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Abstract

Media applications, such as signal processing, image and video processing, and graphics,
are an increasing and important part of the way people use computers today. However,
modern microprocessors cannot provide the performance necessary to meet the demands
of these media applications, and special purpose processors lack the flexibility and pro-
grammability necessary to address the wide variety of media applications. For the proces-
sors of the future, we must design and implement architectures and programming models
that meet the performance and flexibility requirements of these applications.

Streams are a powerful programming abstraction suitable for efficiently implement-
ing complex and high-performance media applications. This dissertation focuses on the
design, implementation, and analysis of acomputer graphics pipeline on a stream architec-
ture using the stream programming model. Rendering on a stream architecture can sustain
high performance on stream hardware while maintaining the programmeability necessary to
implement complex and varied programmable graphics tasks.

We demonstrate a complete implementation of an OpenGL-like pipeline in the stream
programming model, and that the algorithms developed for this implementation are both
well-suited for the stream programming model and make efficient and high-performance
use of stream hardware. We identify and discuss aspects of our system that impact its
performance, including triangle size, rasterization algorithm, batch size, and short stream
effects, and discuss the implications of programmability in the pipeline. We demonstrate
and analyze the scalability of the algorithms and the implementation in order to anticipate
performance on future generations of stream processors. And finally, we describe, imple-
ment, and analyze a second rendering pipeline, the Reyes pipeline, and compare it to our
OpenGL pipeline in order to show the flexibility of the programming model and to explore
aternative directions for future stream-based rendering pipelines.
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Foreword

Rendering of photorealistic scenes from geometric models is a pervasive and demanding
application. Over ahundred times more arithmetic operations are performed in the graphics
processor of a modern PC than in its CPU. As powerful as modern graphics processors
are, their flexibility is limited. They perform a fixed function pipeline with just one or
two programmable stages. Rendering tasks that fit within this pipeline they perform with
blinding speed; rendering tasks that don’t conform to the fixed pipeline cannot be handled
at all.

In this pioneering work, John Owens shows how a programmabl e stream processor can
achieve performance comparable to modern fixed-function graphics processors while hav-
ing the flexibility to support arbitrary rendering tasks. John demonstrates the performance
and flexibility of stream-based rendering by implementing diverse rendering pipelines. an
OpenGL pipeline that renders polygons and a Reyes pipeline that uses subdivision surfaces
on the Imagine stream processor. He also demonstrates flexibility by compiling several
shaders, described in a programmabl e shading language, to execute on a stream processor.
The technigues John demonstrates go far beyond the capabilities of contemporary graphics
hardware and show that programmable hardware can smoothly tradeoff frame rate against
rendering features.

A number of novel methods were devel oped during the implementation of these render-
ing pipelines. The use of barycentric rasterization was employed to reduce the burden of
carrying large numbers of interpolants through the rasterization process. A novel load bal-
ancing mechanism using conditional streams was devel oped to maintain high duty factor in
the presence of unequal-sized triangles. Also, a compositor based on hashing and sorting
was developed to ensure in-order semantics when triangles are rendered out-of-order.



John deeply analyzes the pipelines he has devel oped shedding considerable insight onto
the behavior of streaming graphics and of stream processing in general. He looks at issues
such as short-stream effects to show how performanceisgained and lost in atypical stream
pipeline. He also looks beyond the Imagine processor to study how well these pipelines
would work as stream processors are scaled or are augmented with specia -purpose units—
such as arasterizer or texture cache.

Contemporary graphics processors have already adopted some of the technology of
stream processors. They incorporate programmable vertex and fragment shading stages
that are in effect small stream processors embedded in a fixed-function pipeline. Astime
goes on, one can imagine more pipeline stages becoming programmable until commercial
graphics processors become general purpose stream processors capable of performing a
wide range of intensive streaming computations.

William J. Dally
Stanford, California
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Chapter 1
Introduction

Itissaid that “apictureisworth athousand words’. Computer graphicsisthe study of con-
structing computer-generated images from descriptions of scenes, imagesthat are produced
both quickly and with realistic detail.

Thelast decade has brought significant change to the systems through which computers
produce graphics. Ten years ago, dedicated hardware for computer graphics was only
available in expensive workstations. This hardware was implemented with multiple chips
or boards and typically cost thousands of dollars.

Today, the vast mgjority of personal computers include high-performance graphics
hardware as a standard component. Graphics accelerators are typically implemented on
a single chip, implement popular programming interfaces such as OpenGL or Direct3D,
and cost in the hundreds of dollars. And despite their smaller size and modest cost, they
deliver performance severa orders of magnitude above their counterparts of ten years ago.

High performance is necessary to meet the demands of many applications: entertain-
ment, visual simulation, and other tasks with real-time interactive requirements. Systems
that produce real-time performance must render many images per second to achieve inter-
active usage. Performance, however, is only half of the story.

Together with the goal of real-time performance has been continued progress toward
high visual fidelity and in particular photorealistic images. A major user of such func-
tionality is the entertainment industry, both for special effects and for computer-generated
motion pictures.
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In these applications, the production of high-quality images typically take on the order
of hours. An exampleis computer-generated movies: framesfrom Pixar’s animated motion
pictures usually take several hours to render. These images are not produced by special-
purpose graphics hardware but instead by general purpose processors, because special-
purpose hardware lacks the flexibility to render all the effects necessary for these images.

Traditionally, the goals of high performance and high fidelity have been considered
mutually exclusive. Systems that deliver real-time performance are not used to render
scenes of the highest complexity; systems that can render photorealistic images are not
used in performance-critical applications. With this work, we describe a system that will
deliver both high performance and high flexibility, one that will meet the demands of a
wide variety of graphics applicationsin future computing systems.

To accomplish this goal, we implement our graphics system on a computer system
with both software and hardware components. Programs in our system are described in
the stream programming model and run on a stream processor. Specifically, we use the
Imagine stream processor and its programming tools as a basis for our implementation.

1.1 Contributions

This dissertation makes several contributions to the areas of stream processing and com-
puter graphics.

e Our system is the first instance of a graphics pipeline developed for a stream pro-
cessor. We have elegantly expressed the system in the stream programming model,
using stream algorithms exploiting the paralelism of the rendering tasks in each
stage of the graphics pipeline, and we have devel oped an efficient, high-performance
implementation on stream hardware.

e Our pipelines mirror the functionality of the popular OpenGL and Reyes rendering
pipelines. Doing so allows us to both compare our implementation with commercial
implementations as well to demonstrate that we can efficiently implement a com-
plex interface. We also develop a backend for our system to the Stanford Real-Time
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Shading Language, demonstrating our system’s suitability as atarget for higher-level
shading languages.

¢ We analyze the performance of our system in detail and pinpoint aspects of the hard-
ware and software that limit our performance.

e We demonstrate that our system is scalable to future generations of stream hardware.
As stream hardware becomes more capable, with agreater ability to perform compu-
tation, our implementation will continue to increase in performance.

1.2 Outline

We begin by describing the previous work in this areain Chapter 2. The stream program-
ming model and our stream architecture are then described in Chapter 3.

Our implementation is presented in Chapter 4 and evaluated and analyzed in Chapter 5.
Chapter 6 explores extensions to our stream architecture to achieve higher performance.

Chapter 7 discusses several points topical to the dissertation: a comparison of our ma-
chine organization against commercial processors, a discussion of programmability, and a
set of lessons for hardware designers based on our experience. In Chapter 8, our imple-
mentation of the Reyes rendering pipeline is compared to our base implementation.

Finally, Chapter 9 offers conclusions, enumerates the contributions of this dissertation,
and suggests directions for future work.



Chapter 2
Previous Work

Previous work related to the work in this dissertation falls into four categories. First, hard-
ware and software has previously been optimized for media applications such as graphics.
Second, the implementation of this thesis was built using the architecture and tools of
the Imagine project, which have been described in other work. Third, high-performance
graphics systems are primarily built from special-purpose graphics hardware, and the ar-
chitectures of those systems have been influential in thiswork. And finally, previous work
involving programmability in graphics has inspired the programmable features of the im-
plementation described in this dissertation.

An earlier version of the core pipeline described in this dissertation was summarized in
work published at the Eurographics Hardware Workshop in 2000 [Owens et al., 2000]; the
Reyes work of Chapter 8 [Owens et al., 2002] was published at the same conference two
years |ater.

2.1 Media Architectures and Tools

Many architectural features have exploited the parallelism inherent in media applications.
First, SIMD extensions to microprocessor instruction sets are used to exploit subword data-
level parallelism and provide the option of more, lower-precision operations, which are
useful in anumber of multimedia applications. Representative examples are Sun Microsys-
tems VIS[Tremblay et al., 1996] and Intel’s MM X [Peleg and Weiser, 1996].

4
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VLIW architectures [Fisher, 1983] have been common in programmable media pro-
cessors due to their ability to effectively exploit instruction-level parallelism. The Equator
MAP1000A [O’ Donnell, 1999], for instance, uses both VLIW and SIMD organizations in
its hardware.

And finally, data parallelism is used in vector processor architectures. An early vector
machine is the CRAY-1 [Russell, 1978]; a more recent vector architecture is the Berkeley
VIRAM [Kozyrakis, 1999]. (However, vector machines lack the local register level of
the bandwidth hierarchy and do not have the kernel-level instruction bandwidth savings of
Imagine.)

All three of these techniques—subword parallelism, instruction-level parallelism, and
data-level parallelism—are used in the Imagine architecture and in the implementation de-
scribed in this dissertation.

The use of streams as programming elementsin mediaapplications is common; Gabriel
[Bier et al., 1990] and its successor Ptolemy [Pino, 1993] are representative examples.
Imagine's contribution to the field is its use of streams as architectural primitives in hard-
ware.

The MIT Raw Architecture Workstation (RAW) [Taylor et a., 2002] and StreamMIT
[Gordon et al., 2002] projects have addressed similar application domains as the Imagine
project. RAW isasimple, highly parallel VLSI architecture that exposes low-level details
to the compiler. It features many connected processors on a single chip and hence divides
itstasks in space rather than time like Imagine (discussed further in Section 7.1). StreaMIT
isalanguage for streaming applications; instead of extending C++ like Imagine’s StreamC
and KernelC, it implements a new, more abstract language. Like Imagine's languages,
StreaMIT uses a stream programming model, exposing both the native parallelism and the
communication patterns inherent in the computation.

2.2 Imagine Hardware and Software

The Imagine project, used as the platform for the work in this dissertation, includes an
architecture and physical implementation as well as a set of software tools used to write
and test stream programs on Imagine simulations or hardware. Portions of the Imagine
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system have been described in previous publications.

An overview of the Imagine project is presented by Khailany et al. [Khailany et al.,
2001]. The Imagine Stream Processor was first described by Rixner et al. [Rixner et al.,
1998]; this work introduced the data bandwidth hierarchy and described Imagine at an ar-
chitectural level. Imagine's memory access scheduler [Rixner et al., 2000a] and register
organization [Rixner et al., 2000b] were described by Rixner et al. in later work. Kapasi et
al. describes the conditional stream mechanism used to support data-dependent condition-
asinkernels[Kapasi et a., 2000]. Kapasi et al. also discuss SIMD efficiency using in part
data from Section 5.2.4 [Kapasi et al., 2002].

Imagine’s kernel compiler schedules kernels to run on the Imagine clusters [Mattson et
al., 2000]; its stream scheduler compiles stream-level code on the Imagine hardware and
host [Kapasi et al., 2001]. Both are described in more detail in Mattson’s dissertation [M att-
son, 2002].

2.3 Graphics Hardware

The field of computer graphics has seen both architectures of varying programmability and
architectures which use custom, special-purpose hardware. Moller and Haines summarize
real-time rendering techniques, including graphics hardware, in their 1999 book [Mller
and Haines, 1999].

One of the hallmarks of special-purpose graphics hardware is its ability to exploit the
parallelism in rendering applications. Pixar's Chap [Levinthal and Porter, 1984] was one
of the earliest processors to explore a programmable SIMD computational organization,
on 16-hit integer data; Flap [Levinthal et al., 1987], described three years later, extended
Chap’s integer capabilities with SIMD floating-point pipelines. Our implementation also
uses SIMD parallelism across clusters as well as limited subword parallelism in working
on multiple stream elements at the same time.

Other approaches to exploiting parallelism include the Pixel-Planes[Fuchs et al., 1989]
and PixelFlow [Molnar et al., 1992] family of architectures. They employ both custom
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SIMD processors built into enhanced memory chips that evaluate linear equations to ac-
celerate rasterization and more general -purpose processors for other tasks and pipeline en-
hancements (such as programmable shading [Olano and Lastra, 1998]). Our implementa-
tion has no specialization for rendering but does take advantage of the SIMD nature of the
rendering tasks (though not to the degree of Pixel-Planes and PixelFlow) in asimilar way.

The Chromatic Mpact architecture [Foley, 1996] employs a VLIW processor together
with a specialized rendering pipeline to add some degree of flexibility to rendering. More
recently, the vector units in the Sony Emotion Engine [Diefendorff, 1999] use a single
cluster of VLIW-controlled arithmetic units fed with vectors of data. The functional units
are connected to either an integer or a floating-point centralized register file. Imagine's
clusters also feature an internal VVLIW organization; however, Imagine sintercluster SSIMD
organization allows greater computation rates by aso utilizing the data parallelism of the
rendering tasks.

Historically, special-purpose rendering hardware has used separate hardware to imple-
ment each stage in the pipeline with little programmability exposed to the user. The SGI
InfiniteReality [Montrym et al., 1997] isarepresentative example, and amore recent single-
chip graphics processor is the Digital Neon [McCormack et al., 1998]. Many of these
machines were internally programmable through the use of microcoded computational en-
gines (such as the LeoFloat unit, which implements the geometry stages of the pipeline in
the Leo graphics system [Deering and Nelson, 1993]), but did not expose this programma-
bility to the user. Besides the fixed function of the pipeline stages, these machines use a
task-parallel machine organization as opposed to Imagine's time-multiplexed organization
(discussed further in Section 7.1). More recent machines offer more programmability and
are described in the next section.

Humphreys et al. describe a streaming framework for cluster rendering [Humphreys
et a., 2002] in which both data and commands are treated as streams on a multi-node
compute cluster. Such an approach would be applicable to networks of stream processing
nodes, such as the planned 64-1magine network.
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2.4 Programmability and Graphics

Programmable graphics systems allow usersto model the complexities of the natural world.
One of the first efforts toward formalizing a programmable framework for graphics was
Rob Cook’s seminal work on shade trees [Cook, 1984], which generalized the wide variety
of shading and texturing models at the time into an abstract model. He provided a set
of basic operations which could be combined into shaders of arbitrary complexity. His
work was the basis of today’s shading languages, including Hanrahan and Lawson’s 1990
paper [Hanrahan and Lawson, 1990], which in turn contributed ideas to the widely-used
RenderMan shading language [Upstill, 1990], which is mostly used for offline rendering.
RenderMan shaders are closely tied to the Reyes rendering pipeline; our implementation
of Reyesis presented in Chapter 8.

RenderMan is primarily used for non-real-time rendering. However, programmabil-
ity has also entered the real-time arena. Recently specia purpose hardware has added
programmability to the rendering pipeline, specifically at the vertex and fragment levels.
NVIDIA's GeForce 4 and ATI’s Radeon processors are representative examples of cur-
rent graphics chips with vertex and fragment programmability. NVIDIA's OpenGL exten-
sionsNV_vert ex_program NV_t ext ur e_shader, and NV_r egi st er _conbi ner
[NVIDIA, 2001], and Lindholm et al.'s description of vertex programs [Lindholm et al.,
2001], describe some of their most recent features. The programmable features of mod-
ern graphics hardware are increasingly used for rendering and scientific tasks (such as
raytracing [Purcell et al., 2002]) that are far afield from the traditional polygon rendering
algorithms implemented by their non-programmable predecessors. This programmability
is accessible through high-level shading languages such asthe Stanford RTSL [Proudfoot et
al., 2001]. The pipelinesin this dissertation use the RTSL to describe their programmable
shaders and lights, though Imagine can support a superset of the features provided by this
programmable hardware.

Though we write separate pipelines for OpenGL and Reyes in this dissertation, either
can be described in terms of the other. RenderMan is much more complex than OpenGL
and can easily describeitsfunctionality. But the converseisaso true: two yearsago, Peercy
et a. implemented general RenderMan shaders on OpenGL hardware [Peercy et al., 2000).
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They made two key contributions relevant to this work. First, they developed a framework
for mapping RenderMan shaders onto multiple passes of OpenGL hardware. Second, they
identified extensions to OpenGL, color range and pixel texture, which are necessary and
sufficient to support RenderMan and other fully general shading languages.

Other abstractions supporting programmeability in the pipeline include those of Olano
and McCool. Olano extended the concept of programmability in his dissertation [Olano,
1998], which presented an abstract pipeline that was programmable at each stage and hid
the details of the target machine from the programmer. Another programmable API is
SMASH [McCool, 2001], which is targetted to extend moder