps implementing portions).
Prepare first draft of dissertation.
Clean up loose ends and prepare final draft of dissertation.
Thesis defense (some time in this range).
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