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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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Praise for Embedded Computing continued

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

Xi
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Foreword

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 I 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
Ijoined 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.
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Preface

elcome to our book. We hope you enjoy reading it as much as we have enjoyed
W 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 transitors 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 not a 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.
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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
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general, and VLIW in particular (as these technologies become a central force in the
embedded domain) are also part of our audience. Third, the book should serve well as a
general reference on all aspects of the VLIW design style, embedded or general-purpose.
Last, this book should be usable in a senior undergraduate or graduate-level computer
architecture course. It could be the main textbook in an embedded-specific course, and
it could be used to supplement a mainstream computer architecture text.

Cross-cutting Topics

From the chapter organization of our book, you can see that we have organized it horizon-
tally, in effect by different traditional layers between fields: hardware versus software,
with various chapters dealing with issues within the hardware area (such as ISA, micro-
architecture, and SoC). However, some (“vertical”) topics cut across multiple layers,
making them difficult to explain in a single place, and unfortunately necessitating for-
ward references. These topics include clustering, encoding and fetching, memory access,
branch architecture, predication, and multiprocessing and multithreading. This section
points out where the cross-cutting topic threads can be found, so that readers can follow
a single thread through multiple layers.

Clusters, or groupings of register files and functional units with complete con-
nectivity and bypassing, are described from an instruction-set encoding perspective in
Section 3.5, “VLIW Encoding,” as a structure in hardware design in Section 4.2, “Regis-
ters and Clusters,” with respect to branches in Section 4.4, “Branch Architecture,” from
an implementation perspective in Section 5.1, “Register File Design,” as a compiler target
in Section 8.2, “Scheduling,” and with respect to scalability in Section 10.3, “Scalability
and Customizability.”

Encoding and its dual problem of decoding occur as general topics in Chapters 3
and 5. However, the specific physical issue of dispatching operations to clusters and
functional units is treated more specifically in Sections 3.5, “VLIW Encoding” and
Section 5.3 “VLIW Fetch, Sequencing and Decoding.” There are also correspondingly
detailed discussions of encoding and ISA extensions in Sections 3.6, “Encoding and
Instruction Set Extensions” and Section 5.3 “VLIW Fetch, Sequencing and Decoding.”

The architectural view of predication is introduced in Section 4.5.2, “Predication.”
Microarchitectural support for predication, and in particular its effect on the bypass
network, is described in Section 5.4.4, “Predication and Selects.” Compiler support
for predication is discussed throughout Chapter 8, and in particular appears in Section
8.2.1, “Acyclic Region Types and Shapes,” in Section 8.2.5, “Loop Scheduling,” and in
Section 8.4.2, “Predicated Execution.”

Multiprocessing, or using multiple processor cores (either physical or virtual) in a
single system, is discussed as a pure memory-wiring problem in Section 5.5.4, “Memories
in Mutliprocessor Systems,” with respect to SoC design in Section 6.2.2, “Multiprocess-
ing on a chip,” and with respect to the run-time system in Sections 9.4.3, “Multiple
Flows of Control” and Section 9.5, “Multiprocessing and Multithreading.”
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How to Read This Book

The most obvious reading advice is to read the book from cover to cover, and then read
it again. This is not particularly useful advice, and thus the following outlines how we
think various types of readers might approach the book.

To use this book as the main text in a senior or graduate course, we recommend
using each chapter in order. The other possibility would be to jump immediately to the
software section after a prerequisite in hardware from another course. If the book is sup-
plementary material to another architecture or compilation textbook, various chapters
(e.g., those on microarchitecture, simulation, and application analysis) will be especially
appropriate as selective reading.

If you already know a lot about VLIWSs, much of the introductory chapter on VLIWs
(Chapter 2) and most of the compiler details in Chapters 7 and 8 will be familiar. We
recommend focusing on Chapters 3 through 5 (on ISA, structure, and microarchitecture,
respectively), and also scanning for topics that are unique to embedded systems. The
information about other parts of the development toolchain in Chapter 7 will still be
relevant, and the application-related chapters (10 and 11) will be relevant in any case.

If you already work in an embedded or DSP-related field, the embedded-specific
parts of the hardware-oriented chapters (3 through 5) will be familiar to you, and
some or all of the application examples in Chapter 11 will be familiar. Depending on
your specialization, the SoC part of Chapter 6 may be familiar, but the simulation and
verification parts of that chapter will be especially valuable. Pay close attention to the
importance of ILP compilation and the pitfalls associated with compilers, covered in
Chapters 7 and 8.

If you have a general-purpose architecture background, many parts of Chapters 3
through 5 will be familiar, as will the sections on the software development toolchain
in Chapter 7. Try reading them, and skim where it seems appropriate. Parts of Chapter 8
(on compilation) may be skimmed, depending on your particular expertise. The final
chapter, dealing with application examples, pulls together many of the principles of the
book, so they’re worth spending the time to read.

We greatly admire the textbooks of Dave Patterson and John Hennessey, and we
adopted some of their organizational ideas. Like them, we include sidebars on “fallacies”
and “pitfalls.” We also added sidebars we call “controversies.” These comment on issues
too unsettled to fall into one of the former categories. Our equivalents of their “Putting
It All Together” sections have been grouped in Chapter 11. These application examples
play the same role in our book that example instruction set architectures such as MIPS,
the Intel x86, the DEC VAX, and the IBM 360/370 play in Hennessy and Patterson [2004].

Because our book emphasizes embedded processing, there are sections and sidebars
that focus on “embedded-specific topics.” As in general-purpose work, performance
remains a central theme, but the embedded world adds additional optimization goals
for power/heat, space/size, and cost. Each of these topics receives special emphasis in
dedicated sections.

The book does not cover the entire space of embedded systems and tries to remain
within a rather fuzzy set of boundaries. On the hardware and modeling side, we never
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descend below the architecture and microarchitecture level, and only provide pointers
to relevant literature on ASIC design, CAD tools, logic design techniques, synthesis, ver-
ification, and modeling languages. Although reconfigurable computing is of increasing
importance in the embedded domain, of necessity we give it less time than it deserves.
In the chapters dedicated to compiler technology, we focus largely on VLIW-specific and
embedded-specific techniques for regular architectures. For example, we do not cover
front-end-related issues (lexical analysis, parsing, and languages) nor “traditional” scalar
optimizations, both of which can be found in the abundant compiler literature. When
talking about system software and simulation, our boundary is the operating system,
whose role we discuss but whose technology we only skim (this also applies to program-
ming languages). We spend very little of the book discussing real time. Finally, in the
application sections, we cover only the most relevant aspects of some of the underlying
algorithms, but always with an eye to their computing requirements and the interaction
with the rest of the system.

Each chapter is accompanied by a set of exercises. Following widespread practice,
especially difficult exercises are marked with chili pepper symbols. A single 4" means
that an exercise requires some materials not included in this book. Two indicate
that the exercise is something of a project in scope. Three mark those places
where we weaseled out of writing the section ourselves, and left the actual work to the
reader.! Throughout the book we use several well-known acronyms, whose definitions
and explanations we collect in the glossary.

1. If you do a good job, please send us your text for our next edition.
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CHAPTER

An Introduction
to Embedded Processing

If you round off the fractions, embedded systems consume 100% of the worldwide
production of microprocessors.

—]Jim Turley, Editor, Computer Industry Analyst

Moore’s law states that transistor density doubles roughly every 18 months. This means
that every 15 years, densities increase a thousandfold. Not coincidentally, computing
undergoes a “generation shift” roughly every 15 years. During such a shift, the win-
ners of the previous battle risk being pushed aside by the products and companies of
the next generation. As Figure 1.1 indicates, the previous generations include main-
frames (one per enterprise), which were displaced by minicomputers (smaller, but one
per department), which in turn were displaced by personal computers (smaller still, but
one per person). We have reached the next generation shift, as we move to multiple,
even smaller, computers per person. In 1943, the chairman of IBM predicted a world
market for no more than five computers. Today, five computers seems too few for one
individual.

The next computing generation has been termed various things, including embed-
ded processing, the post-PC era, the information age, the wireless age, and the age of
information appliances. Most likely, the true name will only become apparent over time;
such things matter more to historians than to technicians. What is true, however, is that
anew generation of smart, connected (wired or wireless), powerful, and cheap devices is
upon us. We see them as extensions of traditional infrastructure (e.g., cellular phones and
personal digital assistants) or toys of single-purpose utility (e.g., pagers, radios, hand-
held games). But they are still computers: all of the old techniques and tricks apply, with
new subtleties or variations because they are applied in new areas.
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System class: Mainframes Minicomputers Desktop systems Smart products
Era: 1950s on 1970s on 1980s on 2000s on
Form factor: Multi-cabinet Multiple boards  Single board Single chip
Resource type: Corporate Departmental Personal Embedded
Users per CPU:  100s-1,000s 10s-100s 1 user 100s CPUs/user
Typ. system cost:  $1 million+ $100,000s+ $1,000-$10,000s $10-$100
Worldwide units: 10,000s+ 100,000s+ 100,000,000s 100,000,000,000s
Major platforms: 1BM, CDC, DEC, IBM, Apple, IBM, ?
Burroughs, Prime, Wang, Compag, Sun,
Sperry, GE, HP, Pyramid, HP, SGl, Dell,
Honeywell, Data General, (+ other Windows/UNIX)
Univac, NCR many others

Operating systems: By manufacturer By manufacturer, DOS, MacOS, Windows, ?
some UNIX various UNIX

FIGURE 1.1 The “center of gravity” of computing. In the last 50 years we have witnessed a
constant downward shift of the “center of gravity” of computing, from hundreds of users per CPU
to hundreds of CPUs per user. We are now entering a new era of pervasive smart products. Note
that each paradigm shift in the past had its victims, and only a few of the major players managed
to adapt to the transition to the next phase. To our knowledge, IBM is the only company that
successfully adapted their business model from mainframes to desktop systems. Who will be the
major players in the new era? This characterization is due to Bob Rau and Josh Fisher.

Whatever you term the next generation of computers, this book is about them. For
our purposes, we will call them embedded computers, although the connotations of this
term are more limiting than does the field justice. Just as PCs grew out of toy machines
and chips that no “real” computer designer took seriously, embedded devices seem small
compared to the latest power-ravening x86. We have no doubt that such toy devices will
become the bulk of the market and the area where the most interesting work takes place
in the decade to come.

The field of embedded systems is itself undergoing dramatic change, from a field
dominated by electrical and mechanical considerations to one that far more closely
resembles traditional computing. In traditional embedded systems, processors were com-
modity parts and the real art was the “black art” of assembling the system, where the
system comprised nonprogrammable components, peripherals, interconnects and buses,
and glue logic. Our view is much more processor-centric, which is why our title includes
the term embedded computing rather than embedded systems. We believe the future will
be much like the past: as (embedded) processors gain capabilities and power, many func-
tions previously handled in special-purpose, implementation- and application-specific
hardware held together with baling wire and spit will now be handled as software in the
processor core. Figure 1.2, while facetious, makes this point: the seven-segment display
is no longer an important thing to learn about; the processor behind it is.

To gain a good grounding in embedded computing, it is important to understand
both what is underneath it (processor architecture, microarchitecture, compilers) and
how that is used for application development (compilation tools, debuggers, simulators).
We cover these topics in great detail.
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FIGURE 1.2 Seven-segment display. No book on embedded systems is complete without the
picture of a seven-segment display. Here it is. Now, let’s move on to embedded computing.

This book is also about a particular way of building processors, called VLIW (very
long instruction word), which is well suited to the requirements and constraints of
embedded computing. The term VLIW is a pithy summary of a superficial feature of
the architectural style. The rest of this book goes into much more detail about the sub-
stantial features of VLIW, including its emphasis on instruction-level parallelism (ILP),
its dependence on compilers, its high degree of scalability, and its high performance and
performance/price characteristics. The remainder of this chapter defines and describes
embedded computing; the next chapter introduces architectural design philosophies
and VLIW.

What Is Embedded Computing?

The simplest definition is that embedded is all computing that is not general purpose
(GP), where general-purpose processors are the ones in today’s notebooks, PCs, and
servers. This is not to say that general-purpose processors are not used in embedded
applications (they sometimes are), but rather that any processor expected to perform a
wide variety of very different tasks is probably not embedded. Embedded processors
include a large number of interesting chips: those in cars, in cellular telephones, in
pagers, in game consoles, in appliances, and in other consumer electronics. They also
include peripherals of the general-purpose systems: hard disk controllers, modems, and
video cards. In each of these examples, the designers chose a processor core for their
task but did not pick the general-purpose processor core of the time.

Reasons for non-general-purpose processor choices vary and include not just the
usual metric of performance but also cost, power, and size. Many embedded processors
have less performance than general-purpose processors; a less ambitious device suffices.
However, a significant number of embedded processors (e.g., digital signal processors
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[DSPs] and network processors [NPs], as explained later) offer more performance on
specific applications than a general-purpose processor can provide. Cost is obvious:
even the cheapest Pentium processor costs more than many consumer electronics items.
Power is increasingly important, especially in portable applications: the batteries and
cooling required to make a general-purpose processor perform cellular phone functions
would be prohibitive. And many embedded devices are smaller than general-purpose
chips and modules. For example, in 2002, a typical cellular phone was smaller than
a Pentium Xeon processor module. In processing, one size does not fit all.

If embedded computing involves processing, we must also contrast process-
ing (either general-purpose or embedded) with nonprocessing alternatives. ASICs
(application-specific integrated circuits) are today’s custom logic, incorporating func-
tions formerly performed by many low-scale integration components into a single chip.
Designing an ASIC is complicated and expensive. It requires hiring hardware designers
and admits very little flexibility if requirements or standards change. ASICs may be the
only way to solve a particular problem, especially at the highest end of performance (e.g.,
gigahertz radio or fiber optic transceivers). However, if a software-programmable device
has adequate computational power to accomplish the desired task, a programmable
core with software may enable a much cheaper design. Further, many such processor
cores can be shared across different projects, allowing economies of scale in production.
And a software solution can allow changes, even in the field.

At the beginning of the 1990s, electronic systems were built by assembling com-
ponents in board-level assemblies. A processor took up an entire chip; other chips or
“random logic” provided memory, control, and I/O. Moore’s law has transformed this
style of construction: what used to take up a board now fits on a single chip. This has
given rise to a new term, the System-on-a-Chip (SoC). A processor (or “core”) is the
computational part of an SoC, but because the processor no longer takes up the entire
chip, other functions have migrated on-die.? This higher level of integration lowers
overall costs, both in construction and in design. SoCs can contain multiple processors
that cooperate. For example, today’s cellular phones sometimes contain two processors:
a DSP (see following) that compresses and decompresses speech and a general-purpose
embedded processor that runs the phone’s display. Many processors are available as
“soft cores” described by relatively high-level hardware description languages so that
they can be integrated with some effort into SoC projects.

1.1.1 Attributes of Embedded Devices

From the point of view of this book, an embedded system is something that was not
designed to be general purpose. For example, we do not consider desktop personal
computers or laptop computers in this category. Systems that contain a microprocessor
largely invisible to the user and systems in which the user is never, or rarely, expected
to load a program are examples of embedded systems. Note that we say “never, or rarely,

1. Even general-purpose cores have followed this trend. Often more than 50% of general-purpose
processor dies are devoted today to cache memory.
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expected to load a program.” This is because patching the firmware to work around prob-
lems or upgrading firmware to add features are the types of common tasks we normally
imagine, and these often happen invisibly (e.g., in satellite-television tuners). This is
even truer in a world in which the networking infrastructure becomes pervasive and
always available.

Other possible definitions of embedded devices are more sophisticated but do not
necessarily cover all of the embedded space. Most embedded devices embody the capa-
bility they perform. For example, appliances typically serve a single purpose; that is, we
do not expect a software upgrade to our washing machine to enable us to wash dishes. In
a general-purpose system, we load new software to increase or change the capabilities.
In fact, the integration of embedded computers into embedded devices is seamless. Few
people are aware that embedded microprocessors are part of virtually every household
appliance bought in the last ten years.

The converse of embodying the capability is versatility, or lack thereof. Embedded
devices are usually tuned for one or a few applications, rather than attempting to be use-
ful for all tasks, as does a general-purpose device. This particular distinction has become
rather fuzzy. The evolution of cellular phones provides an obvious counterexample, as
phones have gradually incorporated several other functionalities, such as games, calen-
daring, e-mail, and cameras. However, all of these enhancements are secondary. Few
would purchase a cellular phone for its gaming capabilities (although networked games
running on phones are a bigger incentive than standalone games).

Another aspect of versatility has to do with interfaces to peripherals and to device
drivers, the software that manages those peripherals. Whereas general-purpose software
systems must be able to handle a wide variety of devices (and in the case of Microsoft
Windows, virtually the entire history of PC peripherals), a typical embedded system has
very few devices to support.

Embedded systems are often commodities (or commodity parts of capital items)
rather than capital items themselves. This implies a different marketing model and lower
prices. Traditionally, sales channels for embedded devices are different from channels
for computers, although this separation has progressively blended, as desktop computers
have become more of a commodity item.

In terms of intended use, embedded systems are devices users purchase for a reason
that is not thought of as “computing.” This is probably what everyone agrees upon: when
you purchase a car or a microwave oven, you buy it for its intended use, and the fact
that it might include a better computing system may be a plus but it is probably not the
highest priority among your purchasing criteria.

If we look at the spectrum of products offered in the market today, obvious examples
of embedded systems include the electronics in items such as cars, cellular phones,
printers, home audiovideo entertainment systems, and home appliances.

1.1.2 Embedded Is Growing

Pundits believe the next generation of tiny computers will provide unimaginable bene-
fits, perhaps on the same scale the Second Industrial Revolution (driven by electricity,
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1.2

and allowing electric lighting and electric motors) did in the nineteenth century. In some
cases, these benefits are difficult to imagine. In other cases, the benefits are immediate
and concrete: without today’s automotive microprocessors, features such as antilock
braking, traction control, all-wheel drive, “smart” airbags, and situation-sensitive auto-
matic transmissions would be impossible or much more expensive. One version of this
future includes a world of smart devices, in which virtually any product contains its
own processor. Computing will become a seamless and ubiquitous part of the world,
like writing and electricity before it.

Along with the vision of cores everywhere comes a belief that most of these devices
will be linked by some sort of data networking capability. This makes the vision more
plausible. For example, a refrigerator that can reorder when one runs out of orange juice
might be useful. One can imagine replacing almost any object X with the intelligent, net-
worked X, and a variety of benefits might come from this. As we write this book, wireless
communities are forming that permit one to walk for many blocks in major cities and
always have a high bandwidth connection to the Internet, and chains of coffeeshops are
providing their customers with similar wireless access. We expect that this phenomenon
will become widespread.

Affordable, ubiquitous computing power enables interesting new applications.
Today’s digital cellular phones require large processing power, and the DSPs that power
them are remarkably powerful, cool, compact, and energy efficient. In the future, richer
and more dynamic media (including audio, still images, and video) will be made avail-
able in more places. We have already mentioned networking. In addition, customer
requirements ensure that all of the technologies previously discussed are provided
securely and privately. Tasks that once required a supercomputer can be performed
everywhere. High performance is now cheap enough.

Distinguishing Between Embedded
and General-Purpose Computing

To understand what falls into the category of embedded computing, it is instructive to
note what is not a requirement for embedded devices. Lifetimes of embedded devices
are very different from the three-year obsolescence cycle of general-purpose machines.
Some devices are nearly disposable: the average Japanese cellular phone is replaced
in less than one year. At the opposite extreme, infrastructural devices such as tele-
phone switches depreciate on a 30-year schedule.? These lifetime differences have
concrete effects on upgradability and backward compatibility. Few embedded devices
have upgrade requirements. For example, avid automotive enthusiasts change the chips
in their cars, but these are usually ROMs, not processors. Most consumer items (e.g.,
cellular phones and pagers) are replaced, not upgraded.

Backward compatibility is seldom an embedded requirement, as software does not
migrate from one device to another. (An interesting exception is game consoles: to

2. Depending on your regulatory authority, the actual number varies from 28 to 42 years.
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Pitfall: Thinking There Is a Sharp Line Between
Embedded and General-Purpose Computing

For the most part, it is easy to distinguish between systems used for the sole purpose of
computing (e.g., a mainframe or a desktop computer) and systems that use computing
as a means to achieve another primary task (e.g., a microwave oven, a camera, a car, or
an airplane). Historically, computing power was a distinguishing factor, in that embedded
electronics were mainly deployed to control the appliance in which they were embedded.
Such applications had small requirements for speed or generality.

More recently, several trends have produced devices that are not clearly in one camp
or the other. First, microprocessors became commodities. It is often possible to find a
microprocessor with a performance/cost that outperforms a solution based on ad hoc
electronics. VLSI technology, largely driven by desktop computers, has lowered the cost
of silicon so much that microprocessors have become cost effective for most consumer-
priced products. One can now purchase 8-bit, 16-bit, and 32-bit embedded processors at
prices that range from a few cents to a few dollars.

Second, massive computing capability became pervasive. Telephones, consumer
electronics, cars, and entertainment systems are just a few examples of areas that today
run compute-intensive tasks that not long ago would have challenged a supercomputer.

Third, mobile computing emerged as an important area. Road warriors continually
demand personal devices with more performance, longer battery life, and less weight.
Although it is fair to classify laptops as “computers,” how do we classify a general-purpose
palm-sized device?

These three trends are not likely to stop, and it is already easy to find devices that defy
our definitions. Such products are typically in the middle of an evolutionary change.

For example, PDAs (personal digital assistants) evolved from being calculators with a
phone book to full-blown computers powered by 32-bit high-clock-rate general-purpose
microprocessors. Similarly, set-top-box devices transformed from simple descramblers
of analog signals to Internet-enabled web browsers, following a very similar trajectory
in terms of computing capabilities. In both cases, these systems are very close to the
frontier between general-purpose and embedded and are likely to escape any classification
attempt.

Game consoles are another confusing domain. For many generations, game con-
soles were clearly dedicated to one specific task, gaming, but the more recent generation
of products often skirts the boundary of general-purpose computing, as they incorporate
features such as networking, web browsing, and keyboards, and as they incorporate down-
load support to programs that add functionality not planned at product design time. As an
extreme example, in 2003 the National Center for Supercomputing Applications assembled
an effective supercomputer out of $50,000 worth of Sony Playstation 2 components!

One might imagine that in these boundary areas only a few product concepts will
survive to become the “standard” in mobile computing or the “standard” in home entertain-
ment. Such a “narrowing of diversity” has happened in many marketplaces (e.g., desktop
personal computers, videotape formats, and rail gauges). Economists are unresolved as
to whether such narrowings reduce competition and innovation or provide standardization
that fuels wider benefits.
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maintain compatibility, later console chips must be capable of being exactly as fast
as the early versions despite changes in underlying process technology. In consoles,
backward compatibility is often implemented by putting a complete copy of the previous-
generation console in one small corner of the next-generation die.) Because many
embedded designs need not be backward compatible with previous implementations,
designers are free to switch designs with each product generation. Consequently, there
is less emphasis on the distinction between architecture and implementation. If a new
version of a chip is slightly incompatible but much better than its predecessors, designers
may still be willing to use it.

Designers of embedded devices face more constraints than designers of general-
purpose devices. Power, energy efficiency, cost, and physical dimensions usually have
a much bigger role in embedded systems. This is not to say that embedded devices are
more difficult to build than general-purpose devices; the latter tend to have high overall
performance goals and huge compatibility requirements. But the overall priorities and
the balance among them are different for embedded devices.

1.2.1 The “Run One Program Only” Phenomenon

As we previously discussed, embedded devices normally embody the functionality they
implement. In other words, they are designed to run one program (or just a few) with a
predictable usage pattern. This is in clear contrast to general-purpose systems for which
programs and usage are rarely known at design time and for which these parameters can
only be inferred based on statistical information about the installed base.

Nonetheless, the spectrum of variability in the general-purpose capabilities of an
embedded device is quite broad, from truly single-function devices to completely versa-
tile PDAs. In particular, the emerging ubiquitous networking infrastructure is making it
much more likely that devices will have multiple functions and more general-purpose
functionality. For example, the job of keeping up with networking is itselfnot a fixed task:
protocols and standards evolve continuously and networking systems need programma-
bility to avoid earlier-than-necessary obsolescence. Even in areas for which networking
was previously considered impractical or too expensive, new technologies are starting to
bridge the gap. For example, Bluetooth (a short-range wireless protocol) is successfully
attacking the domain of personal area networking. New generations of cellular technol-
ogy (GPRS, 2.5G, or 3G) are making transparent connectivity for noninteractive devices
a reality, and between these two, medium-range standards such as 802.11 are becoming
popular.

Once devices become transparently connected network nodes, the operation of
downloading a new program to them becomes much easier. This functionality is already
being used in various forms for diagnostics and accounting (vending machines), main-
tenance and upgrades (set-top boxes), or selective support of new algorithms (cellular
base stations).

In spite of this, there are still many applications in which the “run one program
only” phenomenon dominates. In these areas, radically new devices can sometimes turn
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around quickly from concept to product, because of shorter development time opportu-
nities. A device that runs only one application requires less system development than
a workstation with a new CPU or OS (operating system) because, for example, such
single-program devices need not support legacy applications.

1.2.2 Backward and Binary Compatibility

The problem of having to seamlessly support legacy applications written for previous
generations of the same device is known as backward compatibility. In the general-
purpose domain, the only successful approach to this problem has been through binary
compatibility, whereby successive generations of microprocessors and systems run pre-
viously compiled binary programs without modification. Testimony to this fact is the
undisputed market supremacy of the standard PC platform (programs written for Win-
dows OS running on x86-compatible CPUs). Even within a largely binary-compatible
market, evolution still happens, although at a very slow pace. For example, successive
generations of x86 CPUs gradually introduced small but significant binary-incompatible
features, such as floating point instructions in the 486 family, or matrix math extensions
(MMX) in Pentium processors. With time, application programmers and compilation
tools gradually catch up, and in the time frame of a couple of generations the major-
ity of the code base migrates to adopt the new features. Of course, backward binary
compatibility is necessary to avoid a forced migration that would disrupt the market.

In the embedded domain, binary compatibility in the way we just described it is
rarely as large an issue. Embedded applications are recompiled for each new product. The
development of a new electronic platform always implies some changes with respect to
the previous generation: in the processor, peripherals, memory system, and firmware (of
course, where these do not change, it is desirable to be able to reuse code). New changes
require a different code base, and recompilation is always taken for granted. Even most
embedded operating systems are recompiled for each individual product platform (there
are notable exceptions, though; PocketPC being one of them). This phenomenon is more
evident in more rigid embedded systems. It would be less applicable to a PDA—PDAs
being at the boundary of the general-purpose domain. However, as the complexity of
embedded applications grows, other forms of compatibility constraints limit the rate of
introduction of radically new platforms.

Feature compatibility becomes important when developers write applications with
assumptions about the availability of certain hardware resources in mind. For exam-
ple, an application that assumes the existence of floating-point hardware support in
the CPU is likely to be locked into using floating-point CPUs, in that the performance
degradation of emulated floating point would be too big, and the effort to migrate to
a fixed-point source base is usually rather large. Other examples are: code written
for a big-endian or little-endian platform only, code written with extensive use of
nonstandard instructions, and code using architectural extensions (such as MMX).

Source compatibility becomes important when either the complexity of an applica-
tion or the engineering cost to make it portable overshadows the benefits of adopting

TEAM LING - LIve, Informative, Non-cost and cenuine !



10

CHAPTER 1 An Introduction to Embedded Processing

new technologies. A good example of this is the DSP domain, where programmers
hand code in assembly, resulting in applications that are very difficult to maintain.
In this case, migrating to a new platform is a major task, often comparable to rewrit-
ing the entire application from scratch. Using high-level programming languages can
sometimes help, but it still does not completely resolve the issue. In many cases,
embedded implementations of high-level languages introduce nonstandard features
that become a burden for future generations.

Tool compatibility issues arise when products strongly depend on the availability
of a certain set of tools. The choice of a programming language is a very delicate
decision that potentially impacts many generations of a product lifetime. The main-
stream programming language for embedded systems today is C, and it is reasonable
to expect any new platform to support it. When it comes to other languages (C++,
Java, Eiffel, and so on), their support in the embedded world is spotty, and often
only partial implementations are available. Deciding to use a nonmainstream lan-
guage may impact the ability to change to other hardware platforms because of the
absence of the necessary tools.

OS compatibility becomes an issue when the application relies on the existence of
a certain OS. Embedded applications that only require limited operating system sup-
port (or none at all) are less sensitive to this. Many microkernels are easily portable,
and for “simple” embedded OSs (such as Wind River’s VxWorks) the porting effort
to a new platform is straightforward, given a minimal set of tools (basically, just
a C compiler). For other “complex” OSs the picture is quite different. Contrary to
popular belief, embedded Linux is quite demanding for the underlying hardware
and software platform: the availability of gcc (the GNU C compiler) for the new
CPU is necessary, and virtual memory (VM) support is a strong preference. On the
positive side, porting Linux—and gcc—to a new platform is a “simple matter of
engineering,” and acquiring licensing rights is not an issue, in the spirit of Open
Source development. At the other extreme, Microsoft’s PocketPC is a proprietary
system. Only Microsoft ports PocketPC to new hardware platforms. Additionally,
Microsoft requires that their own proprietary compilers support the platform CPU.
This implies that specific business negotiations are necessary, in addition to the
large up-front engineering effort, to convince Microsoft of the benefits of porting to
a new platform.

To summarize, binary compatibility in its strict definition is less of a concern than
in general-purpose systems. However, we should not underestimate the subtle com-
patibility issues of an industrial design environment and large code bases. The cost of
switching to a new platform can be overwhelming, and it may depend on factors beyond
developers’ control, such as tools or third-party components.

1.2.3 Physical Limits in the Embedded Domain

Design constraints are another way of differentiating embedded processing from the
desktop and workstation domains.

TEAM LING - LIve, Informative, Non-cost and cenuine !



1.3

1.3 Characterizing Embedded Computing 11

Cost is probably the single most important factor in the design of an embedded
system. A hypothetical consumer product with a street price of $199 usually requires
the manufacturer to limit the build cost to less than $100. This further lowers the cost
of the entire electronic system to the $30-50 range, and does not leave much room
for the processor itself. Luckily, advances in VLSI technology enable the integration
of several system blocks and microprocessors in the same piece of silicon (SoC),
yielding significant cost reduction opportunities.

Power consumption and energy efficiency are strictly related, but not always equiv-
alent. The power characteristics of a system drive cost, capacity, and power supply
size, as well as the thermal dissipation strategy. For example, top-of-the-line general-
purpose microprocessors reach instantaneous power consumptions in the hundreds
of watts. This adds pressure to the design and cost of the power supply, of the micro-
processor package (as we write this, ceramic packages are being displaced by plastic
packages, which have competitive thermal dissipation but are cheaper), and many
other system components (micro-ventilators to improve the air flow, expensive heat
sinks, and even more exotic technologies). On the other hand, the energy efficiency
characteristics of a system impact how long it will operate via a fixed energy source
(e.g., a battery).

It is becoming common to express merit figures of efficiency for embedded
microprocessors in Watts/MIPS, where the idea is that efficient processors should
also optimize the amount of energy necessary to run a given task in a certain amount
of time.

Physical dimensions (volume, weight, and form factor) are growing in importance
as embedded systems become mobile. A very visible example of this trend is the
astonishing progress of cellular phone technology, where telephony, calendaring,
e-mail, and wireless web interfaces are packed in a few ounces and run for days
between recharges.

There are notable exceptions to each of these, however, and readers should keep in
mind that not all embedded systems are necessarily low cost, small, and power efficient.
Cars, airplanes, the networking infrastructure, and medical imaging devices are among
the many examples of embedded systems that violate one or more of the guidelines we
presented as characterizing the embedded domain.

However, cost and power are among the most important constraints an embedded
system designer must face. Consequently, in the embedded computing world power con-
sumption and cost are emphasized in addition to the more traditional general-purpose
metric of speed-based performance.

Characterizing Embedded Computing

Our definition of embedded computing is based on what it is not, rather than what it
is, making it difficult to describe concisely the space of embedded systems. In trying
to do so, it is valuable to categorize embedded processors by their use, but even that is
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deceptive in its complexity. “Use” might refer to the application market the processor is
being sold in; or it might mean the characteristics of the workload the processor will run;
or it might even refer to the structure of the processor itself, in that its intended use is
reflected in how the computer architects designed it, however it turns out the processor
is eventually used. Even though these perspectives are not independent of one another,
we find it valuable to look at embedded processing from the point of view of all of them,
and in this section we do so.

1.3.1 Categorization by Type of Processing Engine

Any computing system requires a processing engine. These processors, or cores, span a
range from tiny bit-sliced or serial devices to wide-word systems with clustered, parallel,
pipelined functional units. Although most of us think of a “computer” as a system such
as a PG, there are many types of embedded computing devices deployed today. Market
analysts break processor cores into four broad categories based on industry sectors and
usage patterns.

1. Computational micros are general-purpose processors, usually adopting a 32-
or 64-bit datapath, and typically deployed as the central processing engine of a
mainframe, workstation, PC, or high-end portable device (such as a PDA). Most
off-the-shelf, high-end RISC and CISC engines (x86, PA-RISC, PowerPC, SPARC,
Alpha, and so on) fall into this category.

2. Embedded general-purpose micros are components designed for a wide range
of applications (especially consumer and communications), usually with a 32-bit
datapath. These are often scaled-down versions of existing computational
micros (or micros abandoned by the workstation market). Some of the primary
architectures in this space include ARM, PowerPC, MIPS, 68K, x86, and SH,
although in recent years ARM has seized the lion’s share of the market. Most
vendors have recently started offering versions of these micros as embedded
cores, to be integrated into larger dedicated systems. We refer to systems that
use such embedded cores as core-based ASICs.

3. Digital signal processors differ from general-purpose micros in their focus on the
very efficient execution of arithmetic operations in tight loop-oriented kernels.
Processors from Texas Instruments (TI), Motorola, Agere (formerly Lucent, which
was formerly AT&T), and Analog Devices are the market leaders in the DSP
domain. TT has been the dominant player in the DSP market for several years. DSPs
are one of the fastest growing sectors in the computational semiconductor market.

4. Microcontrollers are the workhorse of industrial electronics. Typically designed
for standalone operation, they include memory, I/0, buses, and peripherals in
addition to a simple processing unit. Many microcontrollers are descendants of
successful architectures from the 8-bit and 16-bit microprocessor generations.

From a programmer’s point of view, the first two of these categories, computational
micros and embedded general-purpose micros, will be familiar to anyone who works
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with computers, as would microcontrollers (albeit limited in bus width). However, the
remaining category —DSPs—deserves further treatment. This section also discusses
network processors (NPs), a recent class of computational device that includes aspects
of both embedded general-purpose micros and microcontrollers in a single chip.

Digital Signal Processors

Despite the strong growth of the DSP market, it is our belief that DSPs, per se, will notlong
continue to be a force in the embedded market. Classic DSPs (see Figure 1.3) will migrate
into something that is much closer to VLIWs (even though they might still sometimes
have the tag DSP). That migration is already under way, and seems inevitable. Thus,
this book does not cover DSPs in depth, as these have been known for decades. Instead,
VLIW is one of its central themes. We believe that learning about VLIWs will teach you
the most important things you need to know for the future of DSPs. Nonetheless, today’s
DSPs have their own characteristics, which are worth noting.

DSPs are processor cores designed specifically to perform well on the family of
signal processing algorithms. Superficially, general-purpose processors and DSPs are
similar. Both have the usual processor trappings: registers, functional units, buses
to memory, and a control mechanism (microsequenced or hardwired) that determines
how everything operates. DSPs differ because signal processing has peculiar numerical
requirements. The distinguishing feature of most DSPs is the ability to rapidly (typi-
cally in one clock cycle) perform a fixed-point arithmetic multiply-accumulate operation.
Multiply-accumulates are common in signal processing because most signal-processing
algorithms (often filters of various sorts) map to standard vector and matrix operations.
Computing elements of result vectors or matrices involves dot products, and these are
efficiently implemented by multiply-accumulates within a loop. Fixed-point compu-
tation was originally believed to simplify hardware implementation at the cost of more
complex software design, but floating-point DSPs have also begun to appear. By contrast,
most general-purpose processors require multiple cycles to perform a multiplication, and
only a few can combine the multiplication with an addition into an existing sum. DSPs
are typically weak at traditional general-purpose computation, having few registers, low
clock rates, and complex and slow control mechanisms. These differences mean that
DSP and general-purpose cores are not strictly comparable: each device is better than
the other in certain ways. For some applications, DSP and general-purpose cores are
paired.

Historically, DSPs and general-purpose cores have very different origins. The semi-
nal work of Eckert, Mauchly, and Von Neumann fueled the progress of general-purpose
computers. Conversely, DSPs can be considered an evolution of analog signal proces-
sors, which use analog hardware (such as banks of operational amplifiers) to transform
physical signals. Different history and different applications led to different terms and
metrics in the DSP world.

The Structure of DSPs. DSP designers are very concerned about energy and cost (includ-
ing code size), and this is reflected in the extreme degree to which pipeline and hardware
control are exposed to the programming interface. DSP programs are traditionally coded
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FIGURE 1.3 A typical DSP architecture. The diagram shows the structure of one of the

most popular DSPs: the Texas Instruments C54x family. The architecture includes a multiply-
accumulate (MAC) unit, two accumulators, an ALU, and a barrel shifter, together with several
buses for data and control. The C54x has a very specialized nonorthogonal ISA that is a perfect
match with typical DSP algorithms, achieving very small code size and excellent energy efficiency.
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in assembly language, and thus it should not come as a surprise that DSP architectures
are not good targets for high-level language compilers.

DSPs are often used to execute a single program, and consequently typical DSP
operating systems are much simpler, requiring no virtual memory, memory protection,
or true multitasking. Often, DSPs are deployed to run hard real-time applications,
wherein the task scheduler has to account for anything that could happen within a
time slot. For example, a real-time application would have to reserve the time necessary
to service all possible interrupts or exceptions, and subtract their worst-case collective
time from the time slot.

DSPs often process an “infinite” continuous data stream, which a “background”
engine loads to a memory buffer available as random-access memory (RAM) for the
DSP. This stream has to be processed in real time, and this usually involves intensive
arithmetic processing with a low amount of loop control and branching. This way of
operating also implies massive amounts of I/O with the analog interface of the product.

To scale performance, high-end DSPs often adopt multiprocessor system designs
with arrays of DSPs, usually arranged as a loosely connected multiprocessor. The
individual DSPs are often unaware of the presence of other DSPs cooperating to the
same task, and the job of partitioning the workload is left to programmers and system
designers.

The biggest markets for DSP processors today include digital cellular phones and
pagers, modems, speech and audio compression, filtering (modulation and demodula-
tion), error correction (coding and decoding), servo control (including disk drives), audio
processing (surround sound, noise reduction, equalization), signaling (dual-tone multi-
frequency [DTMF] detection), speech recognition, and signal synthesis (music/speech).

Because of their separate evolution, DSPs often reflect further tweaking to benefit
particular signal processing algorithms. These tweaks come in a variety of forms, includ-
ing saturating arithmetic modes, extra-wide accumulators, bit-reversed and cyclical
(modulo) addressing, reuse of program memory for filter coefficient storage, zero-
overhead looping constructs, very efficient and nonorthogonal instruction encodings,
eschewing of caching to ensure deterministic timing, bit-oriented instructions, explicit
I/0 operations, and on-chip caches that can be reused as fast local memory.

Recently, several DSPs appeared claiming to perform well for domains outside tra-
ditional signal-processing applications. Conversely, DSP territory is being encroached
upon by various general-purpose (x86) and embedded (ARM, MIPS) architectures.
The various media-oriented x86 instruction set extensions (MMX and streaming-SIMD
extensions [SSE]) have instructions with DSP-like flavors. ARM and MIPS have each
announced DSP-specific extensions to their architectures, and have made cores available
incorporating these extensions. It will be interesting to see where the market goes.

DSPs can be awkward to use. Their idiosyncratic design makes it very difficult to
build optimizing compilers for them, necessitating hand coding to produce correct and
efficient programs. In the DSP marketplace, this has historically been acceptable because
“design wins” involved large numbers of devices being sold by a supplier (the supplier
typically threw in the software design as part of the deal). However, one should not
just write off DSP compilers, as the size of applications is rapidly increasing. It may
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be sufficient to hand code the frequently used parts of applications, but a good DSP
compiler is still required to ensure that the rest of the code also runs well.

Our earlier definition of “embedded device” includes DSPs. Programmability is
required, but general-purpose processors are today too expensive and not powerful
enough for the task DSPs solve. General-purpose processors are surprisingly bad at DSP
tasks. A multiply-accumulate operation takes multiple clock cycles on most general-
purpose processors, negating the clock rate advantage of the general-purpose chip.
The idiosyncratic instruction set extensions listed previously are difficult to emulate
(achieving the same benefits requires rewriting code, often in assembly language). Last,
general-purpose cores tend to be much bigger than DSP cores, simply because they are
general (many general-purpose mechanisms, and their accompanying transistors, are
simply omitted from DSP chips).

Network Processors

In the last few years, chip vendors (notably Intel, Motorola, IBM, AMCC, Agere, and
Vitesse) have announced and shipped products called “network processors” (NPs),
which are designed to be used in data communications devices such as routers. These
devices are very similar in spirit to DSPs, having exposed, application-specific pipelines
and incomplete connection networks. They are typically programmed in assembly lan-
guage, and compiling to them is extremely difficult. However, NPs target protocol
processing and data movement instead of signal processing.

Beyond just moving data, network infrastructure devices make routing decisions,
deciding where in the network to send data at each hop. Data moves across networks
in packets, which can be thought of as envelopes that contain user data. Each packet
includes a header, which is analogous to the label on the envelope. Depending on the
communications protocol, a header might include a destination address (as is the case
for the Internet Protocol®) or contain a virtual circuit identifier (as is the case for Asyn-
chronous Transfer Mode, ATM, another networking protocol), which names a path from
source to destination. When a networking device receives a packet, it examines the
header of the packet, then looks up some of the header information in a table (sometimes
multiple tables), then uses the information from the table to decide where to send the
packet for the next step of its journey. Routing tables can be very large data structures,
as they may need to describe virtually any destination on the planet.

One key feature distinguishes the routing process from other computational tasks.
For the most part, routing decisions are independent across packets. The destination of
one packet does not directly affect the destination of another packet.* Network processors

3. While the Internet Protocol is frequently referred to as IP by computer scientists, we reserve that
acronym for intellectual property in this text.

4. This is not strictly true, as feedback mechanisms in the network attempt to adjust routes in
response to congestion. However, the timescale for these adaptive mechanisms is usually measured
in minutes, whereas the timescale to make a routing decision is typically microseconds. From the
perspective of individual routing decisions, we can treat the routing tables as invariant.
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exploit this independence in their designs, employing both multiprocessing and multi-
threading. Rather than having a single fast processor attempt to keep up with a full-rate
data link, NPs deploy multiple, separate processing engines and divide the incoming
packets among these multiprocessing engines. Because packet decisions are indepen-
dent, the engines need not communicate much with each other, if at all. Further, each
processing engine supports multiple hardware threads. Only one thread uses the shared
core at a time. However, instead of stalling on a slow access to memory, a thread can
yield to another ready thread, allowing efficient use of hardware resources despite the
long memory access time. The multiple threads look like multiple “virtual” processors
per physical processor, further increasing the number of packets that can be processed
at once.

Network processors are very good examples of SoC, integrating many heterogeneous
components onto a single die. Most NPs have a variety of specialized processors linked
with purpose-built communication networks, some sort of embedded general-purpose
processor to serve as overall system controller, and high-speed interfaces to off-chip
RAM, communications framers, and other NP chips. Throughput figures for NPs in
terms of operations per second can be staggeringly high because of the large number
of independent cores integrated into one chip. Bandwidth figures for NPs also tend
to be quite high, because the NPs must be able to process the data stream from many
simultaneously active communication links.

The network processor marketplace has already narrowed during its brief history.
IBM and Vitesse have decided to exit the marketplace, and only Intel appears to be
gaining market share.

Unlike DSPs, we are not convinced that network processors will evolve toward a
VLIW-style approach. Networking applications do not have obvious instruction-level
parallelism, making them poor matches for VLIW architectures (although it is interest-
ing to note that at least one NP vendor claims in its marketing literature to use VLIW
execution cores in its network processor devices). As we did for DSPs, we also choose
not to cover NPs in great depth during the course of this book. A somewhat more detailed
description of how network processors are built and used can be found in Chapter 11.
That discussion also describes how the processing in network switches has evolved away
from general-purpose cores.

1.3.2 Categorization by Application Area

This section paints a broad-brush picture of embedded computing applications. Looking
at 16-bit and wider processors, we illustrate embedded applications with examples from
three major embedded computing markets.

1. The image processing and consumer market includes printers, audio, video,
cameras, and home entertainment.

2. The communications market includes telephony and data networks.

3. The automotive market includes safety, engine control, navigation, and brakes.
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The first two markets in particular are fast-growing segments (as far as processors are
concerned), implying a tremendous push in performance demands, as well as power and
cost requirements for the processing engines that will drive these market segments. There
are plenty of other embedded application areas, such as medical, military, industrial
control, and avionics.

Each of these areas has different fundamental characteristics, including the compu-
tation mix, presence or absence of real-time constraints, and workload. The following
examples illustrate the spectrum of diversity in the embedded world.

The Image Processing and Consumer Market

Consumer electronics devices usually manipulate media in one form or another, such
as audio, video, or still images. Manipulation functionality ranges from playback (such
as an MP3 player or TV set), to capture (digital still and video cameras, scanners), and
transduction (printers, projectors). The time needed to access, compute, and transform
the media data dominates the typical workload of such systems. Progress in the technol-
ogy for capture, transformation, and output of media data produces massive amounts of
data that have to be moved throughout the embedded system.

Printers. A good quality thermal-inkjet imaging printer today produces pictures with a
resolution of 1200 dots per inch (dpi). For a standard letter-size page (8.5 x 11 inches)
filled 80%, this translates into approximately 100M dots to be emitted per page. If we
need 3 bytes per dot to represent the entire color space at any point in the printer pipeline,
we have to design the system to be able to cope with about 300 MB of data per page. If
our target speed is one page per minute, we can only spend about 600 ns of CPU time
per dot, translating to 120 cycles for a 200-MHz processor. In this very short amount of
time, the printer’s imaging pipeline has to decompress the image (usually from a JPEG
format), convert the color space from RGB (red-green-blue) to CMYK (cyan-magenta-
yellow-black, the set of additive colors used by most printers), and dither the image to
accommodate a small number of color levels (usually two or four) supported by the print
heads. Dithering itself (also called halftoning) is a computationally intensive sequential
operation that requires examining a neighborhood of pixels to produce the next value.
In many cases, the printer does not need to produce the entire page before starting to
print (although some of the high-end large-format printers include a hard disk exactly for
this purpose). The printer usually renders slices of the page (called swaths) to a memory
buffer, which the print-head electronics read through a direct memory access (DMA)
operation. This mode of operation has a double advantage: the printer can operate with
less memory than for an entire page and the real-time component of the task (firing up
the printer’s nozzles) is decoupled from the main computational pipeline.

Cameras. The imaging element in a consumer-grade digital camera is a charge-coupled
device (CCD). A typical CCD matrix produces 2 to 4M pixels per image. CCD elements
are essentially monochromatic and need to be arranged in regular patterns of red, green,
and blue sensors to be able to capture color images. In other words, the raw data cap-
tured by the CCD sensor is a mosaic of red, green, and blue pixels. Before being stored
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in a standard format, the camera must filter the pixels with an operation called demo-
saicing, to interpolate the spatially interleaved pixel data of the mosaic. Demosaicing
usually involves a 2D convolution with a large mask and is a very compute-intensive task.
In addition, this is not the only operation required to produce a quality image. Before
demosaicing, the electronics in the camera have to compensate for various imperfec-
tions of the sensors, such as misalignment, optical distortion, and nonuniform image
intensity, focus, and exposure. After demosaicing, the camera resizes the image to the
desired size (another form of interpolation), equalizes colors, and finally compresses
it—typically emitting a JPEG format. Without getting to the details, it should be evident
that each of these steps requires applying some form of compute-intensive nontrivial
transformation on all pixels of the image.

In addition to the CCD, today’s digital cameras include a standard amount of RAM
(16 MB of synchronous DRAM [SDRAM] in some examples) and an integrated process-
ing chip that includes a general-purpose processor (e.g., ARM), a DSP, or both. CCD
and computation are not yet integrated on a single chip because of different process
technologies used to fabricate each.

In this media-oriented, consumer domain, a small number of characteristics domi-
nates all applications. First, processing involves a large data structure, often with limited
temporal locality. This data structure may have to stream multiple times through all parts
(CPU, caches, main memory, secondary storage/flash) of the system. This data structure
mandates that computationally intensive, loop-oriented integer applications dominate
the workload. Finally, the speed of the electronics determines the speed of the device.
In other words, the mechanical components of the device are faster than the compu-
tational components, and thus the power, performance, and price performance of the
computational elements drive the pricing structure. This last observation is true not just
for cameras but for many other embedded devices, including printers and hard disk
drives.

Digital Video. DVD gave consumers their first taste of digital video in 1997, using disks
that store 5 to 12 GB of data and transfer information at up to 10 Mbit/s, giving signif-
icantly higher quality than VHS tapes or even analog broadcast. More recently, digital
video has been deployed over cable systems, and high-definition (HD) video broadcasts
have begun over the airwaves and through cable and satellite systems. More recently
still, personal video recorders (PVRs), such as Tivo and ReplayTV, have been offered as
high-value, high-quality alternatives to user-programmed VCRs.

The common technology behind all modern digital video is digital video compres-
sion. Most video compression is based on the work of the MPEG group, which builds
upon the JPEG standard for still image compression. Details about video compression
can be found in Chapter 11, but the most important overall point is that video com-
pression, like any compression scheme, makes a storage-computation tradeoff, whereby
better compression ratios can be achieved by applying more processing power to both
encoding and decoding stages. North American HDTV was enabled by simultaneous
advances in compression algorithms and integrated circuits that allowed a decoder to fit
on a single chip. Consumer electronics manufacturers have recently been debating the

TEAM LING - LIve, Informative, Non-cost and cenuine !



20

CHAPTER 1 An Introduction to Embedded Processing

format for HD video disks, with much higher capacities based on blue lasers. However,
Microsoft has “scooped” the hardware manufacturers. The Microsoft Windows Media 9
format (WM9), which uses more aggressive compression and requires more computation
than prior formats, can encode a 2-hour HD movie in the space of a regular DVD.

Cost makes general-purpose processors unsuitable for most consumer items. Many
consumer electronic devices sell for less than the cheapest Pentium-family processor.
Size and power constraints are also important determinants for the processors in portable
consumer electronics devices. And although one might expect the WM9 format to be
decodable only on PCs, at least one manufacturer has announced plans to build a WM9
DVD player around the Sigma Designs EM8620L digital media processor chip.

The Communications Market

Systems involved in the telecommunication and networking infrastructure manipulate
digital circuits and/or digital packet data, and depending on the protocol level they
operate in are responsible for initiating, servicing, routing, transporting, and terminating
network connections. Equipment at the periphery or edge of the network is often very
different from equipment at the core of the network, which is true for wired telephones,
cellular phones, and the data network.

Wired Phone Networks. Today’s wired telephone system is designed for cheap handsets
and expensive core components. The local loop, the copper wire between the hand-
set and the central office (CO), uses analog signals that are ingeniously encoded using
only one pair of signal wires per connection. CO telephone switches are large paral-
lel computing systems that support huge numbers of low-bandwidth lines. At the CO,
analog-to-digital and digital-to-analog conversion are performed, and the actual data
shipped in the core network is entirely digital. Most wireline voice is sampled at 8-bit
resolution at 8-KHz rates, giving a 64-Kbit/s data rate for a standard voice call. Central
office switches connect to a wide variety of other types of devices that form the core
telephone network. All core network devices in the phone system are synchronized to
a single global clock, and all data connections between COs are driven by the same
global clock, like a continually meshed global system of gears. This nationwide (even
worldwide) synchronization allows the phone system to use time-division multiplex-
ing (TDM) to combine small 64-Kbit subscriber lines into larger trunks. Placing a call
involves reserving a time slot on each link between the two endpoints and getting the
infrastructure to move bytes from time slot to time slot at each switch along the path.

Cellular Networks. The cellular network builds on the technology of the wired network
(using some of the same types of telephone switches) but uses entirely different tech-
nology for the wireless hop from handset to base station. A variety of radio standards
are used throughout the USA (analog or AMPS, TDMA, CDMA, and GSM), whereas
the rest of the world (with the notable exception of China) uses GSM. A typical GSM
voice stream is compressed to a rate near 24 Kbit/s. Standby power for today’s cellu-
lar phones is a few milliwatts, but transmit power is much higher, in the hundreds of
milliwatts. Various encoding and protocol techniques mean that even a cellular phone
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with an active conversation is at transmit power levels one-eighth or less of the time.
Typical batteries today hold between 500 and 1,000 milliamp hours, leading to the
various standby and talk time ratings claimed by manufacturers.

Cellular Telephones. The inside of a modern cellular phone is a marvel of integration.
Although a phone does not yet fit onto a single chip (differences in analog and digital
circuit processes currently prevent this), typical phones hold between five and fifteen
integrated circuits. A typical phone might have both an embedded microprocessor (such
as an ARM) and a DSP, such as a TI C54x or Agere 16000. Such processors are imple-
mented in relatively unaggressive silicon processes (0.25 micron in 2001, compared to
0.13 micron in some desktop computers) and run at mild clock rates (about 100 MHz in
2001, compared to 1 to 2 GHz in desktops). The DSP and processor cores also typically
include on the order of 256 KBytes each of RAM and ROM.

Routers. A typical “backbone” router (e.g., those owned by MCI and Sprint) has between
16 and 32 interfaces, each running at OC-192 rates, which is roughly 10 Gbit/s. Packet
sizes over the backbone are bi-modally distributed, at either 64 bytes (minimum to carry
a keystroke or TCP acknowledgment) or 1500 bytes (Ethernet minimum transfer unit
[MTU] size) per packet. At the smaller packet size, that translates to 160M routing deci-
sions per interface per second. Routing decisions are made by looking up information
in routing tables. The typical routing table has on the order of 50,000 entries, but they
are not organized for quick access. Tree-based traversals or content-addressable memory
(CAM) approaches are used to implement the access in time. All datapath functions are
handled by ASICs or FPGAs.5 Control processors update the routing tables and are typ-
ical general-purpose devices running, say, Cisco’s networking operating system. Data
buffer size in packet routers is proprietary information. Rumors claim either on the
order of 100 packets for the entire router (i.e., zero buffering) or on the order of 100 ms
of buffering, which is 250 Mbit or 30 MBytes of storage per interface card.

For the wired phone network, history plays a part in the lack of general-purpose
microprocessors. Digital phone networks were deployed in the 1970s, long before many
of today’s microprocessor families had been invented. Reengineering efforts within the
Bell System and its descendants have replaced many of the proprietary processors of
that earlier age, but economics keep the job from being completed. General-purpose
processors play a signaling, controlling, and database management role in modern cel-
lular networks, but the vast majority of processing is performed by racks of DSPs. And
although early routers were built from general-purpose computer chassis, designs rapidly
became specialized in later generations (see Chapter 11 for a somewhat more detailed
description of this evolution).

5. Note that the terms FPGA (field-programmable gate array) and PLD (programmable logic device)
are often used interchangeably. They historically derive from the fundamental technologies that
differentiate the two major competitors in the arena: Xilinx with FPGA, and Altera with PLD.
In this book, we (incorrectly) often use the term FPGA without vendor-specific connotations, to
indicate a generic programmable hardware device.
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The Automotive Market

Even the traditionally conservative world of control systems has witnessed a dramatic
escalation in the complexity of the electronics components, as well as in the algorithms
they implement.

In the automotive control world, consumer demand for enhanced safety features
and entertainment systems, and emissions control regulations, have fueled a tremendous
growth of the role of computing components. It is common to find about 50 micro-
processors in today’s luxury vehicles, and about 10 to 15 in economy cars. Several
factors contribute to this growth. The complexity of the systems themselves and the
algorithms used to drive them is increasing, and each subsystem is starting to share
data in real time, thus opening up opportunities for better control. For example, cars
are starting to integrate information coming from the braking, steering, suspension, and
powertrain systems. Communication among the various electronic control units (ECUs)
is becoming a standard, usually partitioned across separate controller area networks
(CANs), such as instrumentation and body, powertrain and transmission, steering-
braking-suspension, entertainment, and safety. The sensors that provide information
have transformed as well, from simple analog devices to smart nodes (sensors equipped
with a small dedicated CPU) that communicate through a digital bus. When a mechani-
cal backup is available (such as hydraulic brakes for the ABS electronics), most of these
systems must operate in fail-safe mode (detect errors and default to the backup system).
When the presence of a digital bus makes brake-by-wire or steer-by-wire possible, these
systems must also include fault-tolerant features (must continue to work even in the
presence of errors). All of this significantly increases the complexity of the design.

An example of a high-end microprocessor for the next-generation automotive world
is the Motorola MPC555. The MPC555 is based on the PowerPC RISC architecture (over
6.7 million transistors in a 0.35-micron process), with multiple execution units, float-
ing point, separate instruction/datapaths to memory, 448 KB of electronically erasable
programmable read-only memory (EEPROM), and 26 KB of RAM. In addition, this SoC
includes peripherals to deal with 32 analog signals, 48 timer-controlled I/O channels,
and two CAN serial communication interfaces to talk to the other electronic subsys-
tems of the vehicle. Such a system is more than two orders of magnitude more complex
(in terms of memory, connections, and bandwidth) than systems deployed in cars less
than a decade ago. And although the processor core in an MPC555 is a general-purpose
computing core, it is very different from its high-performance relatives, running at
a relatively low clock rate (40 MHz). The overall package of core and peripherals is
what provides value to automotive designers. Replicating the same functions with a
general-purpose processor and separate logic would be much more expensive.

1.3.3 Categorization by Workload Differences

Workload differences fundamentally affect the design of the entire system. It is difficult
to identify a typical workload in a general purpose system; this is much easier to do
in an embedded product, and the entire system can be tuned to match that specific
workload. As we saw in Section 1.3.2, we can break down the most important embedded
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markets into a few significant areas. In a similar way (although the correspondence is
not one-to-one) we can distinguish a few basic workload styles.

Controlling is the traditional workload of the embedded market. Control-dominated
applications usually imply a rather strong real-time component (hence, a real-time
OS or microkernel), fairly light computational requirements, a simple memory sys-
tem, and a tight coupling with a rich set of peripherals and sensors. This is the
kingdom of 8-bit and 16-bit microcontrollers, which occur abundantly in appliance,
automotive, and industrial environments. Control applications are well studied and
represented in the literature and are not the focus of this book.

Switching and routing can be seen as control applications that coordinate streams of
data—typically found in networking applications. In addition to the real-time com-
ponent common among pure control applications, networking workloads involve
quickly moving large amounts of data. This adds significant pressure on the mem-
ory system and heavy requirements on its buffering capabilities. In addition, the
fact that the system needs to process multiple independent streams concurrently
complicates the software infrastructure with efficient multithreading support. At
the same time, the amount of “computation” being performed by the system is still
within reach of a today’s scalar CPUs.

Media processing stretches the computational capabilities of the system to the limit.
A seemingly innocuous task, such as decoding an MPEG2 stream for digital televi-
sion, is already beyond the reach of most of today’s embedded CPUs and requires
dedicated hardware support. Adding encoding, networking, interactivity, and secu-
rity functions adds one or two orders of magnitude of complexity. Media processing
stresses every component of the system. Again, if we look at video codecs as an
example we have to deal with real-time restrictions to match acceptable frame rates,
heavy computational workloads to compress and decompress video streams, and
large memory bandwidth and capacity requirements.

Embedded Market Structure

This last section of the introductory chapter contains a number of different topics that
can be lumped under the loose description of business or market related. Unlike the
majority of this book, which addresses technical topics, this section is all the space we
can spare to talk about how embedded processing fits into society and into the econ-
omy. Beyond applications and users, these are the ultimate “top level” engineers must
consider.

Our survey of markets and businesses begins by describing the market for embedded
processor cores as our book goes to print. Readers should not be surprised that our
chapter holds that virtually all processors sold today are embedded processors. The
next two subsections (1.4.1 and 1.4.2) describe the interactions between business and
technology. In Section 1.4.2 we contrast the cost and yield issues of general-purpose
processors with their embedded brethren. In Section 1.4.3 we broaden the discussion
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from the processor die to the development of the entire system, including tradeoffs
among the various computational styles that go into a design.

The next three sections describe issues shared by, but sometimes handled differently
within, the general-purpose market. Section 1.4.4 talks about how software is becoming
unbundled from development in embedded systems, following the mainframe trend of
twenty years ago. Section 1.4.5 discusses the role of industry standards (both de facto and
official) in embedded designs, and Section 1.4.6 describes how the lifetimes of embedded
systems vary widely, unlike the rapid obsolescence of the general-purpose market.

The last two parts of this section look to the future. In Section 1.4.7 we describe the
most recent effect of Moore’s law: the integration of entire computing systems onto a
single chip, and the implications for generality, specialization, volume production, and
cost that this trend implies. The last section, 1.4.8, speculates about where embedded
computing, and computing in general, will go.

1.4.1 The Market for Embedded Processor Cores

Earlier in this chapter we described how processor cores can be divided into four
major categories: computational microprocessors (32-bit or more architectures), embed-
ded general-purpose microprocessors (typically 32-bit architectures), microcontrollers
(8- or 16-bit), and DSPs.

We are used to hearing about phenomenal growth in the computational micropro-
cessor market, although recent revenue reports from Intel and AMD suggest that growth
in this market is finally leveling off. The interesting story is that although volumes of
computational micros are still growing, revenues have been flat. Arguably this is not due
to competition, but rather because general-purpose microprocessors have finally become
“fast enough,” as consumers perceive very little difference in performance between
the most and least expensive x86-compatible processors.

However, computational micros are just one part of the larger processor market.
In 2001, computational micros accounted for less than 2% of the volume of proces-
sors shipped. Embedded general-purpose micros constituted about 11% (8% of the
total volume were core-based ASICs) of total volumes. DSPs accounted for 10%, and
microcontrollers an overwhelming 80%. The revenue story is roughly inversely pro-
portional to volumes. Computational micros constituted 51% of core-related revenues
in 2001, whereas embedded general-purpose micros accounted for 8% and DSPs for
13%. The remaining 28% of revenue came from microcontrollers. Growth in embedded
general-purpose micros, DSPs, and microcontrollers is expected to outstrip growth in
computational micros in both volume and revenue for the foreseeable future.®

Small 8-bit CPUs still dominate the market, representing about two-thirds of micro-
controller shipments (and about 70% of overall processor shipments). Higher-end
applications (for example, those with addressing requirements beyond 64 KB of memory)

6. Source: Gartner Dataquest, Jan. 2001. For more information about market structure, see the book
web site at http://www.vliw.org/book.
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often use 16-bit microcontrollers, in many cases implemented as an evolution of a suc-
cessful 8-bit instruction set. 32-Bit microcontrollers have a minor role (constituting a $1B
market), and are under increasing competition from established 32-bit general-purpose
RISC processors.

1.4.2 Business Model of Embedded Processors

The economics behind designing a processor (or processor core) for a typical embedded
system are very different from the workstation and PC worlds. Among the most perceiv-
able deviations, the difference in margins on units sold has a great effect on both business
models and design practices. Higher sales margins on workstation and PC processors
usually justify larger development costs, lower yields, and speed-binning of parts. In the
extreme, when proprietary processors are embedded in proprietary workstations (such
as most of today’s UNIX systems) the cost of these processors is bundled with the cost of
the entire system that gets passed on to the final customer. This business model is what
drove the design of most UNIX-class RISC processors, such as Sun SPARC, HP PA-RISC,
IBM PowerPC, and DEC Alpha.

For consumer appliances, the model is very different. In an SoC, parts can be
designed by multiple parties and integrated by a third party; the third party purchases
intellectual property (IP) in the form of IP blocks (licensed hardware designs) from the
other designers. The IP model is an attempt to build standardized parts for digital design,
but this approach is still maturing, increasing the complexity of the task. The owner of
the processor IP is different from the silicon manufacturer; the silicon manufacturer is
different from the system integrator. If we couple this with the inherent lower average
street price of most typical appliances, it is obvious that profit margins are much more
constrained.

From the design standpoint, thinner margins mean that embedded silicon manufac-
turers have to keep costs under severe control. The absolute number of dies produced
by a single wafer contributes to unit cost. Smaller dies give more dies per wafer, which
gives lower cost per die. Other factors that contribute to costs include the packaging,
the number of pins, the number of wire bonds or solder bumps, the number of decou-
pling capacitors, power supply requirements, and the number of layers required in the
printed circuit board to support a chip. Stringent control over costs implies targeting
much higher yields, higher absolute part volume, and smaller development costs, as
well as rigid area limitations, power thresholds, and simple testing strategies. In the
following, we briefly cover some of these issues.

Getting a Better Yield. The ratio between working and defective parts depends on man-
ufacturing factors that are largely design independent, and on some basic design choices.
Manufacturers characterize processes with best, average, and worst-case parameters, for
both environmental (such as temperature and voltage) and process variations. Speed
derating factors between best and worst case of 2—4x are not unusual, but designing for
a worst-case scenario greatly improves the chances of getting working parts (albeit at a
lower frequency).
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Controlling Area and Power Consumption. The typical cost of a state-of-the-art piece
of silicon usually scales with the cube of its area. As a consequence, it is extremely
important to stay below the knee of the curve for any given process technology and wafer
size. For example, although it is not uncommon to find general-purpose processors that
use up to 300 to 400 mm? of silicon real estate, few embedded components go over 40 to
50 mm? in an equivalent process. On the other hand, peak power consumption is what
determines the choice of the chip packaging. Again, top-speed designs use much higher
currents, requiring packages (increasingly plastic rather than ceramic) that can dissipate
more heat.

Testing Costs. These cover the amortization of the testing equipment for a given part
throughput. On first approximation, this is proportional to the time it takes to test a
component in isolation. To improve the testability of a component, we have the choice
of increasing the number of test patterns (which increases test costs) or augmenting the
component’s observability and self-test capabilities. This is the reason practically all
embedded components are fully scannable (i.e., it is possible to access all internal state
elements through a few serial scan chains), and why they include BIST (built-in self-test)
circuitry for regular structures, such as embedded memories. Unfortunately, design for
testability has a negative impact on the achievable speed.

Finally, we note that testing, power, and yield issues are intimately intertwined in
a very complex relationship that goes beyond the scope of this book. For example, in
many environments testing each component in isolation is not sufficient to guarantee
a working product. Given the skyrocketing costs of testing equipment, some customers
may prefer to get only partially tested parts, integrate them, and only exhaustively test
the final system. This means that a defective part implies wasting a part of the sys-
tem much larger than the individual part. Such a scenario puts much greater pressure
on silicon manufacturers to improve product quality (which is rated in good parts per
million, or PPM).

1.4.3 Costs and Product Volume

In a simplified view, we can split the cost of an electronic product into two compo-
nents: part cost and NRE cost. Part cost is the cost of building, testing, and assembling
the device itself. NRE (non-recurring engineering, or tasks that only need to be per-
formed once) costs include design activities, equipment amortization, and one-time
fabrication costs (such as the cost of producing the VLSI masks for a semi-custom
design).

Traditionally, part cost is what dominates embedded products. The impact of NRE
diminishes with increasing volume, and for high-volume products (tens of millions of
parts per year) it quickly becomes negligible. However, some new factors are changing
this scenario.

As VLSI devices become more complex and start absorbing other product-specific
specialization, their volume decreases. For example, a standalone processor core that
can be sold to several markets for a long time can justify a high development effort.
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For a dedicated SoC (perhaps including a soft version of the same CPU together with
other product-specific blocks), only the product volume matters.

The cost of fabricating a die has become a relatively small portion of the total NRE
cost when we consider design time, testing, a few redesigns, and package costs. For
complex SoC designs, manufacturing costs can be enormous (figures of about $500,000
for mask sets alone are not uncommon). Smaller process geometries and more mask
layers make this trend even worse. In addition, we need to account for the additional
costs of a few redesigns, and the matching silicon respins.

The capacity of state-of-the-art silicon fabs is limited, and is filling up quickly.
Consequently, most ASIC manufacturers only accept designs with minimum volume
guarantees of hundreds of thousands of units.

ASIC design teams are difficult to build from scratch, in part because of the wide
variety of skills involved. Not many experienced ASIC design teams exist, sophisticated
CAD tools are very expensive, and the tools are usually associated with a very steep learn-
ing curve. Design, and especially verification, of complex semi-custom devices works
against time-to-market and flexibility, and can cause significant opportunity losses.

An interesting example that illustrates the importance of cost/volume/NRE con-
siderations is the success of programmable hardware devices. Because of many of
the factors we highlighted, FPGAs have become promising alternatives for low- and
medium-volume products. In every embedded product design there is a point at which
volume, cost, and time considerations mandate the choice between semi-custom (ASIC)
and programmable solutions. For a low-volume, time-critical product such as a high-
performance router, an FPGA design is usually the best choice. FPGAs can have a
major impact on reducing the NRE of a product. They can be reworked very quickly
and cheaply, and are tolerant to evolving standards and last-minute changes to future
sets. A few other trends favor FPGA adoption.

It has become significantly more difficult to obtain access to deep submicron man-
ufacturing processes for low- to medium-volume designs. Many of the traditional ASIC
vendors stopped at 0.35 processes. On the other hand, the high volume of a single
FPGA part (which can be sold to many different designs) justifies the investment into
deep submicron technologies. This tends to level the playing field in terms of speed and
density.

Validation and verification of a complex design take up the overwhelming majority
of time to complete a semi-custom project. FPGA devices remove a large part of this,
their silicon having been preverified and their programmability lowering the impact of
functional mistakes.

Hybrid circuits that include a “chunk” of FPGA logic and other standard IP blocks
are becoming available. Again, due to ever-increasing densities one can now purchase
high-end FPGA parts that include supplemental logic (RAM, multipliers, and even entire
processor cores!) and standard peripherals (Universal Asynchronous Receiver Trans-
mitters [UARTSs], memory controllers, and high-speed I/O connections) together with
a large amount of uncommitted logic blocks. Recently, some vendors have begun to
offer System-on-a-programmable-Chip (SopC), which includes a microprocessor core in
addition to the functions previously cited.
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SoCs and SopCs illustrate how cost/volume/NRE considerations drive technology
choices in an embedded product. In addition, it is important to remember that trade-
offs continuously evolve, which need to be reevaluated carefully. This is especially true
when technological breakthroughs (FPGA), sudden drifts in market demands (evolving
standards), and changes in manufacturing scenarios (fab pressure) occur.

1.4.4 Software and the Embedded Software Market

The cost of software in an embedded system should not be underestimated. The fully
integrated processor cost of the SonicBlue RIO MP3 player was $97, whereas the soft-
ware cost amortized per unit was $12. This can be as much as 30 to 40% of total
cost. Worse yet, software programmer productivity is growing much less quickly than
hardware designer productivity, as indicated in Figure 1.4.

Manufacturers of embedded systems used to charge only a minimal amount for
related software products. Recently, this trend has reversed, and embedded systems
users are becoming accustomed to paying royalties for software intellectual property.
For example, typical royalties for a deeply embedded OS are on the order of 2 to 3% of
the cost of the core itself. Similar royalty-based considerations apply to other IP software
blocks, such as protocol stacks and device drivers.

On the other hand, embedded software tools (such as compilers) are almost free,
or at least seemingly so, their cost being invisibly folded into the cost of silicon itself.
Maintenance, training, and consulting services remain fee-based. The total market for
embedded tools (excluding semiconductor companies) was about $1.1B in the year 2000,
and it is predicted to grow to about $2.6B in the year 2005, with an 18.7% compound
annual growth rate (CAGR).%

New categories of embedded software tools are emerging in the area of customizable
processors (such as the Tensilica Xtensa platform or the family of ARC cores). In this
domain, customers specialize a processor to their intended use by changing an architec-
ture template within certain restrictions. For example, currently available systems allow
adding special instructions or changing the sizes and parameters of local memory and
caches. Here, tools to help make design decisions (retargetable compilers, simulator and
analysis programs) become critical for the success of these new types of products.

1.4.5 Industry Standards

Another factor that influences the design of embedded systems is the strong role of
industry standards. By this, we mean not only officially endorsed standards (such as
ISO communication protocols, compression methods, and so on) but de facto standards:
common practices that strongly favor certain designs.

Until recently, embedded devices were dedicated to one (or a small number
of) specialized function. As a device becomes more specialized in function, the

7. Source: Andy Wolfe, former SonicBlue CTO, Micro-34 keynote speech, 2001.

8. Source: Venture Development Corp.
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FIGURE 1.4 Productivity growth for hardware designers and software programmers
compared. The top chart shows the 21% CAGR for hardware designers (source: Sematech);

the bottom chart shows the corresponding 3 to 7% CAGR for software developers (source: IEEE,
Applied software measurement [Capers Jones]).
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cost/performance tradeoffs favor a more dedicated implementation direction. In other
words, a greater percentage of special-purpose circuitry becomes practical when doing
one standard thing most of the time. This is the reason ASICs have been —and still are,
in many areas —the most widely adopted design philosophy. The primary justification
for hardwired functionality is a greater return on investment. The performance/cost of
dedicated logic can outperform an equivalent programmable solution by more than one
order of magnitude. However, this comes at a much higher design cost and lack of flexi-
bility. Once a standard emerges for a specific functionality (for example, an RS232 serial
port or a VGA controller), flexibility ceases to be an issue, and we can easily justify the
higher costs with the opportunity of reuse. In the workstation domain, similar consider-
ations have driven increasing uniformity in the periphery, such as with devices, buses,
and memory.

However, in areas of changing (or not yet established) standards, the lack of flexibil-
ity can make an entire embedded device unmarketable. This phenomenon is significantly
different from the general-purpose domain (the market might still accept a general-
purpose product when one capability is substandard, because of the intrinsic versatility
of a general-purpose platform). For example, laptops typically have lower-resolution
screens than desktops, and many business desktops have limited graphics or sound
capability. For the more limited and dedicated functionality of an embedded product, a
substandard component is usually not acceptable.

If we look at some of the most promising embedded areas, we can observe an accel-
eration of adoption of new technologies. Digital video and telecom applications are
two of the most visible examples. Here, the need for quick turnaround —such as the
time to market after the emergence of a new technology —becomes much more impor-
tant than the absolute best cost/performance ratio. Lost opportunities and market share
due to the late introduction of a product usually dwarf any other considerations. This is
where high-performance software solutions become fundamental, even in the embedded
domain.

1.4.6 Product Life Cycle

Embedded products span a much wider range of activities than general-purpose com-
puters, and their product lifetimes, serviceability, and upgradeability differ accordingly.
Typical general-purpose products (such as PCs or laptops) have three-year expected life-
times, after which they are replaced by newer, faster models. PCs are designed with
replaceable modular components, which allows component-wise fault isolation and
replacement (few PC components can be serviced in the field). Modular components
also allow owners to upgrade their PCs to lengthen the useful lifetime of the product,
but such upgrades are not often cost effective when the bundled savings of complete
replacement are considered.

Embedded products have a wider range of lifetimes than general-purpose products.
At the short end of the cycle, cellular phones are replaced frequently by their users; more
at the dictate of fashion than of technology. On the long end, embedded devices in public
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infrastructure are designed to age slowly. For example, telephone switches depreciate
over decades, and nuclear reactors are designed for 40 to 60 years of service.?

Depending on the cost and size of the embedded device, service may or may not be
possible during its lifetime. Inexpensive consumer products (e.g., VCRs, CD players, and
portable phones) are replaced rather than repaired (the repair cost would be higher than
the cost of a new device). Larger devices are, like their general-purpose counterparts,
built with modular parts (service also involves replacing damaged parts). In certain
extreme cases, service is not possible at all. For example, deep space probes enjoy
no direct “customer support.” Engineers must build redundant systems and paths for
working around failed components.

Hardware upgrade patterns in embedded devices follow similar patterns concerning
serviceability. Low-end devices are replaced rather than upgraded. Larger, modular
devices may be upgraded piecewise (for example, cards can be replaced in cellular base
stations to vary the mix of protocols supported).

It is interesting to note that software upgrades have enabled dramatic functionality
changes in embedded devices. Returning to the previously mentioned deep space probes,
image-processing algorithms developed after the spacecraft were launched allowed the
Voyager missions to return more and better data than originally planned by the designers.
Saturn vehicles with automatic transmissions and the antilock brake option get traction
control “for free.” That is, because all of the necessary hardware inputs and outputs
(engine management, traction sensors, and brake modulation) were controlled by the
same computer, traction control became a software upgrade. It has been reported that the
managers of the DirectTV satellite television system, frustrated with hackers, gradually
downloaded a new security scheme over the course of months, and then activated the
new system all at once, disabling virtually all hacked devices one week before the 2001
Super Bowl.

1.4.7 The Transition to SoC Design

Yesterday’s circuit boards are today’s SoC. Current VLSI manufacturing processes allow
the integration of very complex functionalities in the same piece of silicon in a very cost-
effective manner. We can now fit into a single die what yesterday took many individual
integrated circuits and boards, with dramatic improvements in cost, performance, and
time-to-market. The challenge for engineers has shifted from minimizing gates to finding
ways to use all available gates at a given cost, and to worrying about wires rather than
about transistors.

High-volume SoCs today include blocks such as microprocessor cores, DSPs, mem-
ories, buses, and peripherals. A huge enabler for the proliferation of SoC designs is the
success of the consumer electronics and wireless market, in which complex system chips
are now necessary for any semiconductor company that wishes to remain a significant
player. For example, next-generation cellular phones will integrate the entire baseband

9. Thirty years is typical for nuclear power plants, but Japan is considering stretching the lifetime
of its plants to 60 to 80 years.
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97-98 98-99 99-00 00-02
Process 0.35p 0.25p 0.18u 0.13u
Technology
Cost of Fab 1.5-2.0 B$ 2.0-3.0 B$ 3.0-4.0 B$ 4.0-5.0 B$
Design Cycle | 18-12 mos. 12-10 mos. 10-8 mos. 8-6 mos.
Design 200-500K gates 1-2M gates 4-6M gates 8-10M gates
Complexity
Intellectual Intragroup Intergroup Inter-company Inter-company
Property
Sources
Applications Cellular phone, Set-top box, Internet appliance, | Digital video
Simple PDA, DVD | wireless PDA | multifunction recorder, video
device conferencing

TABLE 1.1 Technology trends for SoC designs. Increases in design complexity, driven by
Moore’s law, make it uneconomical to embrace new SoC designs from scratch. Absorbing
intellectual property blocks from other groups or companies is unavoidable. Thus, authoring
and integration of intellectual property blocks are often carried on as separate activities by
different teams. New methodologies for SoC design are needed (source: The Transition to
System-on-a-Chip by L. Todd and A. McNelly).

subsystem (codec, vocoder, baseband processor, interfaces, and system microcontroller),
as well as the radio frequency subsystems, into a single chip.

The increased complexity of SoC designs has deep repercussions on the entire design
process. As we can see in Table 1.1, SoC projects are shifting from single-team designs to
multi-team (and, sometimes multi-company) activities. Concurrently, the time-to-market
window for a new product is shrinking to 8 to 10 months, and the density of the design
increases with Moore’s law. In other words, although the advantages are many, design-
ing SoCs in a timely and efficient manner poses very significant challenges even for
large companies. Now, we briefly present the challenges and strategies that increase the
probability of a successful design.

The first challenge for SoC designers comes from design tools. The improvement
of EDA (electronic design automation) tools in the 1990s lagged behind the increase
in design complexity. In addition, the interaction of EDA tools within a complete
design workflow is still an open question. Industry-wide standards are struggling with
proprietary tools, legacy issues, and a traditional resistance to change in engineering
teams. Finally, the need to integrate IP blocks from different groups, or even dif-
ferent vendors, poses very significant challenges to the overall verification strategy
for SoGCs.
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Controversy: Silicon Will Be Free

Because silicon densities have grown exponentially throughout the history of micropro-
cessors, design elements aimed at saving silicon can seem worthless or even silly just
a few years later. Saving silicon often involves tricks that complicate a system, and thus
designers sometimes advise that because silicon is almost “free” (that is, a given amount
of it will soon cost very little compared to what it used to cost) these tricks should usually
be avoided.

This advice has become the conventional wisdom, and it is usually good advice.
Sometimes it is bad advice, however, and there is good reason to believe it could become
worse advice as times goes on. As this book is being written, a new barrier is being
approached: high performance is going portable, due to a combination of silicon densities
and battery technology. The significance of this is that although the engineering cost of
saving small amounts of microprocessor silicon may not be justified for plugged-in devices,
for portable devices it can make an impractical product practical. A portable device needing
a high-performance microprocessor may not be able to afford the power and silicon cost
budget required to attain the needed performance. However, the saving of silicon, of some
of the “free silicon,” might well make the product practical.

This advice generalizes. There is no size too small for the requirements of some of the
applications computer visionaries foresee, from wearable computers to “smart dust.” The
availability of high performance can practically enable those applications, making silicon
cost the barrier to overcome. There is every reason to believe that the need to save silicon
will always be with us in some important environments.

Inadequate tools and poor collaborative working practices cause projects to slip.
Project delays often mean that specifications change to adapt to new market require-
ments, and projects slip even further. If we compare this to more stable designs using
off-the-shelf components, it becomes clear that SoCs are only a win if they can hit the
market opportunity window in time, and that the risks of missing the window are much
higher than in the past.

A successful SoC development requires approaching the project with a system
perspective that combines hardware, software, and marketing. Traditionally, semicon-
ductor companies have not excelled as system companies (they rarely had to write their
own software), and only recently have they started emphasizing complete solutions that
encompass both hardware and software.

It is now unanimously recognized that the most difficult aspect of SoC design is
verification. Even the most experienced semiconductor companies fight daily with the
complexity of verifying large designs. As we have noted, tools are behind, and the
winning approach always involves discipline and an early definition of the verification
strategy. The definition of a test suite for a complex SoC is often more difficult than
the hardware itself, due to the limited observability of the internal signals of the chip,
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and the development of a suite often involves developing ad hoc tools, such as assem-
bler generators for processor cores. Companies routinely spend more than 60% of SoC
development time and resources in verification.

The nature of processor-based SoC designs implies a tight cooperation between
hardware and software teams. The debugging strategy must be an integral component
of the overall architecture, and one that engages tools, compilers, and system firmware.
Hardware, software, and test engineers once had little need to interact on a daily basis.
Successful SoC designs involve cross-functional teams and call for participation of
groups with very diverse expertise and working habits.

Effects of SoC on the Business Model

When systems were assembled through a collection of off-the-shelf discrete VLSI com-
ponents, the optimized implementation and the volume of each component were the
dominant aspects of the business model. The success of a given component (such as a
microprocessor) was proportional to the cumulative volume of parts for all designs that
used it. As the volume grew and successive generations appeared, semiconductor com-
panies could slowly tune the process and tweak the design to produce better, faster, and
cheaper parts. This was, for example, part of the recipe of the success of Intel (with the
x86 general-purpose family) or TI (with the C54x DSP family and its ancestors).

In such an environment, attempting to introduce a new instruction set, or even a
new hardware implementation for an existing instruction set was an almost impossible
task. New designs require time to mature. The first implementation of a new design is
usually much behind the design of a component that has already seen a few generations
of predecessors. Design teams learn from previous mistakes, and VLSI manufacturing
processes can be tuned to optimize the production of a given component in high volumes.

With the advent of SoC, the silicon itself is produced as a platform for a single use.
In other words, different products will always use a different piece of silicon than other
products (and often even ancestors in the same product line). Once the economic trade-
offs mandate making new silicon for each generation, designers can change to a mode
that makes modifications with each successive generation.

This is a major paradigm shift for the silicon manufacturing industry, in that it
allows changes to a microprocessor that is part of an SoC design with different effects
from similar changes to a standalone microprocessor (where such changes would be
devastating to the yield and NRE costs of the design). In this scenario, customization
becomes a much more practical thing to consider, and part of the balance of the value of
a processor shifts from physical implementation and volumes to its intrinsic intellectual
property value.

For these reasons, SoC techniques also complicate accounting for the various parts
of the system. It used to be easier to identify volume, revenue, and market trends
for microprocessors, microcontrollers, and DSPs implemented as discrete components.
Super-integration (integration of a processor core together with dedicated logic in a sin-
gle application-specific SoC) makes this task virtually unachievable. For example, in
many cases, what CPU core is used in a complex SoC is proprietary information not
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available to analysts. Even concerning revenue figures, it is difficult to understand the
relative contribution and value added of a processor core within a larger system. The
typical problem is: how can we break down the cost of a highly integrated $20 SoC com-
ponent? We could consider, for example, a contribution of the CPU core to be $5 based
on silicon area, but then we would need to add the value of the intellectual property of
the core itself; and quantifying this is even more challenging. In other words, a precise
partitioning is practically impossible.

Centers of Embedded Design

A similar effect has changed the center of design of many embedded systems, and particu-
larly those built on SoC technology. Consider the relationship between the manufacturer
of a product using embedded processing (for example, a cellular phone) and the manu-
facturer of the electronic platform for that product. Before SoC, the electronic platform
was a board containing several different critical components. Some of these were quite
specialized computational components. This IP either came from outside suppliers or
was supplied by the product manufacturer itself and was integrated into the electronic
platform by a lower level supplier, not necessarily at all skilled in the application area
of the product manufacturer.

Now that SoC has entered the picture, the IP itself has to be integrated much more
carefully into the SoC, and IP has to fit the constraints of the system. Typically, the man-
ufacturer of the product does not have all the skills necessary to specify and produce
an SoC. Now it is much more likely to be the supplier of SoCs who is the focal point of
the design. Many of the SoC suppliers have specialized in gathering large libraries of IP
blocks that fit their systems in several different application areas, as described in Section
1.4.2. The gathered critical mass of IP plus SoC expertise makes it more attractive for a
product manufacturer to outsource the entire electronic platform (consisting largely of
the SoC itself). This in turn makes it economically viable for the SoC vendor to amass
not only IP but application expertise in the given application area. In a world dominated
by ASIC designs and awkward DSP programming, a large investment in the ability to
manage complex systems built of highly specialized devices can be very valuable. This
investment can be leveraged against many customers of the SoC manufacturer. Thus,
SoC vendors are becoming centers of embedded design.

Although this trend will undoubtedly continue to an extent, we believe it will
become less of a factor once processor cores containing greater amounts of ILP become
available. Greater amounts of ILP will enable more and more IP in the form of programs
written in high-level languages, and manufacturers of products using that IP will have
greater freedom to control their own destinies, rather than purchasing the most important
parts from third parties (in that it is far easier to fit a piece of code into an application than
an IP block into an SoC). As this trend continues, it will be easy for product manufactur-
ers to specify SoCs containing powerful processors and standard peripheral IP blocks,
without relying so greatly on the SoC manufacturer to supply the IP that is core to the
product manufacturer’s business. In the face of the opportunity to own the most critical
IP in their own business, product manufacturers are likely to welcome this model.
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1.4.8 The Future of Embedded Systems

Pundits and futurists are almost always wrong. In this section of the book, we make
ridiculous future predictions. Undoubtedly, we will be off the mark in major and minor
ways. What might be useful is if any of this discussion stimulates thought or discus-
sion about what the future might look like. We can’t exactly predict the future, but
understanding what is likely makes it more likely we will live in a future we want to
live in.

We have already discussed how the world is moving to multiple computing devices
per person. For all but a few applications, processing power will cease to be an issue.
Already, today’s personal computers offer more processing power than the average user
can employ. Cost-effective performance will be much more important than absolute
performance. Most people commute in Hondas, not Ferraris. In addition, connectivity,
administration, and state will become increasingly important. Today’s solutions for these
issues are frustratingly inadequate.

Connectivity: Always-on Infrastructure

Embedded devices are increasingly connected, and this makes them fundamentally
different from standalone devices. Connectivity enables new applications. For exam-
ple, a connected device can order its own service (e.g., the latest copiers) or report
its own status (e.g., automotive accident-notification systems such as General Motors’
OnStar). Connectivity enhances value through network effects. For example, a remote-
controllable stereo component adds its utility to all rooms in a multiroom sound system;
remote-less components work only in one place.

Obviously, connectivity will get better. Both wired and wireless solutions are
spreading throughout the modern world. Bandwidth, latency, and wireless coverage
are all expected to improve. In twenty years, no one will say, “I can’t get a signal,” even
in the most remote parts of the world. Networking costs will drop so low that virtually
all electronic devices will export some sort of networked interface. How these interfaces
end up being used remains to be seen.

The downside of connectivity is that formerly simple components now participate
in a complex system. Continuing the stereo analogy, no one has found a good solution to
the “pile of remotes” problem, that is, the more components one adds the more different
buttons in different places one has to push. Systems allow complex and mysterious
failure modes. Engineers beware.

State: Personal Storage

Technology trends are making storage cheaper, physically smaller, and informatically
more capacious. New storage technologies are changing the shapes and constraints
on various devices. Flash memory today allows tiny MP3 players, flash and micro-
drives make CCD devices into attractive alternatives to film cameras, and computing
devices such as laptops and palmtops now have storage capacities comparable to desktop
machines.
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State and connectivity interact in complex ways. In some ways, one compensates
for the other. For example, laptop users can carry their entire computing environment
without needing to connect with the office, and web browsers are connected to a remote
state larger than any single machine could hold. In other ways, connectivity and state
work together. HotSync is the feature that made Palm connected organizers successful.
Previous organizers had poor backup (or no backup) and no way to transfer state to other
devices.

Proliferation of storage also has its downside: every device with state is its own
sovereign world. In a world with multiple devices, managing and keeping state up to
date can be very complex. Already users need to worry about where copies of files live:
on the office network, the home machine, or the laptop. A world with tens or hundreds
of devices per person could become unmanageably complex. Maintaining consistency
across many devices and performing backups (at all) will remain difficult and expensive
problems to solve.

Administration

Storage proliferation is one example of an administrative problem. More generally, smart,
connected devices need to be set up to work, and they may need to be reconfigured to
continue working. Viable consumer devices can’t be like personal computers; they need
to work with a minimum of user “futzing.”

Better and cleaner user interfaces will also need to be designed, to match the needs
of future connected, multiple-device environments. Today’s pile of remote controls is
indicative of a difficult systems problem waiting to be solved. Tomorrow’s personal
network of devices will become incredibly frustrating without a move toward simpler,
consistent interfaces.

Security

Although security is au courant as this book goes to press, we predict that the major
technical security-related problems will be solved adequately, if not elegantly, for all
practical purposes within a decade. The major technical issues are authentication (deter-
mining that the person with whom you are communicating is who they say they are),
encryption (preventing eavesdroppers on a communication) and trust (establishing to
what extent you trust the other party). The major societal issues associated with com-
puter security (what to deploy, and where) will be hashed out in the marketplace and
the political sphere, for which we claim no expertise.

The Next Generation

What comes after the embedded computing generation? It’s difficult to guess, although
it’s safe to say that it will involve even more computers and communication than
anything we can imagine today. Researchers and science fiction writers have already
proposed “smart dust,” whereby dust-sized particles would compute and communicate
with their neighbors to make a compute-rich physical environment. A world full of
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1.5

smart dust obsoletes the traditional boundaries between public and private spaces. Per-
haps more transformative is the fact that an entire person’s life will soon be recordable in
a variety of media on a single hard disk. If e-mail lasts forever today, might casual utter-
ances or momentary indiscretions be recorded forever tomorrow? Or on the optimistic
side, might we never forget or lose anything in the future?

Another source of the “next wave” might be an unexpected advance in a nontradi-
tional area near computing. MEMS (micro-electrical mechanical systems) have shown
promising applications in airbag motion sensors and in “light-processing” devices for
video projectors, but have not broken open into a diverse field with many applications.
At an even smaller scale, nanotechnology holds up the promise that we will manipulate
single atoms with the same dexterity we manipulate single bits today. Alternate comput-
ing technologies, such as biological computing and quantum computing, might become
practical through the construction of a breakthrough device, fueling another exponential
growth curve along the lines of Moore’s law.

The most interesting cause of the next wave might be the long-anticipated end of
Moore’s law. We observe wryly that no one has gotten rich by successfully predicting
the end of Moore’s law, but those who have profited handsomely from its continuation
(notably the SIA and Intel) are now among those anticipating its demise. Fundamental
physical limits, such as the number of atoms required to form an insulating layer, are on
the horizon, if not on the doorstep.

A world without Moore’s law would be very interesting indeed. With a maximum
achievable areal transistor density, research and development funding would reinvig-
orate areas such as distributed systems, parallel machine design, and 3D transistor
fabrication. Software would change significantly, too, as the headroom for code bloat
would disappear.

We’ll stop speculating now, and return to today’s world, with the marvels we already
know how to construct.

Further Reading

Itis not easy to capture the entire field of embedded systems in a concise list of references,
because the breadth of topics ranges from architecture to components and systems, from
programming guidelines to compilers, tools, and application-specific knowledge.
There are very few good attempts at defining the term embedded. For a defi-
nition of embedded computers as systems that must interface with the real world,
see Lee [2002]. A better sense can be found by reading trade magazines and
web sites that track the embedded marketplace. We recommend Embedded Proces-
sor Watch (http://www.mdronline.com/publications/e-watch.html), Design and Reuse
(http://www.design-reuse.com), EE Times (http://www.eet.com), and Embedded.com
(http://www.embedded.com). Embedded Processor Watch focuses mostly on processor
chips and cores, whereas the others are good starting points for understanding embed-
ded systems and SoCs. (Since URLs are always changing, please see the book’s website,
http://www.vliw.org/book for a page of references to current information.) An interesting
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reference is also the recent Embedded System Dictionary by Ganssle and Barr [2003],
covering a few thousand words and definitions of the embedded system universe.

Everything starts with the underlying silicon technology. For decades, the Semi-
conductor Industry Association (SIA) has provided self-fulfilling prophecies (called
“roadmaps”) of the future size and speed of transistors. Their site is found at
http://www.sia-online.org.

Chinnery and Keutzer [2002] investigate the differences in speed between
application-specific integrated circuits and custom integrated circuits when each are
implemented in the same process technology. The book attempts to account for the ele-
ments that make the respective performances different, and then examines ways in which
tools and methodologies may close the performance gap between application-specific
integrated circuits and custom circuits.

Todd and McNelly’s [2001] technical report is a good general introduction to SoC
design. For a good overview of component-based design, the book by Wolf [2000] pro-
vides the foundations as well as some real practical examples, centered on the use of
UML for embedded system modeling. Another textbook by Wolf [2002] provides a sim-
ilar introduction to many aspects of SoC design. The book by Barr [1999] is a general
introduction that focuses on development and compilation aspects, targeting readers
that have some familiarity with C and C++. Barr [2003] also provides an extensive on-
line “Embedded System Bibliography,” which is regularly updated with new book and
journal reviews. The books by Simon [1999] and Moore, Grehan, and Cyliax [Grehan
et al., 1998] also cover real-time OS aspects of embedded systems.

Embedded computing turns up in unexpected places. The “top 500 list” of
supercomputers, maintained at http://www.top500.org, recently included a “super-
computer” built from Sony Playstation 2 processors. That project is documented at
http://arrakis.ncsa.uiuc.edu/ps2. The Linux port to the Playstation 2 further confirms
the blurring of boundaries between general-purpose and embedded. That community’s
web site is found at http://playstation2-linux.com. Putting the shoe on the other foot,
MAME (the Multiple Arcade Machine Emulator) can be found at http://www.mame.net/.
MAME is a software emulator for a wide variety of console arcade games (those that
require quarters to operate) that run on modern PCs. Using MAME involves copyright
issues. That is, the content of the ROMs of the original arcade games is required to
emulate a game.

For background on digital signal processors, BDTI (Berkeley Design Technology,
Inc.) publishes the “comp.dsp” meta-list of books on DSP at http://www.bdti.com/
faq/1.htm. Orfanidis’s Introduction to Signal Processing [Orfanidis, 1995] gives
an accessible introduction to the topic, whereas the definitive reference on the
topic remains Oppenheim and Schafer’s Digital Signal Processing [Oppenheim
and Schafer, 1975]. As usual, manufacturers’ web sites are the best sources for
up-to-date information. Texas Instruments’ site is http://dspvillage.ti.com, Analog
Devices’ site is http://www.analogdevices.com/processors, and the DSP Group’s site is
http://www.dspg.com.

For more details on embedded applications, see our own “Further Reading” section
in Chapter 11.
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1.6

For a deeper dive into hardware design for embedded systems and ASICs, the book
by Thomas and Moorby [1998] is the reference for the Verilog programming language,
and the book by Ashenden [1995] is the counterpart for VHDL. The description by
Balarin et al. [1999] of the POLIS academic tool for the synthesis of automotive con-
trollers is a good place to start to understand some of the commercial synthesis tools,
such as Cadence VCC (which was heavily inspired by POLIS itself).

On system modeling, and in particular the use of Petri nets in embedded, good
reads are the initial parts of the book by Thoen and Catthoor [2000], as well as the
work of Gajski et al. [1994, 2000], both of which also cover hardware/software co-design
aspects. For a better understanding of real-time issues (scheduling, OS implications,
prediction of execution time), the book by Shaw [2001] provides in-depth theory and
practical examples.

On embedded software, it is much more difficult to find books that are not completely
out of date, because of the speed in which the sector changes. A couple worth mentioning
are the book on debugging embedded software (a rather challenging endeavor), and the
book on the interfacing of embedded systems to the analog sensors that make them talk
to the external world, by Ball [1998, 2001].

Finally, this chapter also skirts some areas at the intersection between computer
science, business practices, society, and economics. Schumpeter was the first to explore
the interaction between monopoly and innovation in his book Capitalism, Socialism,
and Democracy. Another excellent source on this topic is Freeman and Soete’s The Eco-
nomics of Industrial Innovation, which also has extensive references. For the specifics
of the PC marketplace (and the alliance between Intel and Microsoft that is pejora-
tively known as “Wintel”), see Nick Economides’ web pages (http:// www.stern.nyu.edu/
networks/site.html) for the pro-Wintel argument, and Rebecca Henderson’s [Henderson,
2004] testimony in the Microsoft antitrust trial for the anti-Wintel argument.

Exercises

1. On a scale of 1 to 5, where 1 is general-purpose and 5 is embedded, rate the
following devices: laptop computers, palmtops, web TVs, game consoles,
cellular phones, java-enabled phones, printers, desktop computers, servers,
mainframes, calculator watches, set-top boxes, Internet kiosks, and antilock
brake systems. For each device rated 3, justify your answer.

2. On a scale of 1 to 5, where 1 is general-purpose and 5 is embedded, rate the
following processors: Itanium, x86, 80286-embedded, 68030, 68K-series
(Coldfire, DragonBall), PPC-G4, PPC-405, StrongARM, XScale, Transmeta
Crusoe, C54x, C60x, TriMedia, HP/ST Lx(ST200), MIPS 5400, and I/O chips.

3. In general-purpose devices, upgradeability is sometimes accomplished by
reinstalling the software on your hard disk. Describe other ways in which
embedded devices might support upgradeability.
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4. Why is backward compatibility less important in an embedded device than in
a general-purpose device? In what ways might it still be important?

5. What was the last ISA that appeared (and when) with all of the following
properties: it was incompatible with all existing ISAs, it was put forward by
a company that was not yet a major force in the computing industry, and it
made a major dent in the general-purpose computing market? What about in
the embedded computing market?

6. As arule of thumb, a $99 appliance implies that the cost of electronics is
about $5. Using whatever resources seem appropriate, estimate how much
processing power (in MIPS) and memory (in Bytes) was available for $5 in
the years 1980, 1990, and 2000. Predict what will be available in 2010.

7. Using whatever resources seem appropriate, draw a graph that plots the energy
efficiency of the most popular general-purpose and embedded processors (five
each) in peak mW/MIPS. Do the same for cost performance in MIPS/$.

8. Using Table 1.1, compute the fraction of a typical SoC design occupied by a
100K gate CPU core in each technology generation. Extrapolate to the years
2005 and 2010.

9. List three distinguishing features of digital signal processors (DSPs).

10. Diagram the pipeline of the printer described in the text, with
data/computation rates on the edges and blocks. Do the same for a
digital camera.

11. Describe the data bandwidth associated with each stage of printing an
11 x 8.5-inch page at 600 dpi on a color inkjet printer. The stages are JPEG
decompression, rescaling to printer resolution, and dithering. Assume that the
page contains one 7 x 10-inch JPEG image with 1600 x 1200 resolution, that
the printer produces four pages per minute, and that the JPEG algorithm
compresses at approximately 10:1. If each stage takes about the same amount
of time, calculate the bandwidth through the cable going to the printer, the
bandwidth through memory after decompression, the bandwidth required to
move the image after scaling, and the bandwidth to the print heads after
dithering.

12 Next-generation (3G) cellular phone systems claim a peak bandwidth per
user of 2 Mbps. A typical metropolitan area of 1 million people is served by
a network of about 200 cells, each of which can carry 48 calls at a time. What
is the maximum number of minutes per day per person of data traffic, on
average, such a network can support? What is the peak bandwidth of the
entire metropolitan area network? Do you believe that wireless data transport
will replace wired broadband connections during your lifetime?

13. Research how modems find the bit rate of the underlying voice line and
use the underlying digital connection to reach data rates as high as 56 Kbps.
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14.

15.

16.

17.

18.

19.

20.

Explain why you can only get 56.6 Kbps instead of 64 Kbps from the

modem. Draw a diagram of the system, and estimate the processing power
required by the endpoint modems to “second-guess” the underlying telephone
network.

Consider a 2M-pixel digital camera with 24 bits per pixel, 8 Mbytes of
memory, and a 128-Mbyte flash card. Assuming computation is instantaneous,
with a 10-ns word-addressed memory, how many pictures per minute can you
take, and after how many pictures does the camera stop to write the pictures
to flash? How does this change for a 3M-pixel digital camera with all of the
other parameters held constant?

Take a digital photograph of your choice. Using JPEG manipulation software,
compress the photograph minimally and maximally. Print out the results, and
compare the results visually. Can you find any JPEG artifacts? If so, describe
them. How big are the resulting images?

Suppose you had to store 400 pictures in 128 Mbytes of flash memory.
Experiment with various tradeoffs of compression level and reduced picture
resolution through rescaling. In your visual opinion, would you be better off
using a 3M-pixel camera and more compression or a 2M-pixel camera and less
compression? Which resolution and compression combination would you use?

Mercedes-Benz claims that the active suspension components in its newest
vehicles analyze and respond to road conditions on average every 2.5 cm at
100 kilometers per hour (1 inch of highway travel at 60 mph). How many
decisions per second is this? If the microcontroller runs at 25 MHz, how
many operations can be processed per decision?

Pick a non-GNU program with source code available. Port it to a different
platform, with at least a different operating system and compiler. How many
source changes (including makefiles) were necessary to make the program
work? What fraction of the lines of code of the program is this? How long did
it take you to perform the port? Comment on the likely usefulness and impact
on productivity of different levels of compatibility: feature, source, and tool.

Assume that masks cost $300K, and that in ASIC technology each part of a
custom design costs $8.50. If you can implement the same circuit at the same
speed on an FPGA that costs $70 per part, what is the break-even volume for
switching over? Chart the two curves.

Suppose that design time for an ASIC is on the critical path to shipping a
product, and that each month of delay to market has an opportunity cost of
$XXX in revenue. Assume ASICs add six months to the time-to-market.
Calculate the cost and revenues (as a function of volumes per month) of the
ASIC-only approach, the FPGA-only approach, and the hybrid approach
that initially deploys FPGAs and then switches over to ASICs later in the
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production run. Repeat the exercise for XXX = $100K, XXX = $1M, XXX =
$10M, and comment on the results.

21. In 2002, the Pentium 4 reached clock rates of 2.4 GHz, whereas Xscale reached
only 400 MHz. They are implemented in the same silicon process, by the same
company. Explain the differences between these figures (hint: consider yield,
design team size, cost, design maturity, synthesizability versus full-custom
design, profitability, target market, global warming, tectonic stability of fabs,
and so on).

22, Consider a processor core that sells for $10. Assuming that the cost of an
engineer/year (EY) is $200,000, how many parts do you have to sell in five
years to pay for the cost of a five-person engineering team that takes 18 months
to develop the processor core? A ten-person engineering team? Assume a sales
and marketing overhead of 27% of the sales cost, a build cost of $3.50 per part,
and ignore the time value of money.
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CHAPTER

An Overview of VLIW
and ILP

A fanatic is one who can’t change his mind and won’t change the subject.

— [attributed to] Sir Winston S. Churchill, 1874-1965, British Prime Minister [1941-1945,
1951-1955]

Computer systems are said to embody instruction-level parallelism (ILP) when programs
running on them go faster because multiple operations (such as adds, multiplies, and
loads) execute at the same time, even though only a single stream of execution was
presented to the system. Being an architectural technique, it is largely independent of
improvements in hardware technology, such as circuit speed and power reduction.

ILP can have a significant effect on performance, and thus its use has become the
norm in processors designed for desktop and server use. Because performance is critical
in embedded systems as well, ILP is becoming more prevalent now that circuit density
is becoming sufficient to use it. Additionally, ILP can offer the designer of embedded
systems an important form of power saving. A designer of portable embedded systems
may use ILP to increase performance beyond that required by the system, and then
give back some or all of the extra performance by slowing the clock. Since reducing
clock cycle time is one of the most effective ways to reduce power usage, this can have
a significant effect on total consumption. And because power consumption is usually
critical in portable embedded system design, ILP may assume an even greater role there
than it has in larger systems, for which power consumption is less important.

When a system offers ILP, its speedup gains are largely transparent to users, requir-
ing little (if any) change in source programs. The opposite is usually true of systems
that speed up programs by running multiple streams of execution in parallel. A pro-
cessor using ILP has the same type of execution hardware as a normal RISC machine.
In the case of a processor using ILP, however, the expected hardware may operate in
parallel, or there may be more of that same execution hardware, or a greater variety
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2.1

of hardware, thus enabling more parallelism. Sometimes additional hardware is used
to arrange the parallel operations while the program runs; other times programs are
presented to the hardware with the parallelism already arranged and specified in the
programs.

This chapter has five sections. The first section explores the semantics of how pro-
grams execute on a machine, with particular focus on parallelism and sequentiality.
Section 2.2, “Design philosophies,” introduces the concept of an architectural design
philosophy, of which VLIW is one example. Section 2.3, “Role of the compiler” describes
the high-level structure of a modern optimizing compiler and the role it plays in extract-
ing performance. Section 2.4, “VLIW in the embedded and DSP domains,” describes
how VLIW and the embedded domain are well suited to each other. This chapter also
contains the section “Historical Perspective and Further Reading” (Section 2.5), which
discusses the origins and evolution of VLIW.

Semantics and Parallelism

This section begins with “standard” sequential semantics, and then explores varia-
tions on the theme of using parallelism. Most of these forms of parallelism examine
the relationship between instructions in improving performance, but we also discuss
thread-level and loop-level parallelism as part of this section.

2.1.1 Baseline: Sequential Program Semantics

A typical RISC processor tries to issue an operation every clock cycle. In the slowest
designs, processors wait until the previous operation is completed before issuing the
next, and execute every operation in the order in which the code was written or produced
by a compiler. Human programmers often think of the programs they read or write as
operating that way, and we say that the program we hand to the computer, or to a
compiler, has “sequential semantics.” In practice, a computer designed to operate this
way would not be expected to issue an operation every cycle or even come that close to
it, since some operations will have a latency longer than one cycle, and branches will
interrupt the expected flow of control.

A rough measure of the ILP attained when a program executes is instructions per
cycle (or IPC). It is simply the number of operations performed per cycle of execution.
In a processor that has strict sequential semantics, one might expect to see an IPC of
about 0.3 or less, depending on the instruction mix, the memory latency, and various
similar factors.

To illustrate sequential semantics, consider the snippet of code labeled “Sequential
VEX” in Figure 2.1. It is written in the machine language VEX (for VLIW Example), the
processor-level language we will use for our low-level code examples. Appendix A, “The
VEX System” is a full reference to the language VEX. Although we will incorporate ILP
into VEX shortly, we will ignore that for now and use VEX to illustrate simple sequential
semantics. Because there are 18 VEX operations taking 33 cycles to execute, the IPC of
this simple system is only 0.55.
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IPC or CPI?

In this book we use IPC to characterize the execution efficiency of a processor when run-
ning a given program. Although both IPC and CPI are used, the computer design literature
more commonly refers to the reciprocal of IPC; namely, cycles per instruction (CPI). This
was more common in the period before ILP became pervasive because getting to where
a processor could perform an operation every cycle was the “Holy Grail.” Manufacturers
bragged about achieving it, and researchers studied the quest for a CPI of only 1 (espe-
cially Douglas Clark at DEC and his colleagues, and particularly the classic paper by Emer
[1984]). In practice, the CPIs one saw were well above 1, and speaking of CPIs in that range
was more satisfying and intuitive than talking about small fractions. Now the situation is
reversed. We will see that due to ILP, IPCs about or considerably above 1 are common
and are the more interesting quantities. We believe that given the pervasiveness of ILP the
computer architecture community will eventually settle on IPC.

In the terminology used in this book, we refer to “operations,” not the badly overloaded
terminstructions, as the fundamental things being counted for CPI (see Table 3.3). However,
we will stick with using the term instruction as part of the acronym IPC, since that term has
such wide use in computer science.

2.1.2 Pipelined Execution, Overlapped Execution,
and Multiple Execution Units

In practice, operation execution in any modern processor, especially if it embodies ILP, is
significantly more complex than the model shown in Figure 2.1, and these complexities
play a large role in ILP and in performance considerations in general. First, operations
are subdivided into execution stages within a single machine cycle; second, longer-than-
one-cycle operations are often divided into stages of one cycle apiece; third, operations
often can be overlapped, or even issued together, because they use completely disjoint
hardware functional units; and, fourth, aspects of the flow of control of operations often
cause timing changes that are important for ILP. For now, we will not discuss the first
factor: the execution stages of an operation. They appear in the processor’s microarchitec-
ture and are discussed in detail in Chapter 5. They are not visible in VEX listings (which
capture the “instruction-set architecture” level of the processor). It is worth noting that
the following discussion of pipelining involves concepts similar to the execution-stage
concepts discussed later.

Some operations that take longer than one machine cycle to execute use hardware
resources exclusively, preventing other operations that would use those same resources
from executing until the first operation has completed. Other times, an operation is
pipelined; that is, a later operation can share some or all of the resources the first oper-
ation (still “in flight”) used in previous cycles. When this happens, we also say that
the shared hardware is pipelined, and the entire process is called pipelining. Thus,
pipelining offers us the ability to overlap parts of operations that use the same execution
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What it implements: Sequential VEX (33 cycles):
. Tdw $r20 = 0[$r10]
if (B0 == 0) break; QSE
j =]+ (A0O-BO) _
if (Bl == 0) break; ﬁglgeq #00 = $re0. 0
J =3+ (AL-BL); br $b0, DONE
1f (B2 == 0) break; Tdw $r23 = 0[$r13]
j =17+ (A2-B2); nop
: nop
sub $r23 = $r23, $r20
Y add $r4 = $r4, $r23

4 1\

To implement these two lines, on the default VEX Tdw $r21 = 0[$rl1l]
system we have to do the following: nop
nop
— Load BO (3 cycles) cmpeq $bl = $r21, O
— Compute the condition (2 cycles before use) nop
— Test the condition and branch if true br  $bl, DONE
— Load AO (3 cycles) Tdw $r24 = 0[$rl14]
— Subtract BO from A0 nop
— Accumulate in J the result of the subtraction nop
sub $r24 = $re24, $r2l
This requires 11 cycles, and thus all six lines add $r4 = $rd, $r24
require a total of 33 cycles, as indicated at right. Tdw $r22 = 0[$r12]
~ < nop
nop
cmpeq $r2 = $r22, 0
nop
br $b2, DONE
Tdw $r25 = 0[$r15]
nop
nop

sub $r25 = $r25, $r22
add $r4 = $rd, $r2b

FIGURE 2.1 VEX example. This “snippet” of six lines of C would be executed in 33 cycles
by a VEX CPU that overlapped nothing whatsoever. The snippet of code might appear within
an unrolled loop, where the original loop the compiler unrolled was:

while B++il = 0) j=j+@A[i] - B[iD;

The variables A0, Al, A2, B0, BI, and B2 are precomputed locations containing what had
been array references in the original loop (ALi], A[i+1},...B[i+2]); these are precomputed
in order to remove a sequential data dependence that would slow down their access once we
consider ILP (as we will soon). When the snippet is encountered, the following register
assignments are in place: BO through B2’s addresses are r10-r12; A0 through A2’s addresses
are r13-r15; and j is found in r4, and remains there after the snippet. We are assuming a
single-cluster VEX system, and so for clarity the cluster modifiers (see Appendix A) are not
written in the sequential VEX code.

hardware, at least partially. The usual analogy is to a factory floor assembly line, in which
a product advances down the line having different things done to it at each station of
the assembly line. Each station does not have to wait until the object being processed
completely finishes before contributing to the process again. In a processor, hardware
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that carries out a 32-bit integer multiply in two cycles can be built in such a way that a
new multiply operation can be started each cycle, with the result always popping out
of the pipeline two cycles later. The hardware used for the first half of the operation is
completely freed up after one cycle and may be used for the next relevant operation on
the very next cycle.

Pipelining speeds up programs by allowing parts of the execution of that program
to occur in parallel in a way that goes beyond the most simple-minded view of what
the program does, and the resulting speedup is a form of ILP. However, when people
think of ILP they tend to think of two other factors that speed up programs: multiple
issue and extra functional units. Both of these typically allow different operations to
overlap their execution on disjoint functional units. If a three-cycle floating-point add
is issued, for example, a following one-cycle integer add could be started in the very
same cycle, rather than waiting for the floating-point operation to finish. (We will ignore
until Chapter 5 details involving a potential clash of such operations in other parts of
the datapath, such as when their results are written in a register bank.) Similarly, the
hardware may contain extra functional units. This could allow operations that otherwise
would have shared hardware resources to be executed in parallel. When there are extra
functional units, often processors are designed to issue multiple operations at once. It is
common, for example, for systems featuring ILP to be able to issue more than one integer
add per cycle, each dispatched to its own integer-add functional unit, which in turn can
use a path to the register bank that is disjoint from any other operation’s path.

Thus, we can identify several aspects of a processor’s hardware that enable ILP:

1. Different multicycle operations may share the same hardware by using different
parts of it in different cycles. This allows different operations to be “in flight” at
the same time. (For example, some multicycle floating-point functional units can
issue a new operation every cycle. Another example is shown in Figure 2.2, where
we issue a memory operation in each of the first six cycles.)

2. Operations may be executed using different parts of the execution hardware
found in the processor. (For example, a multicycle floating-point operation or
a multicycle memory operation may overlap with an integer add. Another example
is shown in Figure 2.2, where we issue a load, a compare, and a branch in cycle 6.)

3. More than one operation might be issued in a given cycle. (For example, one
commercial VLIW processor, the Multiflow TRACE [Lowney 1993], could issue 28
operations in each cycle. The system shown in Figure 2.2 can issue four operations
in each cycle.)

4. New or replicated functional units may be added, allowing different operations to
be overlapped. (For example, a processor might have two integer-add functional
units, as it does in Figure 2.2, where we perform both an addition and a
subtraction, requiring two integer functional units, identical in this case.)

In Figure 2.2(a), we see that the code snippet, which took 33 cycles to execute on the
most sequential-possible system, can be executed on this modest VLIW in 10 cycles. This
is a 3.3x speedup over that simple system, yielding an IPC of 1.8 (since there were 18
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[1] Tdw $r20 = 0L$rl10] Load BO 3

[2] ;T;dw.d $r2l = 0[$rll] Compute condition 5

[3] ,T,dw.d $rz22 = 0[$r12] Testcondition:.branch if true
(47 dw.d $r23 = 0[$r13] Lanle

cmpeq $b0 = $r20, 0 f_)3

X tract BO from A
[57 1ldw.d $r2d4 = 0[$r1d] Subtract B0 from A0

cmpeq $bl = $r2l1, O

s

Accumulate result in J

—
O
~

[6] Tdw.d $r25 = 0[$rl5] - N
cmpeq  $r2 = $r22, 0 !
br $b0, DONE 2
M 3
[7] sub $r23 = $r23, $r20 2
[8] add $rd4 = $r4, $r23 5
sub $r24 = $r24, $r2l 6
br $bl, DONE
.. 7
[9] add $r4 = $r4, $r24 8
sub $r25 = $r25, $re? 9
br $b2, DONE
. | 10 )
[10] add $r4 = $rd, $r2b ()

(a)

FIGURE 2.2 A compacted snippet. In (a), the “snippet” of code from Figure 2.1 is shown
scheduled for the VEX default system (see Appendix A). This system, which has 64 general-
purpose 32-bit registers (GRs) and eight 1-bit branch registers (BRs), can issue up to four oper-
ations in each cycle. However, it cannot issue more than one memory operation at a time. In (b)
we see a data-dependence graph (or DAG, for directed acyclic graph) representing one iteration
of the loop. The numbers on the edges are the latencies of the dependence. The dotted edge
represents a control dependence, and the solid lines represent data dependences. The diagram
in (c) is a way of representing the program that gives the system designers a way to visually get a
sense of the ILP being extracted (it corresponds to the snippet, but is not as detailed as would be
those which come from the VEX tool that produces these).

original operations). This speedup derives from all of the factors described previously,
and from scheduling past branches (as described in the following).

A complexity very important to ILP occurs when programs branch. Typically,
processors are built in such a way that the operation that follows an untaken branch
operation can be executed in the next instruction cycle. When a branch is taken, how-
ever, a break in the execution of the pipeline occurs that results in a delay while the
processor prepares to execute the correct next operation. That break is referred to as a
“bubble in the pipeline,” and typically ranges from two to as many as 15 or 20 cycles.
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ILP can often be enhanced if program execution is rearranged in such a way that the
branch direction is determined earlier than it was in the original sequential semantics.
The enhancement occurs because the operations that used to be immediately before the
branch are now after it, and must be executed either way the branch goes. We thus could
perform these operations during the “bubble.” Some processors are built to allow this
form of ILP, referred to as filling the delay slot or filling the pipeline bubble.

Pipelining and filling delay slots are techniques not often classified as ILP, since
they are commonly used in RISC processors to try to bring the IPC up to 1 (the “Holy
Grail” of RISC processor architectures), and because many people picture ILP in terms
of multiple issue. However, these techniques fit the definition and spirit of ILP, and we
regard them as such. Nevertheless, it is only after we add multiple issue that we can
obtain IPCs in excess of one, the expectation for processors offering ILP.

2.1.3 Dependence and Program Rearrangement

Hardware manufacturers have repeatedly built processors that offered ILP in the form of
pipelining, delay-slot filling, and more recently multiple-issue and replicated functional
units. At first, it was common for these processors to be disappointing in the IPC they
attained. The problem was related to a factor that must be considered when operations
are overlapped; namely, “operation dependence.” Operation dependence refers to the
fact that sometimes an operation cannot be issued until a previous operation has com-
pleted. If one executes using the simplest sequential semantics, there is no problem.
However, if you overlap operations there is the chance an operation you would like
to issue next cannot be issued because a previous operation is not finished and, for
example, the data it produces is required for the operation you would like to issue. In
this case we refer to the operation dependence as data dependence. Usually, when an
operation cannot be issued because of data dependence there are independent opera-
tions later on that could be issued immediately, if only the hardware were offered an
opportunity to do so. To solve this problem, programs must (while running or earlier)
be rearranged from their original sequence of execution but still give the same results
as the original program. Without such rearrangements, we cannot expect IPCs much
above 1.

A second form of operation dependence occurs when we would like to issue an oper-
ation when a prior branch has not resolved. In that case, the limitation occurs because
not knowing which direction the branch will take means we cannot be sure whether it
would be correct to issue the operation we would like to issue. We refer to this as control
dependence.

Because operation dependence is such a major limiter of IPC, much of the research
and development effort in ILP has been devoted to methods of rearranging programs so
that more operations can be issued per cycle, but with the same results as would have
been obtained following sequential semantics. Where and when these rearrangements are
done — whether in hardware as the program runs or in software either in advance or as the
program runs — are the major distinguishing characteristics among processor types and
design styles. The effects of program rearrangements are quite subtle, and involve such
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factors as whether seemingly commutative operations are indeed commutative when
implemented in hardware; what the state of a computation is, in terms of the original
sequential semantics; when an interrupt occurs; and when the operation of the program
is observed by a programmer using a source-level debugger.

However, as will be explained in detail as a running theme in this book, a great deal
of ILP is enabled by our ability to move operations beyond control dependences, using
the critical technologies of trace scheduling (and its successors) and software pipelining
(see “Global Instruction Scheduling” later in this chapter, and Chapter 8 “Compiling for
VLIWSs and ILP”). These are both examples of speculative techniques, in which opera-
tions are executed before they would be under sequential semantics (and thus corrective
measures are required to ensure program correctness). A related technique called predi-
cation also enhances scheduling freedom, by converting control dependences into data
dependences. In an architecture that supports full predication, every operation includes
an extra 1-bit “predicate” operand to guard the execution of the operation (the operation
only takes effect if the predicate is true). As we discuss in Section 4.5.2, “Predication,”
there is also a poor-man’s version of predication called partial predication. In an archi-
tecture that supports partial predication, we can use multiplexer-style operations (an
operation called a select or a conditional move) to choose between two values to store
as the result.

The snippet shown in Figure 2.2 is an example of code in which the ability to move
operations above branches is critical in attaining ILP. We will see that there are problems
with moving memory operations past control dependences, and in the scheduled snippet
five of the loads become speculative and their opcodes change from ldw to ldw.d. Due
to their speculative nature, they have each become dismissable loads; that is, a load for
which an exception must receive special treatment because it is possible it would never
have executed and raised the exception. (The history of the term dismissable loads is
interesting. At Multiflow Computer, the VLIW pioneer first to use these loads in this form,
they were called dangerous loads while the first computers were being developed. Once
Multiflow had customers, it became obvious that a different term would be better, but the
“d” was already immortalized in the opcode dId. Thus was born the term dismissable.)

2.1.4 1ILP and Other Forms of Parallelism

ILP is often contrasted, and often confused, with other forms of processor parallelism.
When these other forms of parallelism are effective, sometimes the parallelism they
achieve lowers the ILP available, and sometimes the successful use of ILP lowers the
parallelism available via these other methods. Others of these forms of parallelism tend
to be relatively independent of ILP.

The most popular form of processor parallelism during the 1970s and 1980s was
vector processing. A vector processor has dedicated hardware for long vectors. The
instruction-set architectural view of a single machine-level vector operation is that it
sets off a process whereby vector operands are operated upon as a whole. For exam-
ple, a VECTOR ADD operation might bring two long streams of data in from memory,
add them in pairwise fashion, and store the resulting long stream of sums in memory.
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Vector operations are mixed with normal (scalar) operations in the code executed by the
vector processor. When vector processors first appeared, these operations were usually
placed there by a hand coder or a human user of vector library calls. By the end of the
1980s, however, compilers were doing a better job of this than humans, except for the
most painstakingly handcrafted vector code. Vector processing was most popular in sci-
entific simulations and in other domains in which long numerical vectors dominated,
and remains popular in that environment.

Vector systems usually find parallelism that is also available via ILP. The ILP com-
piler techniques of software pipelining and loop unrolling work best on code that is
vectorizable. Generally, vector hardware works better than ILP on very regular code
containing long vectors, whereas ILP techniques and hardware tend to work better than
vector processing when the structure of the code is somewhat more irregular, and when
vectors are short. In addition, ILP offers the advantage that the same hardware can be
used on the parts of code that are not vectorizable, whereas vector hardware is dedicated
to vector use only.

Multiprocessing and multithreading are terms used inconsistently in computing.
Both involve running different programs, or parts of programs, at the same time — either
literally together on multiple processors or alternately stopping one to run the other for
a period. Sometimes the motivation for multiprocessing is to allow more than one pro-
gram to share a system, thus showing progress on several programs at once. Other times
multiprocessing is used when there are multiple processors within a single computer
system. When these techniques are used to speed up a single program, that program
is divided into relatively independent (in the sense of needing little data communica-
tion among them) processes. These are then either run on separate processors in order
to effect parallelism, or possibly swapped in and out of a single processor to hide the
latency of a processor waiting for something (for example a fetch) to complete. Often,
special processor hardware facilitates this. Usually, when people refer to multithread-
ing they mean a system in which the independent processes, called threads, are very
lightweight or are not very self-contained. They are usually small fragments of the com-
putation having little state beyond the current state of the program they are part of. Thus,
the cost of switching from one to another can be quite low, and the performance gain does
not have much overhead to amortize. A technique called simultaneous multithreading
(SMT) allows different threads to be active in the processor at the same time, often having
their own private registers or hardware instruction register but sharing functional units
and other hardware. This old idea (first appearing in the CDC-6600 peripheral hardware
in the early 1960s) had a resurgence starting in the 1990s, and it is now used within the
main CPU of some processors.

Like vector processing, these techniques sometimes share the parallelism available
to ILP. When that happens, it is usually the case that the code being multiprocessed
is also vectorizable, and all three techniques work, each to the exclusion of the others.
Other times, these techniques find completely independent parallelism, and they and
ILP may provide a multiplicative reduction in compute time.

Micro-SIMD (for “single instruction, multiple data”) involves new operations that,
although they operate on standard-sized architecture registers, treat each register as
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2.2

a collection of smaller pieces, and thus work on data that has word size shorter than
the basic data size of the processor. These short pieces of data are grouped into single
data words and then operated upon simultaneously by functional units specially built
to do this. For example, a single 32-bit data word might really consist of four 8-bit data
quantities, and micro-SIMD hardware might add two such words in a single cycle (per-
forming, in effect, four operations in one). Most micro-SIMD parallelism is independent
of ILP, and can be exploited in an ILP processor. We return to micro-SIMD instructions
in later chapters, in particular in Section 4.1.4 and Section 5.4.1, where we discuss how
micro-SIMD units are implemented.

Design Philosophies

In the short (25-year) history of VLIWSs, there has been a lot of confusion about what
class of “thing” a VLIW is. Is it “an architecture”? An “implementation technique”?
Or “a machine”? These questions seemed confusing when VLIWs were first proposed,
and the debates were not always so academic. Early investors in VLIW computer com-
panies wanted to know what they were getting. Was there, for example, some form of
intellectual property they would own that characterized all VLIWs? Similarly, even
established computer companies doing deals with VLIW companies wanted to put
boundaries around what was or was not part of the deal. Debates occurred with reg-
ularity about what exactly VLIW was. Even today, people debate whether the Intel IPF
architecture,' the heir presumptive to the Pentium line, is or is not a VLIW. It is instruc-
tive to understand the answer to the question “What does it mean to say something is a
VLIW?” Doing so will add clarity to many of the discussions that follow, and many of
the concepts we describe are clearer when seen through the lens of this understanding.
So what is VLIW? Although VLIW is often referred to as an “architecture,” it is
most accurate to say that VLIW is an architectural design philosophy or a design style.
A design philosophy is, in essence, an informal set of guidelines, principles, and com-
mon building blocks that distinguish one processor design from another. There is no easy
litmus test that tells you whether a given processor was built following a given design
philosophy, since this is rarely a black and white issue. However, people experienced
in the field of computer architecture will agree on whether it was, and to what extent.
The concept of computer architecture design philosophies maps very well to the con-
cept of building architecture design philosophies. For buildings, this is a well-known
concept. See the book by Poppeliers and Chambers [1993]. For example, some buildings
are described as following the Victorian design philosophy, whereas others might be
following modernism, art deco, or gothic. And just as we refer to a house as a contem-
porary house, we say that a processor is a VLIW processor or just “a VLIW,” all being

1. When we began writing this book, the 64-bit EPIC architecture developed by Intel and HP was
still called IA-64 (for “Intel Architecture” with a 64-bit word length). The first commercial imple-
mentation of that architecture was dubbed “Itanium,” and Intel has since renamed the architecture
IPF, for “Itanium Processor Family.”
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What Does It Mean to “Invent” a Design
Philosophy?

In writing a book of this nature, we often need to cite the source of a concept or piece of
technology. In some instances that source is muddy or controversial. The RISC architecture
style is an instance in which it is controversial. We have heard many debates on who
invented RISC. A simple web search reveals:

e  “Cray also invented RISC, Reduced Instruction Set Computing, a technology that
allows desktop computers to process tasks more quickly.” (From the CNN obituary
of Seymour Cray dated October 5, 1996, referring to the design of the CDC-6600 or
perhaps its predecessors.)

e “I mean, there is no question that even though we invented RISC ...” (From a
speech by Lou Gerstner, IBM CEO, February 14, 1996.)

e Other attributions to John Hennessy, John Cocke in 1979, earlier (1960s) IBM
designs.

These debates are a perfect example of the difficulty of this sort of attribution. In this
book, we cite David Patterson, and to a degree John Cocke and John Hennessy, as the
inventors of RISC. However, their invention of RISC happened in the early 1980s, whereas
there were RISC-style CPUs designed as early as the 1960s, if not earlier. To us, this is
completely consistent: the “invention” of a style is not quite the same as, say, the invention
of the cathode ray tube or a new sorting algorithm. The invention of a style occurs when
someone frames the idea, lists its attributes, points out the alternatives, and probably gives
it a name. This is what Patterson did, quite energetically, in the early 1980s. He framed the
RISC-versus-CISC debate (no one used those terms before that), and he made the entire
community aware of the distinction. Before Patterson, there was no framework in which to
have the debate, although many people preached simplicity in architecture (just as right-
thinking people do in virtually all aspects of computer systems). And once the RISC/CISC
debate was framed, a great deal of measurement followed, one of the main positive effects
of this debate.

Patterson did not even invent the term RISC. Carlo Sequin did during a discussion with
Patterson in a car while they were trying to think through a contract proposal. (Patterson
says they were attracted to the word because the funding agency liked risky projects.) But
in our minds Patterson deserves to be regarded as the “inventor” of RISC; or perhaps the
trio of Patterson, Cocke, and Hennessy, all of whom popularized it.

We are reminded of the very relevant joke about two historians debating whether
Christopher Columbus or Leif Erickson was the first European to “discover” America. The
two argue back and forth for some time, quite heatedly, with the Erickson advocate saying
“but we’ve found the ancient settlements, and there are written records, and...” until the
Columbus advocate, in disgust, slams his fist on the table and screams “but, dammit, when
Columbus discovered America it STAYED discovered.” The attribution of the invention or
discovery of a style is very much like that.
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shorthand for “following the philosophy of.” This is different from referring to a house
as an Eichler or Gaudi (referring to the builder or architect), just as it is from referring to
a Hewlett-Packard or Seymour Cray processor (referring to the builder or architect).

We’ll now briefly compare five important design philosophies, in pairs: RISC ver-
sus CISC, VLIW versus superscalar, and VLIW versus DSP. We do this to illustrate the
concept of design philosophies and because these particular philosophies are important
to the content of this book.

2.2.1 An [lustration of Design Philosophies: RISC Versus CISC

In the early 1980s the design philosophy of Reduced Instruction Set Computing, or RISC,
emerged. Popular processors had been built that followed the RISC philosophy (some
were built 20 or more years earlier), but the debate over whether RISC was a good design
philosophy, as well as the terminology in which one might have this debate (includ-
ing the term RISC and its alternative, CISC), did not occur until the 1980s, largely as
a result of the popularization of it by David Patterson of UC Berkeley and, to a degree,
by John Cocke of IBM Research and John Hennessy of Stanford University. The RISC
philosophy can be stated as: build hardware in which almost all of the operations are
simple, fundamental operations, operating on simple data kept in registers, plus load
and store operations. The alternative philosophy, complex instruction-set computers
(CISC), advocates the use of complex operations in addition to simple instructions. The
classic example of a complex instruction is a STRING MOVE, in which a stream of char-
acters stored in memory is moved to another location by being loaded to and then stored
from the registers, and set off by a single operation. The debate arose after CISC-style
computing became very popular in the 1970s. It was aided by the emergence in the
1960s of programming languages, notably PL/1 and Algol 68, containing many com-
plex operations as primitives of the languages. One motivation behind the CISC design
philosophy was that the compiler could, in principle, map these operations to similar
complex operations in the hardware, thus, as it was said, “reducing the semantic gap
between programs and hardware.” Indeed, it was hoped that compilers could synthesize
these operations even when the programmer had not expressed them directly. (Vector
operations and their corresponding hardware are excellent examples of the CISC phi-
losophy, and in that limited domain compilers did ultimately get good at synthesizing
vector operations even when they were not explicitly expressed.) Commercial compil-
ers never got good at finding CISC operations, and the value of CISC-style architectures
lay in more subtle factors, not least of them being the market position of existing CISC
architectures.

Today, the RISC/CISC debate is over. With the introduction of Pentium Pro, Intel
proved to the world that an implementation of a CISC ISA could apply all of the same
techniques used in RISC processors. Most of the manufacturers of RISC processors have
exited the market. IBM’s Power/PowerPC architecture seems to be the sole remaining
healthy contender. For our purposes, what is important is the concept of an architectural
design philosophy, and the ways in which such philosophies can be compared and
analyzed.
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An interesting way of looking at the RISC/CISC design philosophy debate is to con-
sider what is exposed to the machine-level program (or, looked at another way, to the
compiler). In a RISC system, the machine-level coder or compiler can see all of the simple
operations the processor is capable of. The operations will then be executed only when
they are explicitly set off in the code. In a CISC system, the hardware itself sets off sim-
ple operations — the very operations that compiler might have seen —but the hardware
hides them from the compiler in the course of carrying out a complex instruction. In a
STRING MOVE, for example, there are many loads and stores (and even an end-of-string
test to check whether it is finished) that the compiler is not aware of. The generated
code says something higher-level, and then the processor manipulates the simple oper-
ations on its own. Thus, we say that the operations of a RISC processor are “exposed
to the compiler” or just “exposed.” (This has led to the suggested other meaning of the
acronym RISC: “Relegate the interesting stuff to the compiler.”) There are at least a half-
dozen major characteristics a processor might have that would make it simple rather than
complex. Few processors fall on the RISC side of all of these characteristics. It is thus
clear that this distinction is one of “general philosophy followed” rather than anything
more precise.

2.2.2 First Definition of VLIW

Since VLIW is an architectural design philosophys, it is more of a loosely connected set of
guidelines and beliefs than a precisely defined methodology. A succinct statement of the
VLIW philosophy might be: “Expose instruction-level parallelism in the architecture.”
This statement applies to many levels of the system, including the microarchitectural
hardware, the instruction-set architecture, and the compiler that targets the architecture
and microarchitecture. Parallelism refers to the opportunities in a program to find inde-
pendent tasks and perform them separately rather than sequentially. ILP focuses on the
instructions in the processor’s control stream. In an ILP machine, multiple operations
can be executed in the same clock cycle, which is accomplished by explicitly encod-
ing this execution parallelism into the instruction-set architecture and the machine
implementations. ILP has fueled much of the architectural performance gains of the
microprocessor revolution.

VLIW has historically been a high-end general-purpose architectural technique. For
a long time VLIW implementations required too-high transistor budgets and connec-
tivity, and VLIW compilers were too fragile to use outside a relatively narrow range
of supercomputing problems. However, improvements in transistor budgets and refine-
ment of ILP compilation techniques have closed this formerly large gap. It is now possible
to envision (and deploy) VLIW machines that target embedded-processing performance,
cost, power, and size. VLIW machines currently occupy the high end of the embedded
space, but over time they will become increasingly attractive and useful for all embedded
applications.

Like any other engineering choice, VLIW makes tradeoffs. VLIW architectures tend
to have plentiful registers, simple encodings, and manageable resource requirements,
making automated compilation for them possible. Indeed, getting performance from
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Pitfall: Confusing the Aspects and Performance of
a Design Philosophy with Its Early Implementations

A great deal of attention surrounds new types of processors, especially when they espouse
anew design philosophy. There are two ways in which this attention may paint an inaccurate
picture of the design philosophy. First, outstanding characteristics of the processor can
be seen as hallmarks of the design philosophy. An example in the emergence of the RISC
philosophy was “register windows” on the Sun SPARC architecture. This was a processor
feature that had nothing to do with the RISC philosophy. However, because this was a well-
publicized early RISC implementation, many people, including some quite sophisticated
about computer architecture, came to the conclusion that this was a RISC feature. A second
factor is that new processor implementations are immature, and have not yet been tuned
for performance in the way more mature implementations are. Thus, the performance of a
new processor that follows a new design philosophy will often be slower than the designs
it is compared with, or at best no faster, adding to the natural skepticism of the new design
philosophy. This effect applies to new technology in general, and is described well by
Clayton Christensen in The Innovator’s Dilemma [Christensen, 1997].

An interesting demonstration of this second effect occurred during the period 1999
to 2000, when information was being released about Merced, the first implementation
of the VLIW-style Intel IPF (but dubbed “EPIC Style” by Intel). The frequency of this first
implementation, 800 Mhz, was unimpressive when compared to contemporary x86 imple-
mentations and other mature designs. This prompted a lot of skepticism about the new
processor family, as well as a five-page editorial largely on this subject in the well-thought-
of “Microprocessor Report” by a highly respected researcher. The author wrote, “One of
the surprises about IA-64 is that we hear no claims of high frequency, despite claims that
an EPIC processor is less complex than a superscalar processor. It’s hard to know why this
is so, but one can speculate that the overall complexity involved in focusing on CPI, as
IA-64 [IPF] does, makes it hard to get high megahertz.” He then presented a very thorough
and excellent analysis of many of the complex aspects of the IPF architecture. However,
at no point did he mention, or seem to be aware of, the fact that he was talking about a
first, experimental design of a complex architecture, built by a company and a design team
more expert at implementing new versions of an existing ISA than innovating at all systems
levels simultaneously. We do not know whether the complexity of the design will signifi-
cantly slow the frequency of future implementations, but even a few years later the gap is
narrowing considerably. We are sure, though, that complexity was a much smaller factor
than the immaturity of the design. For a design as immature as that was, it might have been
more accurate to conclude from its performance that IPF implementations would ultimately
cycle very fast and perform very well.

an ILP-oriented machine requires a compiler (hand coding is expensive and difficult).
Advocates believe that throughout their use VLIW machines have offered attractive price
and performance compared to competing design styles. Implementations can have lower
transistor count than other ILP designs, and these price, performance, and size efficien-
cies can be traded off to reduce power consumption. As drawbacks, VLIW architectures
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have always had a difficult time managing backward compatibility or upgradeabil-
ity, because implementation details must be exposed in program code to enable high
performance. Historically, VLIW machines were criticized for their dependence on
compiler support, but this objection has faded as vector machines (and more recently,
superscalars) have adopted aggressive compilation techniques to improve performance.
VLIW is orthogonal to a number of other performance-oriented techniques. Pipe-
lining has become so ubiquitous and so basic that almost no implementation of any
technique excludes it. Most forms of threading, including simultaneous multithread-
ing (SMT), can be implemented on top of a variety of processors, VLIW included.
In addition, multiprocessors can be built out of almost any type of uniprocessor core.

2.2.3 A Design Philosophy: VLIW

The VLIW processor design philosophy is to open up to the program not only the opera-
tions, as in RISC, but the ILP itself. Just as there are constituent parts of a CISC operation
that are not visible in the program, superscalar ILP hardware can arrange the parallelism
in ways not specified in the code. The VLIW design philosophy is to design proces-
sors that offer ILP in ways completely visible in the machine-level program and to the
compiler.

Examples of the principles of VLIW design are: don’t allow the hardware to do
things you cannot see when programming; don’t waste silicon on said hardware; avoid
hardware that computes anything other than the intended computation on the critical
path of every instruction; have only clean instructions; and don’t count instruction bits.
We will return to these types of guidelines in more detail in the next chapter.

VLIW Versus Superscalar

Recall the VEX snippet in Figure 2.2, showing how some code might execute on a modern
high-performance desktop microprocessor. As we saw, there are several steps that must
be carried out to determine which operations can be executed in a given cycle. For
example, both data dependence and the availability of sufficient resources to carry out
the operation must be considered. Often operations must be moved up above many other
operations in the execution stream in order to gain significant performance from ILP, and
the questions of data dependence and resource availability must be considered as the
motions are made and as it is decided in which cycle an operation will be executed.
A very important consideration, then, is when and by what means these questions of
data dependence and resource availability are answered.

In some processors there is special control hardware that examines each opera-
tion as it comes from the instruction stream. That special hardware must answer the
questions of data dependence and resource availability, and must potentially look at
several operations before deciding what to issue in a given cycle. Such a processor is
said to be superscalar; that is, we say it follows the superscalar design philosophy,
and we refer to the special control hardware as superscalar control hardware. (See
Figure 2.3, which compares VLIW and superscalar.) Note that in this case the ILP is
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versus superscalar. The execution hardware of both methodologies is instruction-level parallel

and approximately equivalent. The distinction is in the scheduling: superscalars perform this in hardware, whereas

VLIWs let the compile

1 rearrange the code so that the hardware can execute it without changing it.

not exposed to the program. Instead, much as a CISC processor hides the execution
stream of small operations carrying out a STRING MOVE, a superscalar hides the pro-
cess of finding ILP. The ILP is nowhere to be seen in the program that was presented
to the processor. (Historically, programmers and compiler writers, knowing in advance
what a superscalar architecture will do, have used that knowledge as if it were a visible
feature of the architecture, and have rearranged programs for better performance using
that information.) Figure 2.4 depicts the HP PA-8000, a superscalar processor from the
mid 1990s.

In contrast, a processor that follows the VLIW design philosophy makes the paral-
lelism explicit as part of the program itself. Thus, the questions of data precedence and
resource availability have already been answered in the code that is presented to the
processor, at least in a design that follows the VLIW philosophy fully. Normally it is
the compiler that has answered these questions, in the course of generating code, and
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FIGURE 2.4 An ambitious superscalar design. The major functional blocks in the physical
layout of the HP PA-8000, a four-way out-of-order superscalar designed in the mid 1990s (the
die above was 347 square millimeters in size in the first such chips). The arrow points to the
instruction reorder buffer, which is the heart of the superscalar engine, responsible for issuing
operations to the execution units. From the size and position of the block, it is obvious that

it occupies prime silicon real estate. In domains that are particularly cost sensitive (such as
embedded), the first question that comes to mind is “What if you could do what this does
transparently at runtime, even more effectively, without the reorder buffer?” This is why
VLIWSs are particularly appealing in such domains.

Fallacy: VLIW Controls Everything in Software

VLIW is an instruction-set architecture design style, not a dogma (at least we don’t think
s0). The (building) architectural style Catalan Modernisme is very fanciful. Aimost everything
visible is very fanciful, with objects swooping everywhere, and everything very distorted.
We sure hope the elevator mechanism isn’t like that, though. Similarly, when we build the
microarchitecture to implement a good, clean and exposed VLIW ISA, we expect that we
will build dynamic mechanisms whenever that is the best technique to use. For example,
VLIW architects are not shy about dynamic register bypassing, and various sorts of loosely
coupled memory mechanisms. Indeed, some VLIW architectures even open a few dynamic
features up to the ISA without losing their pedigree.

in the most extreme case code for a VLIW looks exactly like what is executed, step-by-
step. Thus, the name “very long instruction word” processor (a program presented to the
processor will look much like the code sequence shown in Figure 2.2).

In Chapter 3 we discuss in detail the relative advantages and disadvantages claimed
for each design style. Briefly, it is often claimed that implementations that follow the

TEAM LING - LIve, Informative, Non-cost and cenuine !



62

CHAPTER 2 An Overview of VLIW and ILP

VLIW style have the advantage of requiring less hardware, lower power, and lower design
cost and time. They are often easier to design and build than superscalars offering simi-
larly complex instruction sets, and are more easily mutable than superscalars (i.e., one
can take a design of a VLIW processor and change it to a new, similar VLIW with rela-
tively little effort). All of these VLIW advantages arise from the absence of a superscalar
control unit, which can be a complex, large, and power-consuming section of the pro-
cessor design. Taken together, these advantages make it practical to contemplate VLIWs
that offer far more ILP than a superscalar can. They also have the advantage of being
easier to simulate the behavior of, since the hardware does not rearrange the execution
sequence while the program is running in ways simulators have to predict. Superscalars
have the advantage that because a sequential program can be presented to the processor
different superscalar implementations of the same sequential ISA are object-code com-
patible. This is the benefit of superscalars that has made them overwhelmingly attractive
in the general-purpose processor space. Because the ILP is exposed in a VLIW, programs
typically must be changed if they are to run correctly when even small details of the
implementation change. Superscalars are also able to adjust their execution sequence to
dynamic changes (e.g., when a fetch takes a variable number of cycles) while the pro-
gram runs, thus increasing performance. Finally, there is the fact that less compiling is
required for a superscalar, since the hardware does part of the job. As we discuss in the
sidebar “Fallacy: VLIWs Require ‘Heroic Compilers’ to Do What Superscalars Do in the
Hardware” later in this chapter, we believe that this last claim is overstated and that
in fact the great majority of the work involved in compiling for these processors is a
function of the ILP achieved, not of the processor’s architectural style. Figure 2.3 and
Table 2.1 illustrate and summarize the comparison between the two styles.

VLIW Versus DSP

As we saw in “Digital Signal Processors” in Chapter 1, DSPs are very complex devices,
often optimized in very idiosyncratic ways to be efficient on the tasks they were designed
to perform well. As silicon has become denser, DSPs have added ILP for greater perfor-
mance. Indeed, the entire modern history of DSP microprocessor engines mirrors that
of older DSPs, called “array processors.” Over time, those processors contained ILP
as well.

Given the complexity of modern DSP devices, and given that they are already labo-
riously hand coded, it is not surprising that manufacturers adopted VLIW-style rather
than superscalar-style ILP. However, do not take the word of any manufacturer that
claims to have a VLIW DSP. When silicon budgets allowed the development of “dual-
MAC (Multiply-ACcumulate)” DSPs (which could perform two multiply-accumulate
operations in a single cycle), some manufacturers claimed that they were VLIWSs, even
though they kept the horrible instruction encodings, limited registers, and general
uncompilability of the standard DSP style. Such devices are not VLIWs. To us, the
VLIW architectural style means more than exposed ILP: we expect to be able to compile
for VLIWs, we expect them to be able to run ordinary code, and we expect them to be
the clean successors of RISC that modern VLIWSs are. TI’s (Texas Instruments’) C6x DSP
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Superscalar

VLIW

Instruction
Stream

Instructions are issued from
a sequential stream of scalar
operations.

Instructions are issued from
a sequential stream of multiple
operations.

Instruction Issue
and Scheduling

The instructions that are issued
are scheduled dynamically by
the hardware.

The instructions that are issued
are scheduled statically by
the compiler.

Issue Width The number of issued The number of issued
instructions is determined instructions is determined
dynamically by the hardware. statically by the compiler.

Instruction Dynamic issue allows in-order Static scheduling allows only

Ordering and out-of-order. in-order issue.

Architectural
Implications

Superscalar is a micro-
architecture technique.

VLIW is an architecture
technique. Hardware details are

more exposed to the compiler.

TABLE 2.1 Differences between superscalar and VLIW.

architecture follows these VLIW design principles, and thus has a truer claim to the VLIW
title. Nonetheless, DSPs often embody enough of the VLIW design style that the boundary
between DSPs and VLIWs is fuzzy, and many DSPs are referred to as VLIW DSPs.

Role of the Compiler

All compilers translate from high-level languages to the machine language of the target
machine. The very first compilers performed no optimization (it was sufficient to show
that the translation was possible at all). However, very soon after the first compiler was
built for a high-level language designers noticed that additional effort by the compiler
would yield better machine code. Formalization of these techniques gave birth to the
field of compiler optimizations. All modern compilers perform some type of optimiza-
tion. The difference between a “normal” compiler and an ILP compiler is not so much
whether optimization is performed but the extent to which efforts are made to perform
optimizations, and the presence of a few specialized optimizations.

2.3.1 The Phases of a High-Performance Compiler

Any high-performance compiler can be seen as consisting of three major parts, unglam-
orously known in the trade as the “front end,” the “high-level optimizer,” and the “back
end.” This holds true for ILP compilers as well. The front end is language specific, and
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Controversy: Is EPIC Another Name for VLIW?

Intel took a large step in the direction of VLIW with the announcement of the Intel IPF
architecture, developed jointly with Hewlett-Packard. Intel coined the term EPIC (explicitly
parallel instruction computing) for the design style of this architecture, describing EPIC as
building on VLIW but embodying enough new principles to deserve its own name as an
architectural style. This has given rise to a small debate within the computer architecture
community: Is EPIC VLIW? What separates the two? Was it more marketing considerations
than technical that prompted the new name? Was Intel worried about the image of VLIW
after the commercial failure of early VLIWs? Was this simply an instance of the “not invented
here” syndrome? In short, do the differences between EPIC and the VLIW styles merit
a new label?

There is no question that in designing this processor family HP and Intel added many
features not found in previous commercial VLIWs. IPF goes farther than any prior VLIW
in separating the ISA from the implementation. It exposes information so as to leave the
hardware free to implement in its own way (for example, in extensive use of hints — in
branch prediction, in memory latency registers, and in optional register windows). (All of
these differences between EPIC and VLIW are largely there for compatibility reasons, and
thus are somewhat less relevant in the embedded world.) Ironically, those searching for
a distinction between EPIC and VLIW often assume it is speculation and predication that
set EPIC apart — ironically because these were the hallmarks of Multiflow and Cydrome
(the classic VLIW startups in the 1980s), respectively.

Ultimately, only the test of time will answer this question. Design styles are essentially
art, and any real processor or architectural family will vary from the orthodoxy of any given
design style (see “Fallacy: VLIW Controls Everything in Software” previously), just as any
interesting painting or building will vary from the standard of a style. Whether a new variant
deserves a name of its own is a subject hotly debated in many areas, as when linguists
sometimes quip, “A language is a dialect plus an army plus a navy.” (Given Intel’s strength
in the general-purpose processor market, this has some relevance.) In the art world, where
movements with names seem to pop up daily, this subject can be most controversial.
In that context and in ours, Janson'’s classic History of Art has apt advice: “It has always
been easier to invent new labels than to create a movement in art that truly deserves
a new name.”

handles the task of recognizing and organizing the input language from human-readable
form (i.e., ASCIl/Unicode text) into a computer-manipulable form, or intermediate
representation (IR). The high-level optimizer (sometimes called the “middle end”) is
responsible for machine-independent code transformations that improve performance.
The back end is machine specific, and handles the task of translating from the IR into
the bits and bytes of machine code for the target machine.

For all popular high-level languages, “off-the-shelf” front ends exist that can be
adapted relatively easily to generate IRs of standard forms. Front ends may also include
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“high-level” optimizations or language-specific optimizations. For example, vector-
oriented loop transformations or optimizations of virtual function calls in object-oriented
languages can be found in some expanded front ends.

Intermediate representations are the source of many debates within the compiler-
design community. As computer performance and memory capacity have improved,
the trend has moved from simple, space-efficient IRs to more complex IRs that summa-
rize more useful information but require more computation to build and more space to
store. Compilers can have a number of IRs and optimizing compilers tend to have at
least two: one corresponding to the syntactic structure of the source language and one
corresponding closely to machine code.

In addition to translating from an IR to machine code, the back end performs
most ILP-oriented optimizations. ILP considerations occur throughout back-end tasks,
which include instruction selection, register allocation, instruction scheduling, and
a variety of code rearrangements. Generic optimizations (sometimes called “machine-
independent” optimizations) such as constant propagation, common subexpression
elimination, and partial redundancy elimination also take place as part of back-end
optimization. (We will return to compiler structure, front and back ends, optimizers,
and IRs in Chapter 7.)

2.3.2 Compiling for ILP and VLIW

ILP compilers are similar to traditional high-performance compilers in many respects.
However, the focus on ILP requires changes throughout the structure of the compiler.
The back end must understand not just the encoding of individual operations but the
implicit (superscalar) or explicit (VLIW) ways in which parallelism across operations
can be encoded and expressed to the execution engine. More dramatic code reordering
must be performed in order to capture this parallelism. This is typically performed
by a global instruction scheduler, and to a lesser extent by code layout optimizations.
The scheduler also interacts with other machine-specific optimizations. The interaction
between the scheduling process and deciding which registers of the machine to use
(register allocation) is an open research topic, as is the question of how to schedule for
“clustered architectures,” wherein there are groups of functional units and register banks
and the compiler must decide which clusters to schedule on.

Unfortunately, ILP optimizations are not monotonically beneficial. Many of them
trade one scarce resource (e.g., code space) for another (typically, performance). Tun-
ing these tradeoffs remains an engineering black art; such information and experience
is jealously protected by compiler developers. In addition to such tradeoffs, compiler
engineering includes large-scale decisions for which no well-known answers exist,
such as phase ordering choices (which comes first, register allocation or scheduling?),
which IR to adopt at which phase, and how to represent profile information throughout
compilation.

Global instruction scheduling is the key ILP-oriented optimization. An instruction
scheduler finds and organizes operations that can be executed in parallel on the hardware
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Fallacy: VLIWs Require “Heroic Compilers” to
Do What Superscalars Do in the Hardware

It is often stated that a disadvantage of VLIW processors, as compared to superscalars, is
that VLIWs need very ambitious compilers. In fact, here are two inarguably true statements:

1. To use a VLIW processor well, one must use a very ambitious compiler.

2. A compiler for a VLIW has to perform some things that instead are performed in
hardware in a superscalar.

Logically, then, by having a superscalar control unit one avoids this heroic compiler.
Well, not quite. The flaw in the logic is deducing from the previous statements that the
ambitious part of a VLIW compiler is there to replace what the superscalar performs in
hardware. It isn’t. Indeed, the very fact that the job is performed in hardware every time
an operation is issued by the control unit is already an indication that it isn’t very difficult.
In fact, the final rearrangement of code — the thing performed by the superscalar control
unit — is relatively trivial, and compilers handle this without much effort (sadly misleading
many compiler novices into thinking they have implemented something they always heard
was very challenging).

Instead, there is a third statement one can make — a statement we and many others
are confident of but one that was almost universally disbelieved in the 1980s and is still
disbelieved by some.

3. The effort required to compile good code for a VLIW or a superscalar is 99% a
function of the amount of ILP it offers, not which architectural style it follows.

The reason for the belief that VLIWs require heroic compilers while superscalars do not is
simply that VLIWs make much more ILP practical. Superscalars that issue many operations
per cycle need heroic control units, with all of the disadvantages that implies. And then
they need essentially the same heroic compilers that VLIWs need to boot!

of the target machine. In a Jocal instruction scheduler, all of the operations under consid-
eration belong to a single straight-line piece of code, and because programs typically have
complex control structure this severely limits the scope of the scheduler. In contrast, the
scope of a global instruction scheduler includes complex control flow in the program,
expanding the ILP opportunities but complicating the analysis and transformation that
must be performed to maintain program semantics.

Prior to 1979, practical scheduling techniques were limited in the amount of ILP they
could find. Introduced in 1979, region scheduling (a form of global instruction schedul-
ing) enabled a new generation of ILP-oriented processors. The basic idea, first elaborated
in the region scheduling technique trace scheduling, is to select code originating in a
large region (typically many basic blocks) before scheduling. One then schedules oper-
ations from the region as if it were one big basic block, possibly adding extra operations
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Region Scheduling

A region-scheduling compiler typically follows this sequence in its scheduler:

Given the representation of the code being compiled in the compiler’s intermediate
form, pick a region from the as-yet-unscheduled code. The region is simply a set of oper-
ations originating in more than one basic block. Typically, but not necessarily, a region is
a set of contiguous basic blocks. Sometimes a code transformation is performed prior to
region selection, with the goal of enhancing the region selected (for example, by making it
larger). Figure 2.5 shows an example of a typical code region.

Next, place the selected operations on a data-precedence graph. Sometimes the
edges or the operations are decorated with additional information that is only important to
region scheduling. In addition, some special edges may be added to the graph that prohibit
illegal or undesirable code motions. These edges prevent code motions that would be illegal
because they would imply a violation in flow control that cannot be compensated for when
the schedule is produced. Such special edges are not required for local compaction, since
there is no flow control to consider within a basic block.

Next, construct a schedule for the operations in the data-precedence graph for this
region. This is an easier problem than scheduling an entire program, because the construc-
tor is aided by the data-precedence graph and because the region is typically restricted in
shape.

Finally, either along the way or in a post phase, perform any necessary fix-ups. Usually
these fix-ups take the form of extra operations that mitigate what would have been an
illegal transformation caused by the positions of the scheduled operations. For example,
sometimes an operation is moved in such a way that it should have been executed along
some path through the code but isn’t. In that case, a copy of the operation is placed in
the path from which it is missing. These added operations are often called compensation
code.

Repeat until no unscheduled code remains.

This is the core algorithm of region scheduling, as specified in trace scheduling. There
are many other region-scheduling algorithms that have appeared in the past 20 years, which
vary from the trace-scheduling algorithm at any step but most of which follow essentially
this framework. Typically, the algorithms vary in the region they select and in the complexity
of the schedule construction pass.

so that the effect of the program remains unchanged. See the sidebar “Region Scheduling”
for the core of the region scheduling algorithm.

Although region scheduling usually involves regions of loop-free code, most algo-
rithms handle loops in some way. For example, many compilers unroll important loops
to increase region size, but in that case the region actually scheduled is still loop-free.

Software pipeliningis a set of global instruction-scheduling techniques that deal sys-
tematically with scheduling loops. Under software pipelining, operations from several
loop iterations are gathered in a single new loop. The new loop intermingles operations

TEAM LING - LIve, Informative, Non-cost and cenuine !



68

CHAPTER 2 An Overview of VLIW and ILP

A basic block l A trace

ot

-1

' _me

FIGURE 2.5 From basic blocks to traces. In the early 1980s it became clear that compacting
only basic blocks (left) was exposing too few operations to fill all usable slots of instruction-level
parallel hardware. New global techniques that consider larger regions, such as traces (right)
emerged and opened up a new field of research.
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from different iterations to fill slots. At the entrances and exits of the new loop, new
code (analogous to the compensation code of region scheduling) is placed that allows
original loop iterations that are not completed in a single iteration of the new loop to be
completed. Software pipelining is covered in more depth in Section 8.2.5.

Profiling may be the largest area of stylistic distinction between traditional compi-
lation and ILP-oriented compilation. Profiles have been used for decades by researchers
interested in tuning programs, but ILP compilers use them exhaustively to determine
where the “hot” regions of the program are and to focus aggressive optimizations within
those regions. In traditional compilation, profiling was considered too operationally
difficult to implement because of the complexities of having users implement the two-
stage compile-profile-recompile stages. More recently, the arguments against traditional
profiling have fallen away because of a number of technical and market changes. Tech-
nically, dynamic optimization and translation systems have blurred the line between
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compile time and run-time. Such systems continually update executable programs
while they are running. In the market, users are increasingly willing to profile their
preferred workloads, and the SPEC benchmarks began allowing profile-based optimiza-
tion passes (and even supplying profile data sets) in 1995. In addition, particularly in
the embedded market, applications and sample data sets are easy to find and use, and
the additional design/compilation costs are acceptable when they improve unit cost and
performance.

VLIW in the Embedded and DSP Domains

From the first introduction of ILP in embedded and special-purpose devices, exposed
ILP has been the method of choice. For example, FPS built the AP-120b array pro-
cessors used in GE CAT scanners, and AMD offered the bit-sliced building block
family called the AMD 29000 (with VLIW-style ILP), which was used extensively in
graphics boxes. This was a very natural trend. Designers were unlikely to build a com-
plex superscalar for the small amount of code these systems were designed to run.
Like today’s DSPs, there was already the requirement that the systems be intricately
hand coded, and it would have been a difficult job to build the superscalar hard-
ware to control systems like that. In the end, it was easier to build simple execution
hardware and to perform the equivalent of the superscalar control-unit job by hand
while writing the code. Invariably, immediately after any of these products appeared
someone wanted to sell the hardware as a more general-purpose scientific computer.
“All we need is RAM instead of ROM, and some documentation. Oh, yeah, and a
compiler.”

Modern embedded microprocessors have repeated this trend. Though sometimes
for slightly different reasons, as ILP has been added to embedded microprocessors, the
ILP has followed the VLIW style, not the superscalar style. It is interesting to consider
this in light of the claimed advantages and disadvantages of each style, some of which
are controversial and subject to much debate. Consider, for example, the advantage
VLIWs offer of requiring less control hardware than superscalars (and in the presence
of a lot of potential ILP that can be a large amount of hardware). In a general-purpose
microprocessor, with a very high volume of parts and less power and cost conscious-
ness, the added silicon is less of an issue than in an embedded processor, for which
the opposite of those factors is more often the case. Indeed, power consumption and
small differences in cost are often the single most important factor in the selection of an
embedded processor, and often present the designer with the firmest limits — the limits
that cannot be broken no matter what. In contrast, even though these are still important
factors in the general-purpose domain they are typically more flexible and somewhat
less important.

Another factor that changes is the related pair of questions: how much ILP is avail-
able in the application, and how predictable is its structure in code that is running.
Starting with VLSI processes with a feature size of 0.13 micron or less, as became
available around the year 2001, there has been enough silicon available to build high-
frequency processors offering significant amounts of ILP at low enough power to make
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them usable in embedded applications. Since these processors are pushing their fre-
quency and power consumption to the limit that allows them to be practical in embedded
domains, it is the most compute-intensive applications that are the limiters. However,
those applications tend to be media codes and the like, unlike the systems programs that
tend to have a greater relative importance on the desktop. These media codes, unlike
systems programs, are very highly predictable and have a lot of ILP available. Thus,
the attractions of a VLIW are increased, given the large amounts of ILP, and the abil-
ity of superscalars to adjust to dynamic changes in program behavior assume a lesser
importance.

A third factor is object code compatibility. The need for each generation of a pro-
cessor family to be object-code compatible with its predecessors—one of the main
motivations of the superscalar style—is dramatically reduced in the embedded world,
in which code and indeed entire systems are typically rebuilt for each new product.
Although a dramatically new processor family will incur costs related to the port of
operating systems and applications, this effect is far reduced because:

e In embedded processing, the narrowness of the functionality of the product
containing the CPU means that customization of the entire system will pay off,
and thus new processors are less likely to look exactly like their predecessors.

e  The overwhelming importance of size and power also dominates design decisions.
Thus, the alternative of keeping backward compatibility, which is not consistent
with these goals, is less compelling.

e  Similarly, the overwhelming importance of size and power also limits
performance, and often performance goals must be met. Object code
compatibility can incur performance costs that might be unacceptable.

Once it is apparent that object-code compatibility is not as big a factor in the embedded
world, there is still the need to incur the design costs of new hardware. VLIW pro-
cessors are much easier to scale and customize than superscalars, in that they consist
of regular functional unit and register bank components, rather than the more ad hoc
and difficult-to-design superscalar control units. Thus, customization itself becomes
far more important in embedded processing, and VLIWs lend themselves far better to
customization than do the alternatives.

When one considers the unique constraints of embedded applications (programma-
bility, power, size, cost) in addition to their unique liberties (little need for backward
compatibility, little need for upgradeability, and willingness to trade design/compile
time for reduced production cost and complexity), VLIW seems like a close match for
the embedded world. Further benefits can be obtained by tuning the VLIW instruction
set to specific embedded applications.

Designers appear to agree with this argument. In the last few years, many VLIW
cores have been announced and deployed in the embedded and DSP markets. Exam-
ples include the TI C6x family, the Agere/Motorola StarCore architecture, Sun’s MAJC
architecture, Fujitsu’s FR-V, ST’s HP/ST Lx(ST200), Philips’ Trimedia, as well as Silicon
Hive Avispa, Tensilica Xtensa Lx, Analog Devices TigerSharc, and many others.
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Historical Perspective and Further Reading

As early as the 1960s, several groups were doing work related to what would eventually
become ILP, but there was little consciousness of ILP as a subject. Before the 1980s, there
was no organized attempt at a body of technology that addressed VLIWs and ILP (and
the terms were not even used until then). However, there were hardware and software
development efforts that were a preview of modern ILP.

2.5.1 ILP Hardware in the 1960s and 1970s

During the 1960s and 1970s, architectural trends in three different processor areas
started the motion toward ILP. These areas were:

1. High-performance general-purpose scientific computers, which we would today
say had superscalar characteristics. These were the supercomputers of their day.

2. Attached signal processors, or “array processors,” which were the forerunners of
today’s DSP processors.

3. Horizontal microcode, which can be thought of as a RISC-like level of code, used
to hardwire a program into the CPU that emulates a more complex instruction-set
architecture’s instructions.

In each case, an innovative CPU design allowed some degree of ILP, but in all three areas
there was a perceived inability to automate (via a compiler) the production of very much
ILP. The gap between the ILP that seemed to be available and what could be produced
automatically led to a robust research area, and eventually to the modern era of ILP.

Early Supercomputer Arithmetic Units

The CDC-6600 [Thornton, 1964], the IBM research processor Stretch described by
Buchholz [1962], and the IBM 360/91 [Tomasulo, 1967] were the scientific supercom-
puters of the 1960s. They embodied ILP by performing several arithmetic operations
simultaneously. These processors were the prototypes for the scalar portions of the
supercomputers of the 1970s and 1980s, and for the superscalar microprocessors of the
1990s.

The computer science community surrounding these early scientific computers was
very aware of their instruction-level parallelism, and they already contemplated the
question of whether ILP (though they did not yet use that term) could be exploited for
still greater gains. It is remarkable to read: “If this approach is carried further in the com-
ing years, processors may contain tens or hundreds of independent arithmetic units.
The problem of efficient utilization of such a processor then becomes a major problem.
Ultimately, the problem of efficiency will fall on the compilers and the compiler writers.”
[Stone, 1967]. The compiler experts, too, were aware of the potential, but saw the lim-
itation: “In particular, stores must be inhibited while fetches are in progress, and vice
versa. This feature makes it infeasible to extend this design to include parallelism on
a very large scale.” [Schwartz, 1966]. Compilers did do the job of finding ILP in short,
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straight-line pieces of code as early as 1964. Indeed, a discussion was reported in Com-
munications of the ACM in 1964 —involving such computer pioneers as Alan Perlis,
John Backus, Robert Floyd, and Maurice Wilkes —after the presentation of a paper on
the subject [Allard, 1964]. The summary of the discussion was that “The paper did
present an ingenious method of rearranging the linear structure of a calculation and of
departing from a linear structure and carrying out operations in parallel. The demand-
ing bookkeeping required to assure that the proper operands enter into the calculation
seemed, at least at first glance, to have been solved.”

Unfortunately, the movement toward general-purpose ILP soon died out in this
community. Anecdotally, it is believed that it was killed by a series of experiments to
measure the maximum ILP available in programs (the first of the so-called “Maxpar”
experiments), most notably experiments done by Riseman and Foster [1972]. Ironically,
they found nearly unbounded amounts of ILP, but the straightforward hardware-oriented
methods they imagined would be able to exploit it required impractical quantities of
hardware. The community took this to mean that there was not much ILP available,
rather than that it was there but they were not looking at the problem the right way.

Attached Signal Processors

The 1970s saw the development of what were called attached signal processors, or
“array processors.” The most famous of these were the Floating-Point Systems (FPS)
AP-120b (introduced in 1975) and FPS-164 (introduced in 1980), though there were
many others, offered by Numerix, Mercury, CDC, and Texas Instruments, among others.
Charlesworth [1981] is a good summary of the FPS processors.

These processors were designed for scientific computing, but offered a greater
amount of ILP (in a style that resembled VLIW) than the general-purpose scientific
computers. Because the architectures were very idiosyncratic to begin with, and offered
so much ILP, they were exclusively hand- and library-coded. Users always wanted
to have compilers for these systems, and there were many efforts to build them, but
even when compilers for these systems worked correctly they could not find much
ILP. They were used strictly for low-frequency code, not the high-performance code
the machines were acquired for.

These systems had architectures and applications very similar to today’s DSP micro-
processors. Although many were used as small departmental supercomputers, their
greatest volumes were in embedded use.

Horizontal Microcode

Microcode, which can be thought of as a RISC-like level of code, is used to hardwire
a program into the CPU that emulates a more complex instruction-level architecture’s
instructions. Some people describe RISC as being the microcode level of a CISC com-
puter, cleaned up and simplified. The main difference between microcode and RISC is
that microcode operations are at a somewhat lower and more detailed level than RISC
operations, and are usually more idiosyncratic. Since typically only one program is to
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be written in it (the one program being the emulator of the ISA), the price of obscurity is
not so high.

In microcode, it is very natural to allow several of the pieces of hardware to run
in parallel, and then the microcode is described as being “horizontal.” Sequential
microcode is described as “vertical.” Despite the small quantity of code production,
there was a desire to make the code more manageable, which led to the research area
of “microcode compaction,” or the conversion of vertical into horizontal microcode.
This was made more widely applicable by the prospect of “writable control stores” for
microcoded CPUs, which were expected to lead to the production of far more horizontal
microcode (but that did not happen). The extensive research on this topic, first appearing
in the early 1970s and peaking by the end of that decade, is described by Landskov [1980]
and Dasgupta [1979]. That research community, largely centered on the “Workshop on
Microprogramming” (now the International Symposium on Microarchitecture), never
produced technologies that led to the widespread use of compiled microcode, but the
techniques developed there eventually enabled VLIWs. Thus, one can think of VLIWs
as having sprung from that community.

2.5.2 The Development of ILP Code Generation in the 1980s

Before the early 1980s, there were no automated software techniques that found large
quantities of ILP in programs and presented that ILP to the hardware. As a result, pro-
cessors offering more than just a minimum of ILP were necessarily special-purpose
devices, running handcrafted code, and relegated to highly specialized tasks. The change
in ILP occurred when two different classes of code-generation technologies —region
scheduling (for acyclic or nonloop code) and software pipelining (for loop code) —were
proposed, put forward algorithmically, and developed into products. This made possible
the use of ILP in much more varied applications, and eventually led to both general-
purpose and embedded processors offering far more ILP than before. The change was
brought about by compiler and architecture researchers and engineers in all three ILP
processor domains, who often worked on these problems without knowing of the exis-
tence of the other domains. Today, rearranging code in ways that would have applied to
all three domains, as well as modern VLIWs and superscalars, is seen as one problem.

Acyclic Microcode Compaction Techniques

The first acyclic techniques were referred to as “local compaction.” These techniques
tried to find ILP in code without branches. Research done at the time did not involve
realistic implementation in actual products, and more difficult problems were largely
ignored. For example, there was little consideration of issues such as the phase ordering
with register allocation, operations with multiple-cycle latency, and complex underlying
hardware structures.

Inadequacy of Local Compaction. Local compaction techniques were applied to a basic
block because, intuitively, it did not make sense to schedule across branches. How-
ever, as these techniques were proposed and investigated researchers noticed that too
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many “slots” remained —too many in the sense that hand rearrangements still seemed
to use more of what the hardware was capable of. This shortfall occurred because oper-
ations from other basic blocks could fill the slots in ways that considered branches and
accounted for them. For example, one might shorten a schedule by moving an opera-
tion down past a branch, making a copy of the operation in both basic blocks that were
targets of the branch. Sometimes this could eliminate a cycle in the earlier block, while
not adding cycles to one or both of the target blocks. Many similar motions of this sort
become evident after even a few minutes of working with a section of code.

Although these opportunities might seem small, experiments had indicated that
most of the opportunity for shortening schedules lay beyond branch boundaries, and
although few people in the field were aware of these experiments (they were done in
an architecture context, not a software tool context) there was the broad realization in
the research community that the boundary caused by branches was the largest limiting
factor.

First Global Compaction Attempts. This realization motivated many new techniques.
The first group of “global compaction” (beyond basic block) techniques could be
described as “schedule-and-improve” techniques. These first techniques grew out of
the microcode domain, in which producing microcode in horizontal format was very
difficult, error-prone, and time consuming. Schedule-and-improve techniques appeared
in the mid 1970s. The schedule-and-improve techniques worked roughly as follows:

1. The program is divided into basic blocks, each of which is scheduled (local
compaction).

2. The scheduled program is then iteratively improved by moving individual
operations from block to block.

These techniques gave researchers the intuitive feeling that they were mirroring what
people were doing when they performed microcode compaction by hand. The best
known of the early global compaction techniques was developed by Tokoro and his
colleagues [Tokoro, 1977]. They built templates for each operation, in which the two-
dimensionality of the template allowed a limited representation of the resources used by
the operation. After local compaction, a search was performed to find candidate moves
between blocks, based on the criticality of the operations. Then a catalog of potential
legal moves, similar to those used for compensation code in region scheduling, was con-
sidered for the most critical operations. There was an additional facility for backtracking
to avoid deadlocks that could occur when code motions left an operation no legal slot to
occupy.

One fascinating schedule-and-improve technique took the fill-the-slots philosophy
to the extreme. Nobel laureate Ken Wilson and his students, working with FPS CPUs in
the attached processor domain, considered a scheme involving Monte Carlo techniques,
which had been quite successful in particle physics. The basic idea was that after local
compaction huge quantities of random legal code motions would be tried in search of
improvements. Sometimes even bad code motions would be tried, so that hills could
be climbed. At the time, some felt that compute time was a basic flaw in this idea.
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The only report we know of on this work acknowledged: “It has not been determined
yet how much computer time will be required to achieve effective code optimization by
the Metropolis Monte Carlo procedures. If the Monte Carlo approach works...” [Jacobs,
1982].

Schedule-and-improve methods never became popular—nearly all ILP code gen-
eration techniques proposed and implemented during the last 20 years have instead
involved some form of region scheduling.

Acyclic Region-Scheduling Techniques. A fundamental flaw in the schedule-and-
improve techniques, as seen by some researchers at the time, was that too many arbitrary
decisions were made when basic blocks were scheduled. Arbitrary local choices might
be all wrong when operations from other blocks were considered. The easiest-to-see
example of this is that operations within a block will be scheduled near the beginning
of the schedule if possible, but far more critical sequences from later blocks may be the
real processing bottleneck. Not starting the later sequences earlier may be an undesirable
choice, but by the improve phase, there are no longer slots left in which to start the more
critical sequences. Attempting to undo the earlier schedules to make new slots near the
top of the blocks can result in impractical computational complexity. Nor does it make
sense to reserve slots at the top of every block.

Region scheduling emerged in 1979 as an alternative to schedule-and-improve and
has dominated global scheduling ever since. Region scheduling, in the form of the
trace scheduling algorithm, was put forward by Fisher [1979 and 1981] and is imple-
mented and described beautifully by Ellis [1985]. Although we have introduced region
scheduling in the previous section “Global Instruction Scheduling,” Chapter 8 contains
a thorough discussion of region scheduling, its variants, and associated optimizations,
and provides references for more advanced techniques.

Cyclic Techniques: Software Pipelining

As outlined previously and described more fully in Chapter 8, software pipelining is a
set of techniques that deals systematically with enhancing ILP in loops. Some software
pipelining techniques were developed before 1970 for the CDC-6600 Fortran compiler,
although we know of no written description of those techniques. We would not be sur-
prised to hear that they were also applied by the IBM compilers for the high-performance
CPUs of the same era. We know of no sources that describe these techniques in any detail,
though they are mentioned with respect to the slightly later CDC-7600 [Weis and Smith,
1987; Charlesworth, 1981]. Anecdotally, the basic idea in the 6600 Fortran compiler
was to identify loops that fit a particular pattern. These loops performed a short string of
binary operations in each iteration that were data dependent on each other and could not
keep the functional units as busy as the issue rate theoretically allowed. The compiler
essentially performed a patterned transformation of the loop into a new loop, as well as
what are now called a prologue and an epilogue. The new loop would basically have its
halves reversed; that is, in the new loop, the bottom half of the original loop from one
iteration would be followed by the top half of the next iteration, allowing some overlap
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between the two halves. The prologue and epilogue maintained program correctness by
executing the top of the first iteration and bottom of the last iteration, respectively. This
strategy worked when the loop iterations were relatively independent.

Systematic Software Pipelining. In the early 1970s, more scientific approaches for deal-
ing with pipelines began to emerge. The first important work was done in the area of
recurrences and parallel processing in general [Davidson, 1971; Kogge, 1972, 1973], in
which the general methodology was laid out and some important terminology, such as
initiation interval [Patel, 1976] established.

More ad hoc work was done in the context of hand coding the Floating Point Sys-
tems AP-120b and FPS-164 array processors, and some understanding of the science
of software pipelining (by hand) started to emerge [Kogge, 1977; Cohen, 1978]. In 1981,
Charlesworth was the first we know of to use the term software pipelining [Charlesworth,
1981], laying out the beginnings of a more scientific approach. Shortly thereafter, Float-
ing Point Systems produced a compiler that could do software pipelining [Touzeau,
1984].

In parallel with this, Rau, Glaeser, and Pickard [Rau, 1981, 1982] established the
theory and algorithms used for software pipelining in production compilers today, laid
out constraints under which their techniques could software pipeline successfully, and
elaborated on hardware structures that would enable effective software pipelining. Their
work is the essence of modern software pipelining. Although we have introduced soft-
ware pipelining previously, Chapter 8 contains a thorough discussion, and provides
references for more advanced techniques and further study.

2.5.3 VLIW Development in the 1980s

In the early 1980s, many startup companies attempted to deliver high-performance
scientific departmental computers, using some form of parallelism as the enabling tech-
nology. The goal was to replace minicomputers with equally usable and low-cost systems
that would give near-supercomputer performance. In 1984, two companies, Multiflow
[Colwell, 1988, 1990; Lowney, 1993] and Cydrome [Rau, 1989; Denhert, 1993; Beck,
1993], used the recent progress in ILP compiling to deliver VLIW mini-supercomputers.?
Before these companies, VLIW was regarded as something of a wild idea (the term was
coined by Fisher [1983]). However, both companies delivered working systems, and
the practicality (if not the desirability) of VLIW was never again challenged. Cydrome,
started by Rau and his colleagues, had an architecture particularly suited to software
pipelining, or modulo scheduling, as it was called by Rau and others who had turned
it into a science. Although Cydrome’s computer did work, no systems were delivered
for revenue. Multiflow, started by Fisher and his colleagues, had an architecture that

2. A third minisuper company, Culler, also developed a processor that had some VLIW character-
istics, but this had sprung out of the attached processor world (Culler was the architect of the FPS
processors) and was never effectively compiled for.
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was inspired by region scheduling. Multiflow had a lot of commercial success, and
for a time was the performance/price leader in scientific computing, but eventually it
folded as well. None of the many minisuper companies could withstand the onslaught
of the microprocessor revolution. Not until 1990 would there be enough chip density
for VLIWSs on a chip, the first having been the Philips Life [Labrousse, 1990]. After their
companies died, both Fisher and Rau joined Hewlett-Packard Labs and worked on the
project that became the Intel IPF. Rau was much more influential in that project, and the
IPF contains many artifacts reminiscent of Cydrome’s technology.

It is interesting to note that both VLIW and RISC design styles came out of the
world of microcode, and were in a sense a movement toward a more important role for
compiling in processor style. Rau and Fisher were both a part of the microcode research
world, and the main proponent of RISC, David Patterson, developed his ideas there as
well. Patterson [1985] concluded his influential Communications of the ACM article
“Reduced Instruction Set Computers” with, “Joseph Fisher, a Writable Control Store
refugee like myself, is now working on compiling “normal” programming languages into
very wide instructions (or horizontal microinstructions, depending on your perspective)
for a high-performance multiple arithmetic unit computer.”

Also, during the 1980s, and extending into the early 1990s, there were more
“Maxpar” experiments, similar to those of Riseman and Foster. The first was con-
ducted by Nicolau and Fisher [1981], seeking to replicate the earlier experiments from
the point of view of showing a large quantity of available ILP. These were followed
by a series of experiments; most notably, Jouppi and Wall [1989]; Smith, Johnson,
and Horowitz [1989]; and Lam and Wilson [1992]. Each of these showed that ILP
was limited to a small speed-up, but the pessimistic conclusion of the results failed
to take into consideration potential improvements in compiling. Amusingly, though
they were presented as upper bounds on ILP the results tended to go up over the
years!

2.5.4 ILP in the 1990s and 2000s

A good overview of ILP can be found in the Journal of Supercomputing article by Rau
and Fisher [1993], which was the introduction to the Multiflow and Cydrome articles
from 1993 cited above. (There was also a shorter version by Fisher and Rau [1991]
published in the journal Science.)

ILP compiling has progressed significantly during this period, and references can
be found later in this book (in Section 8.6). In Section 2.1.4, we wrote briefly about
micro-SIMD and other forms of parallelism. To get a sense of these alternatives, we
suggest Burton Smith’s [1985] article on HEP, one of the first thread-oriented machines;
the ISCA paper by Tullsen, Eggers and Levy [1995] containing the first appearance of
SMT; and the micro-SIMD article by Lee [1994]. For multiprocessing, a good reference
is Culler et al. [1998].

In this chapter, we discussed the EPIC architectural style and its relation to VLIW.
Schlansker and Rau [2000] give a good description of the ways in which IPF goes beyond
the traditional VLIW design style.
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2.6 Exercises

Enumerate the innovations EPIC provides over VLIW (as it was perceived in
the mid 1980s). Attribute each innovation to the research group(s) that first
proposed it.

Construct a table with architecture style in the rows (minimum four rows)
and attributes that distinguish the styles in the columns. What is the minimal
set of attributes that makes it possible to uniquely identify each style?

Superpipelining is a technique that builds pipeline stages that are
significantly shorter than the shortest operation latency. For example,
consider a machine that can issue a single operation every cycle, in which
the latency of an integer add is four very fast cycles and all other operations
take correspondingly longer. Consider two possible superpipelined
architectures: one that performs dependence checking and stalls the
machine when dependent operations require results from operations that
have not yet completed, and one that does not. How do these two machines
relate to VLIW and superscalar design styles? Justify your answer.

One advantage of measuring ILP using CPI is that performance penalty
components are additive. For example, one can attribute some fraction of the
CPI to the imperfections of the memory system (such as cache misses). In
this book, we advocate the use of IPC over CPL. Is there an equivalent
property for individual components of IPG? What computation is involved?

Interestingly, there has been an idea at the intersection of region scheduling
and software pipelining. First suggested by Fisher et al. [Fisher, 1981], and
developed fully by Aiken and Nicolau [Aiken, 1988], perfect pipelining
unrolls loops an indefinite number of times, and then schedules (using
some region scheduling technique) until a pattern becomes apparent. Then a
software pipeline is set up using that pattern as the model of the new loop.
Using a short loop inspired by the snippet shown in Figure 2.1, manually
start scheduling it as if it had been unrolled infinitely many times. That is,
start scheduling the unrolled loop but never consider a cycle completed if
further unrolling would have provided new operations for that cycle. Keep
going until a pattern emerges. From this pattern, deduce the perfect pipeline,
the prologue, and the epilogue.

In Figure 2.2, we saw a DAG for one iteration of the unrolled loop of the
“snippet” that appears in this chapter. Produce a DAG that shows all 18
operations in all three iterations of the loop, annotating the edges with
dotted lines and latencies, as in the figure.

In Figure 2.2, five of the loads were changed from ldw to 1dw.d. List all of
the other operations, if any, that are scheduled above operations they were
(directly or indirectly) control dependent upon in the original VEX code
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shown in Figure 2.1. Why wouldn’t those also change to a special
opcode?

8. Match design philosophies in column A with properties in column B. Any
number of properties may apply. Expect philosophical debates over the
answers to some of these questions.

A: Design Philosophy | B: Property
VLIW Single instruction triggers complex behavior
Superscalar Better for scientific applications
RISC Dynamic conditions change behavior of
instructions
CISC Multiple issue is a distinguishing feature
DSP Backward compatible
Vector Independence information is encoded in the ISA
9. Explain why supporting binary compatibility is problematic for VLIWs.
10. Consider the following computational styles: DSPs, ASICs, FPGAs, VLIWs,

and RISC processors. Rank them with respect to cost, peak performance,
field upgradeability, and time-to-market.

11. Amdahl’s law states that if you speed up portions of a program eventually
the parts you do not speed up will dominate the running time, and thus you
reach the point of diminishing returns. Write a formula that mathematically
represents this law. Consider a program in which the dynamic execution
breakdown of operations (assume unit latency) is the following: 30%
memory ops, 40% integer ALU ops, 13% branches, and 17% floating-point
ops. What is the maximum theoretical achievable speedup (versus a
sequential machine) for a VLIW machine with one branch unit (and
unlimited other resources)?

12. Assuming a target VLIW machine with two memory units, four integer
units, two floating-point units, and one branch unit, what is the maximum
achievable speedup (versus a sequential machine) for this VLIW machine on
the program described in the previous exercise?

13. Given the following sequential list of VEX operations, why can’t operations
A and B be scheduled in the same cycle?

A) add $rl = $r2, $r3
B) mpy $rd4 = $rl, $r4
C) shr $r5 = $r2, $r3
D) add $r6 = $r7, $r8
E) sub $r7 = $r2, $r3
F) add $r8 = $r2, $r4d
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14.

15.

16.

17.

G) mpy $r9 = $r2, $rd
H) add $r2 = $r2, $rb
I) sub $r7 = $r9, $rb6

Suppose that operations A, B, and C of the previous exercise are assigned
to the functional units that perform addition, multiplication, and shift,
respectively. Which two can begin immediately?

Operation I cannot be scheduled ahead of operation E in the sequence of
the previous exercise. Why? What could you do that would allow them to
be scheduled in this order?

How many of the following sequential VEX operations can be scheduled
simultaneously in the first cycle (assume infinite resources)?

shr $r3 = $rl, $r2
mpy $r7 = $rl, 2
add $r8 = $rl, $r3
add $rl $rl, 1
mpy $r6 = $r3, $r2

In an architecture that supports full predication, every operation includes an
extra 1-bit “predicate” operand to guard the execution of the operation. The
following simple C code
z =2
if (x > 0) {
y=x+2

y =x - 4;

corresponds to the following (sequential) VEX code:

mov $rl = 2 # z in $rl
cmpgt $b0 = $r2, 0 # x in $r2

br $b0, L1
add $r3 = $r2, 2 #y in $r2
goto L2:
L1:
mov $rl =3
add $r3, rz2, -4
L2:
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Assuming a fully predicated VEX extension, rewrite this code so that it
does not contain any branch operations. Schedule the code (hint: assign
operations to cycles) by assuming a 4-wide VLIW target that can execute
any four of these operations in one cycle.

18. In an architecture that supports partial predication, we can use a select
operation to choose between two values. Repeat the previous exercise by

using select operations instead of predicates. (Hint: read about selects in
Section A.1.4.)
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CHAPTER

An Overview of ISA Design

There are no rules of architecture for a castle in the clouds.

— G. K. Chesterton, British author and journalist, 1874—1936

This chapter covers some of the main issues the designer of an instruction set for an
embedded processor (in particular for a VLIW processor) faces. We do not treat each
topic exhaustively, assuming that readers have familiarity with the fundamentals of
modern general-purpose RISC instruction sets. Instead, we highlight the considerations
that are more specific to the use of VLIW engines in the embedded world. Although few
readers will find themselves in a position to design new embedded VLIW ISAs from
scratch, many will face the task of choosing one among the large choice of embedded
processors for a given application. In this respect, we believe that understanding the
rationale behind the design of an ISA is a key factor in the process of selecting a processor
or core.

One of the underlying principles that should guide any architecture design is: Make
the compiler’s life easy.* The catch is that from a pure hardware design point of view
it is often easy to design simple features that have very negative repercussions on the
compiler. These designs are driven by the promise of saving a few gates or some code.
Unfortunately, these seemingly innocuous features sometimes force compilers to behave
much more conservatively, hurting performance across the board. This tension between
hardware and compiler mentalities has been a constant factor in the majority of ISA
designs, and finding the right balance is one of the most critical tasks for a processor
architect.

In the embedded domain, it used to be true that minimizing gates was the most
important consideration of an ISA design. This is what led to many of the idiosyncrasies

1. Some truly horrible architectural decisions have been made in the name of this principle! An
important unstated subprinciple is: Make sure a talented compiler developer is part of the decision-
making process.
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3.1

of early DSP designs. Advances in VLSI technology have changed this, and most of the
embedded world can now afford enough complexity to allow much more regular and
orthogonal instruction sets, as the success of 32-bit RISC microprocessor cores (such as
ARM and MIPS) testifies.

In the following sections, we consider several factors in the design of an ISA—
including expressiveness and regularity of the instruction set, cost, relationship to the
compiler, and design styles — for some of the most widely adopted choices. Readers who
are familiar with RISC processors will find many similarities, as should be expected,
given the close ties between RISC and VLIW. In deciding the areas to explore, we choose
to cover more extensively what we think is more relevant to a modern embedded VLIW.

Overview: What to Hide

It is conventional architecture wisdom that architectures can both hide and expose key
implementation details to the programmer or compiler. For example, the delay slots of
the early RISC machines expose part of the original five-stage RISC pipeline in the hope
that otherwise wasted cycles could be used. By contrast, the registers of many RISC and
superscalar machines are treated as if they were updated instantly by each operation.
Upholding this abstraction necessitates microarchitectural techniques such as bypass
networks, renaming, and scoreboarding. What is often omitted from the conventional
wisdom is that hiding and exposing flows both ways: an architecture can also hide or
expose key compiler details to the implementations. A VLIW architecture requires and
exposes a scheduler in the compiler; a compiler without a scheduler cannot hope to
generate good code for a VLIW machine. A compiler for an architecture with branch
delay slots will not produce good code without some delay-slot filling optimization.
Conversely, a superscalar architecture hides the compiler’s scheduler from the imple-
mentation: the implementation must assume that there are no hidden guarantees beyond
sequential semantics embedded in the code passed down at compile-time.

This section explores what to hide and what to expose in order of implementation
sophistication, starting with a baseline “sequential” machine model. The section then
explores complications that expose increasing details of implementation (microarchitec-
tural) design. Having considered these tradeoffs, we finally describe the set of choices
that typify the VLIW design philosophy.

3.1.1 Architectural State: Memory and Registers

Today’s architectures have converged on a view of architectural state that distinguishes
between two types of storage: memory and registers. Historically, registers were fast,
small, expensive, on-chip storage areas connected to specific pieces of on-chip logic.
Memory was slow, cheap, big, off-chip, addressable, and not specialized (any memory
location would do the same things as any other memory location). Recent technologies
break with some of these abstractions (memory is now sometimes fast and sometimes
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on-chip; some registers can be addressable), but overall these characteristics continue
to hold.

The abstraction of memory and registers informs both compiler and microarchi-
tectural design. Optimizing compilers expect to perform register allocation (because
register access is faster than memory access, moving frequently accessed values into
registers tends to produce faster code). Modern implementations are designed around
fast on-chip operations and relatively slower memory operations. So-called “load-store
architectures,” including most RISC and VLIW variants, divide their operations into two
groups: computational and memory access. Architectures that allow combined memory
access and computation do so by breaking such instructions into component operations
(recent aggressive CISC designs such as the Pentium 4) or by performing memory access
and computation operations in separate parts of the chip (most DSPs).

Excessive register specialization provided historical benefits that are less relevant
with today’s transistor budgets and circuit technologies. When transistors were expen-
sive, dedicating an individual specialized register to the input of a computational block
(e.g., ALU, memory system, or barrel shifter) made sense. Today, such constraints still
save a modicum of silicon but make compilation much more complicated. RISC and
VLIW machines tend to use a large pool of general-purpose registers; other register
banks exist mostly to support alternate data representations such as floating-point or
micro-SIMD. Specialization (like clustering, see Section 4.2) becomes important when
wiring congestion and number of register file ports are the limiting factors to cycle
speed.

Many implementation techniques provide the illusion of a particular number of
registers or a flat memory address space while speeding up access to either. In many
superscalar designs, register renaming simulates the architectural registers using a
larger set of physical registers. The larger pool allows more operations to execute in
parallel (more on this below). Caching is prevalent across memory system implemen-
tations, simulating a fast main memory with a small, fast cache fronting a large slow
memory.

3.1.2 Pipelining and Operational Latency

The baseline execution model in many ISAs is sequential execution, in which each oper-
ation executes to completion before the next operation begins execution. One alternative
to this is pipelined execution, in which the effects of an operation may not become visible
until some number of clock cycles after the operation issues. Even though an operation
has issued, the next operation may not necessarily see the effects of the prior operation.

Pipelining is parallelism in time because the execution of different operations reuses
the same piece of hardware at different times. All modern machines use pipelined imple-
mentations because certain operations (e.g., loads from memory, floating-point divides)
require multiple clock cycles to complete. However, it is a design choice whether the
implementation of pipelining is hidden or exposed; that is, whether the implementation
simulates sequential execution or is allowed to issue other operations during the time
between the issue of the long-latency operation and its completion.
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Pipelined implementations can be hidden in a number of ways, including bypass
networks (which allow a value to be used before or at the same time it is being written back
to the register file), scoreboarding (which prevents a dependent operation from issuing
before its sequentially determined operands are available), and out-of-order execution
(a generalization of scoreboarding that allows any operation in a window to issue if
its sequentially determined operands are available). Architectures or implementations
that expose pipeline delays make them visible in the machine model. In such cases,
operations are known to take a particular amount of time, and are typically measured
in machine cycles. Early RISC machines used bypass networks but partially exposed
their pipelines through branch and load delay slots. Such delay slots removed the need
for interlocking or scoreboarding techniques in those early implementations. However,
because these delay slots were architecturally determined, later RISC machines ended
up using scoreboards because of changes to branch and load latencies (e.g., the MIPS
R4000, released in 1991). More modern RISC machines (such as the Alpha architecture,
first implemented in 1992) chose to eschew delay slots entirely. Many DSPs enforce
a uniform latency model, in which complex operations such as fixed-point multiply-
accumulate operations occur in a single cycle. This decision increases the number of
levels of logic in a pipeline stage, limiting the clock frequency of the device in a particular
technology.

VLIWSs have exposed pipelines to various degrees and operations may take more
than a single cycle for their results to take effect.? However, within VLIWs, pipelines
can be exposed at either the architectural or implementation level, leading to different
implications for compilation and for handling interrupts and exceptions. We will return
to these implications in the discussion of VLIW design principles later.

3.1.3 Multiple Issue and Hazards

The other major alternative to sequential execution comes through multiple issue, in
which multiple operations are launched simultaneously and independently. Multiple
issue is parallelism in space, requiring separate execution hardware for each parallel
operation. Once again, it is a design choice whether multiple issue is exposed or hidden.
In a superscalar machine, multiple issue is hidden, and thus the implementation must
examine the instruction stream to find opportunities for multiple issue. This means that
superscalars issue instructions in parallel only when a compiler has left parallelism for
the implementation to rediscover or luck has placed the instructions in such a way that
they do not conflict.

Exposing Dependence and Independence

To expose parallelism in space or time, the instruction encoding must carry some addi-
tional information. That information might be some information about which operations
cannot be executed in parallel, which is called dependence information because it says

2. This is also known as the NUAL (non-uniform assigned latency) execution model.
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Terminology: Instructions and Operations

Unfortunately, the seemingly straightforward term instruction has different meanings for
different architectural styles, and even within variants of a style. In our discussion in this
chapter, we use instruction to mean “fundamental unit of encoding.” However, different
styles use instruction to refer to either units or groups at all or any of the decoding, issuing,
and execution levels. Throughout this book we will use operation to describe the funda-
mental RISC-like minimal unit of work, and we will use instruction to refer to a parallel set
of operations.

The decoder level can be seen as the level at which instruction boundaries are found
within a cache line or lines. Following IPF, we will call a memory-aligned encoding unit a
bundle, but following VEX we will call the minimum-sized encoding unit a syllable. This
follows the essentially syntactic (and therefore static) nature of decode-level features.

RISC and superscalar proponents use instruction to refer to operations at the issue
and execution level. It is indicative of their priorities that there is no common term for a set
of operations (again, they call them “instructions”) that can issue or execute in parallel. The
IPF architecture refers to “issue groups.” Unfortunately, VLIW proponents have hardly done
better. The instruction/operation split comes out of the Multiflow and HP Labs tradition,
whereas Tl calls operations “instructions” and instructions “execute packets.”

what operations depend on each other. Alternatively, it might be some information about
which operation may be executed in parallel (i.e., operations that do not depend on each
other). Because the expression of a superscalar program displays neither of these, but
rather shows just one sequential order in which the program semantics will be correct,
we refer to superscalar architectures as sequential architectures. In a VLIW, however,
multiple issue is explicitly exposed in the multiple operations that make up a VLIW
instruction. An instruction still executes as a whole, but the pieces of the instruction
go to separate, parallel hardware. In other words, VLIW architectures implicitly encode
independence information about operations. That is, they are independent enough to
be executed in parallel, in the form of multiple-issue instructions, and we refer to them
as independence architectures. It is possible for a superscalar-like machine to encode
dependence information by explicitly enforcing the dependences in the program, usu-
ally by reusing the same register name. Systems of that sort have been the subject of a
great deal of study, with the most common variety being dataflow architectures (which
we do not cover in this book). Since they encode dependence information in the pro-
gram, we refer to them as dependence architectures. Table 3.1 sums up the essential
differences among these three classes of architectural types.

Structural Hazards

Once an architecture has broken with sequential execution to embrace more paral-
lel implementation techniques, something must ensure that the original sequential
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Sequential Dependence Independence
Architectures Architectures Architectures
Example processor style Superscalar Dataflow VLIW
Dependence information Implicit in register An exact A description of some
contained in the program names description of all operations that are
dependence independent of each
information other

How dependent operations
are typically exposed

By the hardware’s
control unit

By the compiler
(and they are
embedded in
the program)

By the compiler (and
they are implicit in
the program)

How independent operations
are typically exposed

By the hardware’s
control unit

By the hardware’s
control unit

By the compiler (and
they are embedded in
the program)

Where the final operation
scheduling is typically
performed

In the hardware’s
control unit

In the hardware’s
control unit

In the compiler

Role of the compiler

Rearranges the code
to make the parallelism
more evident and
accessible to the
hardware

Replaces some of
the analysis hardware
that would be found
in a superscalar

Replaces virtually all
hardware that

would be dedicated to
parallelism exposure
and scheduling

TABLE 3.1

Architectures that encode independence information are referred to as inde-

pendence architectures, whereas those that encode dependence information are dependence
architectures. Sequential architectures do not explicitly encode any dependence information.
This classification is due to Rau and Fisher [1993].

semantics are preserved by the faster parallel or pipelined implementation. Preserving
these semantics requires analyzing the dependences between operations. Dependences
occur where reversing the order of the operations would lead to different execution
results from their original sequential execution. Dependences come in a number of fla-
vors, which we describe in more detail in Chapter 8. Of these flavors, there are three
major cases: true dependence, false dependence, and no dependence. True dependence
means that one operation actually uses the output of another operation; false depen-
dence means that one operation does not use the output of the other, but reordering
could still change the execution of the program; and no dependence indicates that the
two operations can be freely reordered.

Designers have no choice whether to hide or expose dependences; that is, wherever
storage can be read or written, dependences must be handled. However, many compiler
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and implementation features can help to remove dependences. Speculative execution
can be performed either by the compiler or by hardware; speculation allows an imple-
mentation to gamble about the value of a true dependence and to complete its work faster
ifit gambles correctly. False dependences can be removed by a suite of techniques collec-
tively called renaming. Compiler renaming moves or copies values into other registers,
whereas hardware renaming keeps track of multiple sequential values of architectural
registers in different physical registers. By copying and moving, both compile and hard-
ware renaming remove false dependences and allow the program to execute as if the
false dependence had not occurred.

Resource Hazards

Both pipelining and multiple issue allow multiple operations to be simultaneously
active. This can lead to resource hazards, wherein two operations need to use the same
piece of the machine. For example, in a pipelined machine two different floating-point
operations might both need to use the floating-point rounding hardware, but because
of different issue cycles and different operational latencies they end up requiring the
rounding hardware in the same cycle. Or in the multiple issue case, two load instruc-
tions might not be able to issue at the same time because the cache has only a single
read port. As before, resource hazards can be exposed or hidden. Machines that hide
resource hazards must detect conflicts and delay conflicting operations; machines with
exposed resource hazards require that the programmer or compiler guarantee that they
do not occur.

3.1.4 Exception and Interrupt Handling

All modern architectures provide support for unexpected changes of control. These
come in two major flavors: exceptions are raised when an operation encounters an unex-
pected condition (e.g., an illegal operation or a page fault), whereas interrupts happen
externally to the processor core but require its attention. All of the architectural design
choices listed above are complicated further when interrupts and exceptions are con-
sidered. In most cases, both interrupts and exceptions must be resumable, which means
that the processor hardware and run-time software must have enough information to
continue executing the interrupted instructions (and their constituent operations) where
they left off.

There are a number of possible levels of support for handling interrupts and excep-
tions. In the sequential execution baseline, only a single operation is executed at a time,
and thus all previous operations have completed and all subsequent operations have
not yet begun when an interrupt occurs. In a pipelined machine, multiple operations
can be in flight. When an interrupt arrives, the machine could choose to deliver the
interrupt before the next instruction is issued, giving a “clean” interrupt point. Excep-
tions are more complicated, because they might arrive relatively “late” in the pipeline.
Depending on how deeply pipelined the machine is, later instructions with shorter laten-
cies may already have retired before the exception is detected. Such deeply pipelined
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machines are said to support an imprecise exception model, and these can require addi-
tional architectural state, special instructions, and special compiler support to repair
and return from an exceptional condition. Some implementations (and especially super-
scalars with out-of-order execution hardware) support a precise exception model, in
which the implementation uses its speculative hardware to squash or commit exactly
the right set of operations to match the sequential execution case.

Interrupt and exception handling are even more complicated in multiple-issue archi-
tectures. First, any of the operations in an instruction can raise exceptions, and thus the
architecture must be able to handle multiple outstanding exceptions in a single instruc-
tion. Second, all of the issues about which operations complete or fail get multiplied
by the additional dimension of parallel issue (imprecise exception models require even
more heroic architectural support, special instructions, and compiler support).

3.1.5 Discussion

Superscalar proponents value backward compatibility, and thus their architectural
specifications often omit all details of issue width and execution unit latencies (such
information can be found as tuning hints in product-specific optimization manuals).
VLIW architectures encode issue and execution into instructions, making explicit the
parallelism among independent operations. However, VLIW architectures are divided by
whether to expose or hide functional unit latencies. Some encode delays into the archi-
tecture (e.g., TI C6x); others leave differences in delays to implementation choice (e.g.,
Multiflow TRACE). Many DSP architectures have implementations that are even more
exposed than VLIWs: the programmer or compiler must manage details about which
bus or functional unit performs a task, and often not all possibilities are encodable in
instructions.

Each choice of what to hide or expose involves tradeoffs. Execution latency, men-
tioned previously, may be either an architectural parameter or an implementation choice.
As another example, dynamic instruction scheduling (out-of-order, or OoO, execution)
is compatible with both superscalar and VLIW architectures, but the two camps value
out-of-order very differently. In the superscalar world, out-of-order allows an imple-
mentation to tolerate dynamic latency changes while preserving architectural backward
compatibility. Few VLIW designers believe the incremental benefits of out-of-order
evaluation to be worth the additional hardware costs. As an extreme example, some
researchers have suggested exposing the bypass network of pipelined processors, saving
some interconnect cost but complicating either issue hardware or compilation software.
Few machines expose this low a level of implementation.

Perhaps the most fundamental tradeoff involves compilability. Compilers must
always be aware of the architecture, since the architecture defines the compiler’s
target. Good optimizing compilers are also aware of the implementation, allowing
implementation-specific optimization. Architectural choices affect the compilability of
code and the quality of optimized code that can be generated. For both superscalar
and VLIW machines, ILP-optimized code for a particular implementation can be gener-
ated. Such code will run correctly on only one of a family of VLIW machines, whereas
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it will run correctly on all of a family of superscalar machines but best on only the
target machine. For traditional DSP architectures, so much is exposed that effective
optimizing compilers are extremely rare. Hand coders end up tuning the kernels in
DSP applications; compilers are used only for prototyping or for seldom-executed,
lower-maintenance code.

No architecture ever perfectly abstracts away from implementation details.
Inevitably, designers make architectural choices that later appear to have been moti-
vated by particular implementation concerns. For example, the delay slots of the early
RISC architectures were good engineering tradeoffs (from an implementation point of
view) at a time when pipelines were relatively short and were single-issue. However, in
today’s world of deep pipelines and multiple issue delay slots are a historical appendage
that complicate compilation and issue logic without providing commensurate benefits.
The TI Céx architecture includes five-cycle load delays, which made sense on chips with
off-chip memory. More recent chips in this family, such as the TI 64xx, have on-chip
caches that can return results much more quickly. However, to maintain architectural
compatibility the hardware must delay placing load results in registers until the requisite
five cycles have passed.

Basic VLIW Design Principles

Every design philosophy has a set of principles that characterizes (or possibly caricatures)
the style. This section summarizes these traits for VLIWSs. In the case of VLIW, such a
list is surprisingly difficult to produce, because it is much easier to say what isn’t VLIW
rather than what is. Such proscriptive techniques smack of orthodoxy and internecine
feuding, rather than of recommendations for good engineering. Therefore, we strive to
begin each described trait with a prescriptive, rather than proscriptive, statement.
In refining the meaning of each prescription, we may sometimes give examples of
techniques unlikely to be used by VLIWs. These should be viewed warily by VLIW
designers but by no means should they be thrown out without consideration.

Enough methodological preamble! The following is a set of VLIW design character-
istics. This set is not an acid test for “VLIWness,” but rather a field guide. Minor variants
on any of these might still describe a VLIW.

e VLIW instructions consist of parallel operations. These operations execute in
parallel, on parallel hardware. The compiler guarantees that parallel execution of
these operations is safe and correct (the implementation can assume the safeness
and correctness of the choice of parallel operations). There is a 1:1 correspondence
between syllables in the bundle and operations in the instruction.

e  Compiling to target a specific implementation is required for correctness.
Implementation operational latency, functional unit organization, and clustering
are visible to the compiler. The compiler’s job is to identify and expose parallelism
through the parallel operations encoded into each instruction. As a corollary,
recompilation may be necessary to target a different implementation.
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e Implementations execute the parallelism noted by the compiler. The
implementation trusts the compiler to produce fast and correct code. In
particular, it does not double-check or second-guess what the compiler emits.
Implementations do not have hardware that senses and prevents structural
hazards, and may not even have hardware that senses and avoids resource hazards.
Some highly successful implementation techniques translate the compiler’s results
into another hardware-level representation (e.g., CISC to micro-op translations in
x86). Such techniques are dangerously close to second-guessing the compiler.

e Expose power, and hide weakness [after Lampson, 1983]. The microarchitecture
and its implementations may choose to hide some details that are best handled by
hardware; not everything is exposed to the compiler. Important examples include
complete bypass networks and clean interrupt handling. Conversely, parallel
execution units are exposed to the compiler, because the compiler can exploit that
parallelism at compile-time.

Each of these rules indicates a choice about the boundaries between what is explicit
(exposed) and what is implicit (hidden) in the VLIW design. The first three rules are
fundamental identification points for VLIWs, and it is difficult to imagine a VLIW system
that strays very far from them. The last rule is more of an elastic clause that says, “Make
good engineering tradeoffs.” If a combination of system design issues suggests that the
bypass network be exposed, the resulting machine might still be considered a VLIW.
Or one could imagine a design team that embraced a VLIW ISA but chose an out-of-
order implementation, although one might question their wisdom.

We note in passing that VLIW operations also follow the same types of rules
followed by RISC instructions: fixed-length encoding of the individual operations,
large and regular register sets, and orthogonal instruction encodings. We do not count
these choices as fundamentally VLIW because they are common across many design
philosophies.

3.2.1 Implications for Compilers and Implementations

VLIW compilers must produce parallel instructions consisting of independent opera-
tions. Further, they must schedule operations so that structural and resource hazards
are guaranteed not to occur. If the machine is clustered (for the moment, think of a
clustered machine as having several groups of separate register files and associated func-
tional units; we describe clusters in more detail in Chapters 4 and 5), the compiler must
assign operations to clusters and generate the necessary moves or cross-cluster register
references. All of these problems have been solved, although some have more satisfy-
ingly closed-form solutions than others. All of the solutions require the engineering of an
optimizing, ILP-oriented, production-quality compiler. Using a VLIW approach without
a good compiler is not recommended.

Orthogonal encodings, plentiful and nonspecialized registers, bypassing, and
interrupt support allow designers to build a relatively “clean” compiler, rather than
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having to build multiple passes that must adjust machine-specific code because of
encoding-related limitations or idiosyncrasies.

Exposed parallel operations and pipeline latencies allow VLIW implementations
to rely on guarantees provided by the compiler. VLIW code representations provide
independence information, rather than its complement, dependence operation (the
implementation knows a set of operations are safe to execute in parallel simply by find-
ing them within the same instruction). No dependence checks need to be performed
against prior or current operations.

The VLIW approach also discourages (but does not prohibit) certain implementation
techniques. Because instruction scheduling must have been performed by the compiler,
the marginal benefit or cost/benefit of dynamic scheduling must be carefully considered.
Similarly, because registers are plentiful dynamic register renaming may be of less benefit
than in other architectural styles.

3.2.2 Execution Model Subtleties

Even with the exposed pipelines of a VLIW, there remain execution model decisions that
vary across VLIW families. These come in two major flavors —horizontal (within the
instruction word) and vertical (across pipelined instructions) —and they unfortunately
interact with the interrupt/exception model of the machine.

The first horizontal issue (see Figure 3.1) has to do with register access within a single
instruction. A VLIW ISA must decide the semantics of execution when two operations
read and write the same register within an instruction. There are three possibilities:

1. The read sees the original value of the register.
2. The read sees the value written by the write.

3. Instructions containing different operations that read and write the same register
are illegal.

Virtually all VLIW ISAs choose the first approach, as it matches the underlying pipelin-
ing and register-file design techniques and allows a pair of move instructions to swap the

L0?3:
c0 mov $r0.1 =1
c0 mov $r0.2 = ? (mov $r0.1 =1 | mov $r0.2 = 2 ]

¢0 mov $r0.1 = $r0.2
3

0 mev sr02 (mov $r0.1 = $ro.2| mov $ro.2

3 )

FIGURE 3.1 A contrived code example, the operations that make up the instructions for

the example, and different possible horizontal semantics within an instruction. If a read sees
original values, $r0.1 will have value 2 after these instructions execute. If a read sees the values of
a parallel write, $r0.1 will have value 3 after these instructions execute. The second instruction is
illegal for VLIW architectures that prohibit reading and writing the same register in a single
instruction.
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value of two registers. Both the second and third possibility make a subset of the instruc-
tion set into illegal encodings, in that a pair of operations that read and write a pair of
registers in the second technique cannot be resolved. However, adopting the third model
has one big appeal: parallel instructions are not forced to execute in parallel. For exam-
ple, an implementation with a narrower issue width than what the compiler assumed
can still execute the same binary correctly. This guarantees a restricted form of binary
compatibility. The IPF architecture adopts a version of this rule, with the added com-
plexity that only certain code sequences (in which the narrow- and wide-issue semantics
are identical) are legal.

The second horizontal issue has to do with how operations within an instruction
are completed if one of those operations causes an exception. One could imagine a
number of possibilities, including “none complete,” “all that can complete,” “all opera-
tions before the excepting operation complete,” and “free-for-all” (no guarantees). Each
of these choices involves tradeoffs between implementation and compiler complexity.

9«

However, everything except “none complete” is a compiler and run-time train wreck,® as
either the run-time must read special architectural registers to determine what remains
to be fixed up (and then simulate the nonexecuted operations) or the compiler must
constrain the code it emits to allow resumability after some subset of operations com-
pletes. However, implementers can (and have argued, in the RISC design years) argue for
each of the other possibilities. The “none complete” model has the advantage that the
run-time can “simply reexecute” the excepting instruction once the exceptional condi-
tion has been fixed. We will return to the subtleties of implementing various horizontal
execution models when we discuss microarchitecture details in Section 5.6.4.

The vertical issue has to do with how pipeline latencies are exposed. Schedul-
ing requires that the compiler understand the maximum latency an operation can take.
However, it is possible for an operation to complete before its maximum latency has
elapsed. The question is whether it is allowed to do so or must wait for the complete
latency to pass. These two cases are called the less-than-or-equals model (LEQ) and the
equals (EQ) model, respectively.*

EQ Model: In the EQ model, each operation executes exactly as its specified latency
says. For example, we can rely on the fact that an operation will not write its destination
register until the assigned latency expires. In this sense, the EQ model decreases register
pressure, in that it allows registers to be reused while operations target them. On the other
hand, as we will see later, the EQ model imposes heavy requirements on the exception
model.

LEQ Model: In the LEQ model, an operation may complete in fewer cycles than its
specified latency. For example, an operation can write its destination register at any
point in time from the issue point up to the cycle corresponding to the assigned latency.

3. We mean this in the most precise technical sense.

4. This terminology was coined in a conversation among Bob Rau, Josh Fisher, and Rick Amerson
at HP Labs during 1990 or 1991.
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Although this may sound more complicated, this is a much more permissive model,
simplifying the handling of exceptions and the implementation of precise exceptions
and enabling a limited form of binary compatibility (for example, when latencies are
reduced). (We will have more to say about interrupts and exceptions in Section 5.6.3.)

Designing a VLIW ISA for Embedded Systems

To this point, we have described ISA design and VLIW design styles without regard
to how a machine or architecture might be used. However, this book is as much about
embedded processing as it is about VLIW, and thus we now turn our attention to VLIWs
in the embedded and DSP domains.

As we described in Chapter 1, the embedded domain differs from general-purpose
computing in a number of important ways. Embedded devices have a single or limited
number of purposes; that is, they run a limited, known set of code on a predictable set
of input data. Most embedded devices are rarely repaired or upgraded; instead, they are
replaced. Hardware and software are bundled together (there are rarely legacy binaries
to support, and backward compatibility is much less of an issue than for general-purpose
processors). Cost, power, and size can be as important as performance. Many of these
aspects of the embedded domain play to the strengths of VLIWSs, which has recently
made VLIW a popular approach in the embedded and DSP areas.

Why are VLIWs popular today in the embedded domain, whereas they have yet
to prove commercially successful as general-purpose processors? History tells us some
of the story. Few people in the 1980s expected the VLIW startups, such as Multiflow
and Cydrome, to produce working systems. Yet they did, and for several years Multi-
flow offered the best mix of performance and price performance available. Technical
performance and traditional ease of use were not the barriers. Rather, these compa-
nies failed because of the economics of the microprocessor revolution, since processors
built around ILP would not fit on a single chip at the time. They also failed because of
compatibility factors:® binary compatibility (a barrier for all new ISAs, not just VLIW),
support for legacy code, and the necessity of recompilation across variant implemen-
tations. Today, embedded VLIW microprocessors are common, and we have noted
repeatedly that the compatibility barriers are much lower or entirely absent in embedded
applications, making the overall VLIW package more attractive there.

Furthermore, the relentless advances in transistor density have recently given VLIW
designs headroom in the other embedded goals of power, cost, and size. All processors
have benefited from the lower voltages of recent silicon processes (such lower voltages
allow lower overall power consumption). The other important power-related factor is
clock frequency. VLIW designs have been shown to scale to very wide machines (up to
dozens of operations per instruction) in many application domains. Superscalars have
seldom exceeded quadruple issue or a dozen functional units, and DSP approaches are

5. Since 1983, no startup computer company that built general-purpose computers without a
binary-compatible legacy code base has survived. Multiflow and Cydrome started in 1984.
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limited by the number of distinct pieces of the DSP processor and by the limited and
nonorthogonal encodings for parallel operations. VLIWs are thus easier to scale for ILP,
which allows more work to be performed per cycle, which in turn can allow lower clock
frequency and thus lower power.

What may have seemed a costly technology in an era of multiple-board computers
built of low-scale-integration chips today occupies a small fraction of reasonable chip
area, and memory/logic ratios have changed dramatically as well. This transistor-driven
scaling also makes size less of a concern: all processor cores fit into part of an SoC (with
the possible exception of the latest out-of-order superscalars).

Although binary compatibility and space are decreasing concerns in the embedded
market, no project ever escapes the necessities of time-to-market. Idiosyncractic space-
conservative approaches such as DSP extract their own cost in development time, as the
lack of a compilable architecture requires expensive and time-consuming hand optimiza-
tion. Without the space constraints, an architecture that extracts performance through
automation (compilation) can reduce time-to-market, making for a more attractive pack-
age. The following sections discuss ISA design in three different embedded-processing
contexts: application domain, ILP style, and microarchitecture.

3.3.1 Application Domain

In addition to all other considerations, some embedded applications have characteristics
with direct effects on instruction-set architecture and implementations, such as real-time
requirements and numerical representations. This subsection concludes by discussing
scalability and customization, through which embedded processor designers allow their
clients to modify processors to match their applications.

Few general-purpose systems have real-time requirements, although media types
such as digital audio and video have brought streaming media to today’s desktops. Digital
media count as soft real-time applications, in that occasionally missing a deadline will
lead to degraded service (and might not be acceptable if it happens too often) but will not
be considered a failure by the user. In hard real-time applications, the system has failed
if a task fails to meet its deadline. Many control systems have hard real-time requirements
(e.g., it would be unacceptable for an antilock braking system to occasionally slip because
software missed a deadline).

From an architectural standpoint, real-time constraints are most important when
they interact with performance-enhancing techniques. Many such techniques, including
caching and speculation, improve the average-case performance of the system without
changing, or possibly even hurting, the worst-case performance. Some real-time system
designers have thus been unwilling to adopt such techniques, because even though the
average-case execution time of a real-time task is many standard deviations away from
the timing bound the worst-case execution time cannot be shown to meet the bound.
Computations of this worst-case time also tend to be unsophisticated and pessimistic at
determining the likelihood of a hard real-time failure. In the most strict real-time applica-
tions, statistical, speculative, or caching techniques may not be acceptable, although the
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set of applications in which they are acceptable or in which designers have shown that
the worst-case execution takes place with acceptably low probability continues to grow.

Many embedded applications use alternative data representations. General-purpose
computer users are certainly familiar with integer and floating-point operations, whereby
entirely separate hardware handles computations on various types of data. For a variety
of reasons, many DSP applications also use fixed-point number representations, wherein
fractional quantities can be represented but the value of each binary digit in the repre-
sentation has a fixed power (general-purpose integers have fixed power as well, but
cannot represent fractions, whereas the mantissa-exponent floating-point formats vary
the power of the mantissa digits). Further complicating their computation hardware,
some fixed-point representations use saturating arithmetic, wherein calculations that
underflow or overflow are clipped to known minimum or maximum values. Many DSPs
with fixed-point functional units also include special accumulator registers that have
additional bits of resolution. These “extension” bits allow some types of overflow to be
accounted for more gracefully than saturation allows.

Reasons for using fixed-point formats include cost, speed, and standards. A fixed-
point adder or multiplier can be implemented in fewer levels of logic and can require
fewer transistors than an equivalent-resolution floating-point unit. Standards may also
mandate that a particular fixed-point arithmetic style be used (supporting such a com-
putational style directly in hardware can reduce the instruction count of a program by
a factor of 10).

Cautionary Tale: The Importance of Standards

The Texas Instruments C25 DSP, an architecture with a particular model of fixed-point sat-
urating arithmetic, formed the basis for much of the work on the GSM cellular telephony
standard in Europe. The GSM standard mandates bit-exact computations of voice-coded
samples, because handset and base station vendors found that different implementations
gave different coding artifacts, and that users perceived these artifacts as quality differ-
ences from one vendor to the next. Mandating bit-exact encoding ensured a form of level
playing field among manufacturers.

AT&T’s (later Lucent, and later still Agere) DSP division entered the cellular telephony
market with a DSP supporting an incompatible fixed-point arithmetic model (emulating
GSM-style operations involved as much as a factor of ten more instructions than on a Tl
C25). This incompatibility was not perceived as a major issue by U.S.-based design teams,
as the American standards did not have the same bit-exactness requirements. Today, Tl
DSPs (led by the C54x family of DSPs, which debuted 5 to 10 years after the GSM stan-
dard was finalized) dominate the market for cellular (and not just GSM) phones. Evidently,
Agere’s not taking a real standard seriously had a major effect.

Many of the signal-processing algorithms that run on DSPs are initially envisioned in
the real-number domain, and thus floating point would seem a more natural numerical
representation than fixed point. Converting a floating-point program or algorithm into
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a fixed-point program is a complex job, typically involving careful analysis to determine
where accuracy must be preserved and where it may be safely lost or approximated. This
conversion task strongly resembles assembly hand coding in its manual intensiveness (it
takes teams of experts months to perform such translations). In a further effort to remove
this type of “hand-coding” effort from the development cycle, some manufacturers have
begun offering both fixed- and floating-point versions of the same DSP. This allows faster
time-to-market for the first product (using a floating-point processor), with possibly lower
unit costs if product volumes increase and a fixed-point algorithm can be developed later.

The flip side of application requirements that affect processor designs occurs in the
design of scalable and customizable processors, wherein designers intentionally leave
space for application adaptation in a processor core or family. A scalable design is one
in which the number of functional units or other resources can be easily varied within
a processor family. A customizable design is one in which special functionality can be
incorporated to provide additional features in an architecture.

The VLIW style lends itself to both scaling and customizability. Most other archi-
tectural styles can usually support customizability (because there is often space in their
encoding schemes to add a few special-purpose opcodes), but many have difficulties
with scaling. Scaling a superscalar design complicates the issue and execution logic,
which may have to be expanded to handle the wider sets of instructions that can issue
in parallel. Scaling a DSP typically involves encoding and naming a new architecture.
For example, when DSP manufacturers moved from designs with a single multiply-
accumulate (MAC) operation to dual MAGs, they announced new product lines rather
than claiming that the new machines were related to any previous design. (We will return
to scaling and customization in Section 10.3.)

3.3.2 ILP Style

A particular ILP style can make it harder or easier to exploit ILP in an application.
RISC architectures have no intrinsic ILP. Superscalar techniques can add ILP to baseline
RISC architectures, but the superscalar issue and execution hardware can complicate
microarchitectural implementation, adding to unit cost. DSP architectures encode ILP
nonorthogonally, meaning that only certain combinations of parallel operations are pos-
sible (compiling efficiently to such irregular architectures remains an open research
topic). Both superscalar and DSP styles still require scheduling to achieve ILP. The
DSP may also incur interactions between scheduling and instruction selection to attain
ILP, and some levels of ILP may be unattainable due to the nonorthogonality of the archi-
tecture. VLIW, with its combination of (relatively) simple hardware and straightforward
ILP-oriented compilability, strikes a balance that focuses on maximizing ILP rather than
maximizing backward compatibility or economizing on implementation transistors.
Using ILP to improve performance has been the subject of decades of research. We
noted previously that VLIW designs have scaled as high as 28-issue (see Figure 3.2).
We also discussed previously how a VLIW can trade clock frequency for issue width,
allowing a lower clock rate and therefore lower overall power consumption. Cost and
size are the remaining embedded targets. The VLIW approaches to reducing cost and
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instr c10 faluOe st.64 sb0.r4,r3,zero
cl0 faluO mpy.f64 1fb.rl2,r4,rl0
c10 1alu01 d1d.64 fb0.rl4,r3,174#128
c10 ialull cgt.s32 1ilbb.r3,r32,643
cl0 falul mpy.f64 1fb.rd6,r34,rd2
cll ialuOe st.64 sbl.r4,r2,648
cll faluO mpy.f64 1fb.rl2,r4,rl0
cll ialu0l d1d.64 fbl.rld,r2,17#136
cll ialull cgt.s32 1ilbb.r5,r32,642
cll falul mpy.f64 1fb.rd6,r34,r42
cl?2 ialuOe d1d.64 fb2.rl12,r2,17#144
cl2 faluO mpy.f64 1fb.r0,r4,r10
cl?2 ialu0l st.64 sb2.r4,r2,6416
cl2 ialull cgt.s32 1ilbb.r5,r32,641
cl2 falul mpy.f64 1fb.rd6,r34,r42
c13 ialule d1d.64 fb3.rl12,r2,17#152
c13 faluO mpy.f64 1fb.r0,r4,rl10
c13 ialu0l st.64 sb3.r4,r2,6424
c13 dalull cgt.s32 1ilbb.r5,r32,zero
cl3 falul mpy.f64 1fb.rd6,r34,r42
cl0 br true and r3 L973
cll br true and r5 L1073
cl2 br true and r5 L1173
cl3 br true and r5 L1273

FIGURE 3.2 Scalability and VLIWs. A noncontrived, compiler-generated single instruction
from the linear algebra routine DAXPY. This instruction, generated for a 28-operation wide
Multiflow TRACE VLIW, contains 24 operations and is a good illustration of the scalability of
VLIWs. Many embedded applications (e.g., signal processing and media) contain this much and
more ILP. At the time we began writing this book, we knew of no one who had proposed such a
wide CPU for embedded processors. However, a Philips-originated startup company, Silicon Hive,
has recently proposed building 50-wide VLIW processors for embedded applications.

size are interrelated. Below a minimum implementation cost and size, VLIW designs are
not possible because we cannot afford the parallel execution units. However, once we
reach that minimum level VLIW designs are among the most economical in additional
hardware, which directly affects cost and size. VLIW hardware is typically a subset of
equivalent-width superscalar designs (both require bypass networks, whereas the VLIW
decode, issue, and retirement hardware can be simpler). We have already discussed how
other approaches scale.

Designers can obtain ILP through two mechanisms: pipelining and multiple issue.
Each has advantages and disadvantages, and many designs use both to some degree.
Deeper pipelining can allow shorter cycle times, but the shorter cycles also mean less
work is performed per cycle. This can increase operational latencies, which although
it can save power complicates scheduling. In addition, deeper pipelines require addi-
tional overheads in storing pipelined state, controlling the pipeline, and forwarding
results within the pipeline. Although more instructions can be issued per unit of time,
the latency to complete an operation will remain the same or even increase. Multiple
issue rarely leads to shorter cycle times. The complexity of managing multiple pipelines
and bypassing results across pipes tends to lead to overheads relative to narrower-issue
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machines. Depending on the application, the marginal benefit of additional parallel exe-
cution units can be small or negative, because few cycles allow all parts of a parallel
instruction to be used.

Pitfall: Measuring Effective or Useful ILP

While designing an ILP-oriented architecture it is important to correctly measure ILP. It is
easy to inflate the “apparent” ILP by adding instructions or diluting work across multiple
instructions, but this does nothing to speed up the overall task. More seriously, many archi-
tectural or compiler features legitimately increase the number of instructions or operations
generated. Speculation adds instructions that may later be ignored, predication provides
for dynamically nullifying instructions from different control paths, and clustered designs
require intercluster “copy” instructions that would be absent from a monolithic design. In
all of these cases, we can define a revised metric of “useful ILP.” Informally, it is the amount
of work that is actually used (the committed instructions for speculation and predication,
not the intercluster moves on a clustered design). The main thing is to be aware of such
“useless ILP” in one’s models and simulations, and to quantify it fairly when evaluating
alternatives.

3.3.3 Hardware/Software Tradeoffs

Microarchitecture implementation techniques are properly the topic of Chapter 5,
however, the choice of when and whether to use various microarchitectural tech-
niques requires system-level evaluation. This subsection considers how VLIW and other
architectural styles are suited to the embedded and DSP domains.

All microarchitectural techniques require hardware, which means that the cost of
that hardware is part of the cost of every unit produced (economists call these variable
costs, as they scale with the number of units produced). Compilation techniques, by
contrast, are part of the fixed cost of developing an embedded application. Fixed costs
are amortized over all units sold during the lifetime of the product; that is, the more
units that are sold the lower the share of the fixed cost that must be covered by the price
of each unit. This is not to say that fixed costs approach zero, only that they decrease
per unit as the volume increases.

Many microarchitectural techniques have compile-time counterparts that perform
essentially the same task and confer many of the same benefits (instruction scheduling
and register allocation are only the most obvious examples). If designers can remove
the cost of a dynamic technique from the system and obtain the same or nearly the
same benefits from the related software technique, we have transformed a variable cost
(which scales with the number of units) into a fixed cost (which gets amortized over all
units). This tradeoff has been the source of a long-standing debate in the general-purpose
community (for which performance is paramount) but it takes on added dimensions in
the embedded domain (for which cost, power, and size also count). In performance
alone we make tradeoffs between the cost of designing and building the hardware or
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software technique. In cost, we make tradeoffs between an increased unit cost that
scales with volume and the fixed development cost that will be amortized. In both size
and power, however, removing hardware unilaterally improves the end device. Because
compilation takes place in the development laboratory (whereby size and power do not
affec