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Praise for Embedded Computing: A VLIW
Approach to Architecture, Compilers
and Tools

There is little doubt that embedded computing is the new frontier of computer research.
There is also a consensus that VLIW technology is extremely powerful in this domain.
This book speaks with an authoritative voice on VLIW for embedded with true technical
depth and deep wisdom from the pioneering experiences of the authors. This book will
find a place on my shelf next to the classic texts on computer architecture and compiler
optimization. It is simply that good.

Tom Conte Center for Embedded Systems Research, North Carolina State University

Written by one of the field’s inventors with his collaborators, this book is the first complete
exposition of the VLIW design philosophy for embedded systems. It can be read as a
stand-alone reference on VLIW —a careful treatment of the ISA, compiling and program
analysis tools needed to develop a new generation of embedded systems— or as a series
of design case studies drawn from the authors’ extensive experience. The authors’ style
is careful yet informal, and the book abounds with “flames,” debunked “fallacies” and
other material that engages the reader in the lively interplay between academic research
and commercial development that has made this aspect of computer architecture so
exciting. Embedded Computing: A VLIW Approach to Architecture, Compilers, and
Tools will certainly be the definitive treatment of this important chapter in computer
architecture.

Richard DeMillo Georgia Institute of Technology

This book does a superb job of laying down the foundations of VLIW computing and con-
veying how the VLIW principles have evolved to meet the needs of embedded computing.
Due to the additional attention paid to characterizing a wide range of embedded appli-
cations and development of an accompanying toolchain, this book sets a new standard
both as a reference and a text for embedded computing.

Rajiv Gupta The University of Arizona
A wealth of wisdom on a high-performance and power-efficient approach to embedded
computing. I highly recommend it for both engineers and students.

Norm Jouppi HP Labs
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Josh, Paolo, and Cliff have devoted most of their professional lives to developing and
advancing the fundamental research and use of VLIW architectures and instruction
level parallelism. They are also system-builders in the best and broadest sense of the
term. This book offers deep insights into the field, and highlights the power of these
technologies for use in the rapidly expanding field of high performance embedded com-
puting. I believe this book will become required reading for anyone working in these
technologies.

Dick Lampman HP Labs

Embedded Computing is a fabulous read, engagingly styled, with generous research
and practical perspective, and authoritative, since Fisher has been responsible for this
paradigm of simultaneously engineering the compiler and processor. Practicing engi-
neers — both architects and embedded system designers— will find the techniques they
will need to achieve the substantial benefits of VLIW-based systems. Instructors will value
the rare juxtaposition of advanced technology with practical deployment examples, and
students will enjoy the unusually interesting and mind-expanding chapter exercises.

Richard A. Lethin Reservoir Labs and Yale University

One of the strengths of this book is that it combines the perspectives of academic
research, industrial development, as well as tool building. While its coverage of embed-
ded architectures and compilers is very broad, it is also deep where necessary. Embedded
Computing is a must-have for any student or practitioner of embedded computing.

Walid Najjar University of California, Riverside
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Foreword

Bob Colwell, R & E Colwell & Assoc. Inc.

by traveling around in it or you can study it indirectly by leaving it. The first
method yields facts and insights directly in context, and the second by contrast.

Our tradition in computer engineering has been to seldom leave our neighborhood.
If you want to learn about operating systems, you read an OS book. For multiprocessor
systems, you get a book that maps out the MP space.

The book you are holding in your hands can serve admirably in that direct sense. If
the technology you are working on is associated with VLIWs or “embedded computing,”
clearly it is imperative that you read this book.

But what pleasantly surprised me was how useful this book is, even if one’s work
is not VLIW-related or has no obvious relationship to embedded computing. I had long
felt it was time for Josh Fisher to write his magnum opus on VLIWs, so when I first heard
that he and his coauthors were working on a book with VLIW in the title I naturally and
enthusiastically assumed this was it. Then I heard the words “embedded computing”
were also in the title and felt considerable uncertainty, having spent most of my profes-
sional career in the general-purpose computing arena. I thought embedded computing
was interesting, but mostly in the same sense that studying cosmology was interesting:
intellectually challenging, but what does it have to do with me?

I should have known better. I don’t think Josh Fisher can write boring text. He
doesn’t know how. (I still consider his “Very Long Instruction Word Architectures and
the ELI-512” paper from ISCA-10 to be the finest conference publication I have ever read.)
And he seems to have either found like-minded coauthors in Faraboschi and Young or
has taught them well, because Embedded Computing: A VLIW Approach to Architecture,
Tools and Compilers is enthralling in its clarity and exhilarating in its scope. If you are
involved in computer system design or programming, you must still read this book,
because it will take you to places where the views are spectacular, including those
looking over to where you usually live. You don’t necessarily have to agree with every
point the authors make, but you will understand what they are trying to say, and they
will make you think.

One of the best legacies of the classic Hennessy and Patterson computer architecture
textbooks is that the success of their format and style has encouraged more books like
theirs. In Embedded Computing: A VLIW Approach to Architecture, Tools and Compil-
ers, you will find the pitfalls, controversies, and occasional opinion sidebars that made

r I Y here are two ways to learn more about your country: you can study it directly
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H&P such a joy to read. This kind of technical exposition is like vulcanology done while
standing on an active volcano. Look over there, and see molten lava running under a
new fissure in the rocks. Feel the heat; it commands your full attention. It's immersive,
it's interesting, and it's immediate. If your Vibram soles start melting, it’s still worth it.
You probably needed new shoes anyway.

I first met Josh when [ was a grad student at Carnegie-Mellon in 1982. He spent an
hour earnestly describing to me how a sufficiently talented compiler could in principle
find enough parallelism, via a technique he called trace scheduling, to keep a really
wild-looking hardware engine busy. The compiler would speculatively move code all
over the place, and then invent more code to fix up what it got wrong. I thought to myself
“So this is what a lunatic looks like up close. I hope he’s not dangerous.” Two years later
[ joined him at Multiflow and learned more in the next five years than I ever have, before
or since.

It was an honor to review an early draft of this book, and I was thrilled to be asked to
contribute this foreword. As the book makes clear, general-purpose computing has tra-
ditionally gotten the glory, while embedded computing quietly keeps our infrastructure
running. This is probably just a sign of the immaturity of the general-purpose com-
puting environment (even though we “nonembedded” types don’t like to admit that).
With general-purpose computers, people “use the computer” to do something. But with
embedded computers, people accomplish some task, blithely and happily unaware that
there’s a computer involved. Indeed, if they had to be conscious of the computer, their
embedded computers would have already failed: antilock brakes and engine controllers,
for instance. General-purpose CPUs have a few microarchitecture performance tricks to
show their embedded brethren, but the embedded space has much more to teach the
general computing folks about the bigger picture: total cost of ownership, who lives in
the adjacent neighborhoods, and what they need for all to live harmoniously. This book
is a wonderful contribution toward that evolution.

Bob Colwell
June 17, 2004



Preface

elcome to our book. We hope you enjoy reading it as much as we have enjoyed

writing it. The title of this book contains two major keywords: embedded and

VLIW (very long instruction word). Historically, the embedded computing
community has rarely been related to the VLIW community. Technology is removing this
separation, however. High-performance techniques such as VLIW that seemed too expen-
sive for embedded designs have recently become both feasible and popular. This change
is bringing in a new age of embedded computing design, in which a high-performance
processor is central. More and more, the traditional elements of nonprogrammable com-
ponents, peripherals, interconnects, and buses must be seen in a computing-centric
light. Embedded computing designers must design systems that unify these elements
with high-performance processor architectures, microarchitectures, and compilers, as
-well as with the compilation tools, debuggers, and simulators needed for application
development.

Since this is a book about embedded computing, we define and explore that world
in general, but with the strongest emphasis on the processing aspects. Then, within this
new world of embedded, we show how the VLIW design philosophy matches the goals
and constraints well. We hope we have done this in a way that clearly and systematically
explains the unique problems in the embedded domain, while remaining approachable
to those with a general background in architecture and compilation. Conversely, we
also need to explain the VLIW approach and its implications and to point out the ways
in which VLIW, as contrasted with other high-performance architectural techniques, is
uniquely suited to the embedded world.

We think this book fills a hole in the current literature. A number of current
and upcoming books cover embedded computing, but few of them take the combined
hardware-software systems approach we do. While the embedded computing and digital
signal processing (DSP) worlds seem exotic to those with general-purpose backgrounds,
they remain computing. Much is common between general-purpose and embedded
techniques, and after showing what is common between them, we can focus on the
differences. In addition, there is no standard reference on the VLIW approach. Such a
book has been needed for at least a decade, and we believe that a book explaining the
VLIW design philosophy has value today. This book should be useful to engineers and
designers in industry, as well as suitable as a textbook for courses that aim at seniors or
first-year graduate students.

While considering the mission of our book, we came up with three different possible
books on the spectrum from VLIW to embedded. The first is the previously mentioned
book, purely about VLIW. The second is a book about high-performance approaches
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to the embedded domain, with equal emphasis on VLIW, Superscalar, digital signal
processor (DSP), micro-SIMD (Single Instruction Multiple Data), and vector techniques.
Our book (the third option) strikes a balance: it focuses on the VLIW approach to the
embedded domain. This means we give lighter treatment to the alternative approaches
but spend additional effort on drawing the connections between VLIW and embedded.
However, large parts of the information in our book overlap material that would go into
the other two, and we think of this book as valuable for those with a strong interest in
embedded computing but only a little interest in VLIW, and vice versa.

Along the way, we have tried to present our particularly idiosyncratic views of
embedded, VLIW, and other high-performance architectural techniques. Most of the
time, we hope we have impartially presented facts. However, these topics would be
terribly dry and boring if we removed all controversy. VLIW has become a significant
force in embedded processing and, as we make clear, there are technical and marketing
reasons for this trend to continue. We will wear our biases on our sleeves (if you can’t
tell from the title, we think VLIW is the correct hammer for the embedded nail), but we
hope to be honest about these biases in areas that remain unresolved.

Content and Structure

When we first wrote the outline for this book, the chapters fell into three major categories:
hardware, software, and applications. Thus, the outline of the book correspondingly
had three major parts. As we have written and rewritten, the organization has changed,
pieces have migrated from one chapter to another, and the clean three-part organization
has broken down into a set of chapters that only roughly matches the original tripartite
structure. The unfortunate truth of modern computer architecture is that one cannot
consider any of hardware, software, or applications by themselves.

This book really has two introductory chapters. Chapter 1 describes the world of
embedded processing. It defines embedded processing, provides examples of the various
types of embedded processors, describes application domains in which embedded cores
are deployed, draws distinctions between the embedded and general-purpose domains,
and talks about the marketplace for embedded devices. The second introductory chapter,
Chapter 2, defines instruction-level parallelism (ILP), the primary technique for extract-
ing performance in many modern architectural styles, and describes how compilation is
crucial to any ILP-oriented processor design. Chapter 2 also describes the notion of an
architectural style or design philosophy, of which VLIW is one example. Last, Chapter 2
describes how technology has evolved so that VLIW and embedded, once vastly separate
domains, are now quite suited to each other.

Chapters 3 through 5 constitute the purely “hardware”-related part of the book.
Chapter 3 describes what we mean when we say architecture or instruction-set archi-
tecture (ISA), defines what a VLIW ISA looks like, and describes in particular how

' VLIW architectures have been built for embedded applications. Chapter 3 also describes
instruction set encoding at two levels. From a high-level perspective, Chapter 3 revisits
the notion of design philosophy and architectural style with respect to how that style
affects the way operations and instructions are encoded under each design philosophy.
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At a detailed level, Chapter 3 describes the particular issues associated with VLIW
operation and instruction encoding.

Chapter 4 might be seen as a continuation of the previous chapter, but instead of
describing ISA design as a whole (with a view across various ISA styles), Chapter 4
examines the hardware structures (such as the datapath, memory, register files, and
control units) necessary. to all modern processors. Chapter 4 pays particular attention
to how these structures differ in the embedded domain from their general-purpose
counterparts.

The next chapter explores microarchitecture, the implementation of techniques
within a given ISA. Chapter 5 can be seen as largely paralleling Chapter 4 in subject
matter, but it considers how to implement each piece of functionality rather than how
to specify that work be done within an ISA. Chapter 5 is informed by the technological
constraints of modern design; that is, wires are expensive, whereas transistors are cheap.
The chapter also (very briefly) considers power-related technological concerns.

Chapter 6 fits poorly into either the hardware and software categories, as both topics
occur in each of its sections. Chapter 6 begins with a description of how a system-on-a-
chip (SoC) is designed. Most modern embedded systems today are designed using the
SoC methodology. Chapter 6 continues with how processor cores integrate with SoCs.
Then it describes simulation methodologies for processor cores, followed by simulation
techniques for entire systems. Last, Chapter 6 describes validation and verification of
simulators and their systems. It might be best to view Chapter 6 as a bridge between
the hardware and software areas, or perhaps its integration of the two serves as a good
illustration of the complexities involved in building hardware/software systems.

The next three chapters emphasize the software area, although reading them will
make it clear that they are infused with hardware-related topics in a number of ways.
Chapter 7 describes the entire toolchain: the suite of software programs used to analyze,
design, and build the software of an embedded system. Chapter 7 also describes a number
of embedded- and DSP-specific code transformations.

Chapter 8 describes a subset of the compiler optimizations and transformations in an
industrial-strength ILP-oriented compiler. This book is nota compiler textbook. Our goal
in this chapter is to paint a balanced picture of the suite of optimizations — including
their uses, complexities, and interactions — so that system designers will understand
the nature of compilation-related issues, and so that compiler designers will know where
else to look.

Chapter 9 covers a broad range of topics that often fall between the cracks of tra-
ditional topics, but are nonetheless important to building a working system. Chapter 9
details issues about exceptions, application binary interfaces (ABIs), code compression,
operating systems (including embedded and real-time variants), and multiprocessing.
Many of these topics have a strong software component to them, but each also interacts
strongly with hardware structures that support the software functionality.

The last two chapters focus on applications. Chapter 10 begins by discussing
programming languages for embedded applications, and then moves on to perfor-
mance, benchmarks, and tuning. Then it continues to scalability and customizability
in embedded architectures, and finishes with detail about customizable processors.



Chapter 11 visits a number of embedded applications at a variety of levels of detail.
We spend the most time on digital printing and imaging, and telecommunications, and
less time on other areas, such as automotive, network processing, and disk drives.

While writing this book, it became clear that there are a large number of terms
with overlapping and conflicting meanings in this field. For example, instruction can
mean operation, bundle, parallel issue group, or parallel execution group to different
subcommunities. Wherever possible, we use the terms as they are used in the architecture
field’s dominant textbook, John Hennessy and Dave Patterson’s Computer Architecture:
A Quantitative Approach. The Glossary lists alternate definitions and synonyms, and
indicates which terms we intend to use consistently.

The VEX (VLIW Example) Computing System

Lest we be accused of writing an armchair textbook (like those scientists of the nine-
teenth century who deduced everything from first principles), our book ships with an
embedded-oriented VLIW development system. We call this system VEX, for “VLIW
Example.” We hope it is even more useful to our readers than its textbook ancestors,
MIX and DLX, were for their readers. VEX is based on production tools used at HP
Labs and other laboratories. It is a piece of real-world VLIW processor technology, albeit
simplified for instructional use.

VEX is intended for experimental use. It includes a number of simulators, and
its tools allow hardware reconfiguration and both manual and automated design-space
exploration. Code, documentation, and samples can be downloaded from the book’s
Web site at http://www.vliw.org/book. VEX examples and exercises occur throughout
the book. The Appendix describes the VEX instruction set architecture and tool chain.

Audience

We assume a basic knowledge of computer architecture concepts, as might be given by
some industrial experience or a first undergraduate course in architecture. This implies
that you know the basic techniques of pipelining and caching, and that the idea of an
instruction set is familiar. It helps but is not a requirement that you have some back-
ground in compilation, or at least that you believe an optimizing compiler might be
useful in producing fast code for modern machines. For reasons of space, we touch on
those fundamentals related to this text and for more basic information refer you to more
basic architecture and compilation textbooks. Patterson and Hennessy’s undergraduate
architecture textbook, Computer Organization and Design, and Appel’s polymorphic set
of undergraduate compiler books, Modern Compiler Implementation in C, Java, and ML
are fine places to start.

There are four likely types of readers of our book. For those trying to bridge the
embedded and high-performance communities, we believe this book will help. Designers
of general-purpose systems interested in embedded issues should find this book a useful
introduction to a new area. Conversely, those who work with existing embedded and/or
DSP designs but would like to understand more about high-performance computing in



