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Preface

We began writing this textbook with two high-level goals in mind:

1. to introduce students to what we consider to be modern embedded systems, and
2. to show how to understand and program such systems using a concrete platform built around
a modern embedded processor like the Intel Atom.

Embedded computing has changed dramatically in recent years, and we have found that academic text
books do not reflect this fact. Mindful of the growing importance of embedded systems overall, we saw
a need to address the discrepancy between the state of embedded computing and the state of academic
textbooks in the area. Hence, this textbook.

Key Insight

How have embedded systems changed dramatically in recent years? Traditionally, embedded systems
courses and textbooks take as their foundation microcontroller-based systems used primarily in
industrial control applications.

However, many classes of embedded systems today—such as consumer electronics, handsets, and
mobile media devices—exhibit the following characteristics.

1. Network connectivity. Nearly all embedded systems include IP networking stacks and enable
network connectivity via a combination of wired and wireless network interfaces.

2. Media-rich user interfaces. Many embedded systems include graphical user interfaces built with
high-resolution 2D and 3D graphics, as well as displays, inputs, and outputs supporting standard
and high-definition video and audio.

3. Aggressive platform integration. For reasons of power efficiency, performance, and size, chips
and chipsets for embedded systems are highly integrated, with on-die implementations of
memory and I/O controllers, accelerators for computationally intensive tasks such as encryption
and compression, and multiple programmable processor cores.

Modern embedded systems are connected, media-rich, and highly integrated. This core insight
inspired the development of the book, and distinguishes it from existing texts.

Target Audience

This textbook is designed to form the basis of a semester-long laboratory-based undergraduate
embedded design engineering course. The text is also suitable for similar courses offered in the context
of continuing education. The primary audience is undergraduate engineering students in computer
engineering, electrical engineering, computer science, and embedded system design.

From a technical perspective, embedded systems programmers are the primary audience of the
book. Secondary audiences include embedded platform designers and SoC/CPU architects. The
chapter outline of the book, and the core content of each chapter, is primarily designed to meet
the needs of embedded systems programmers, and therefore emphasize how to develop systems and
application software for embedded computing systems.
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Our Approach

This undergraduate textbook delves into all aspects of modern embedded systems. It is designed to
educate undergraduate engineering students in the principles of embedded system architecture and
design. Most principles are further illustrated in a concrete way with examples using the Intel Atom
Processor.

The book is organized into three parts. The chapters in Part 1 introduce the principles of modern
embedded systems. Part 2, which comprises the majority of the text, explores in detail the architecture
and operation of embedded systems. The chapters in Part 3 explore detailed, real-world aspects of
developing embedded systems, including sample platform descriptions, debugging, and performance
tuning.

The text describes example embedded platforms, interfaces, peripherals, processors and operating
systems associated with embedded systems, a comprehensive view of the software framework being
developed around embedded SOCs, including open source firmware, power management, networking,
multimedia and middleware. The text is replete with examples, which are provided to facilitate
a comprehensive understanding of the overall platform architecture of modern embedded computing
systems.

Beginning with a discussion of embedded platform architecture and Intel Atom-specific archi-
tecture, modular chapters cover system boot-up, operating systems, power optimization, graphics and
multi-media, connectivity, and platform tuning. A companion reference design platform and an
embedded design example case study will enable a laboratory component complimenting the chapters

Online Resources

The book’s companion web site provides instructor-controlled access to chapter-specific homework
problems and laboratory exercises. These, in combination with the use of the reference hardware
platform, enable hands-on embedded design experiences.

Visit booksite.mkp.com/9780123914903 to access ancillaries, and textbooks.elsevier.com/
9780123914903 for instructor’s materials.



Foreword

While I am not sure where I first heard it, I have increasingly grown fond of this quote: “Architecture is
art in structure.” It inspires an arc one can follow that is characterized by a fascinating combination of
creativity (art) and engineering discipline (structure). The latter creates bounds, the former looks for
ways to fly away from it. One focuses on the function, the other is interested in creating a differenti-
ating form. Just when one wonders if the focus on usability or function may enforce a break-no-rule
regime, desire to achieve a distinguishing form opens the door for the innovation to step right in!
Achieving the right balance between the seemingly contradictory tendencies of form and function
requires the imagination and courage to break the mold while understanding and appreciating the
rationale behind it.

The term “architecture” entered the computer vernacular in the early 1960s as the developers of
mainframe computers at IBM attempted to describe data formats, instruction types, and other hardware
parameters and enhancements. However, I would argue that it was probably not until the early 1980s—
after the arrival of Intel’s 8086 microprocessor and the IBM PC built around it—that the interesting
interplay of form and function (art and structure) mentioned above began in earnest in the world of
computing. The personal computer (PC) brought the power of computing to the masses, ushering in
a new era of innovation and productivity improvements unimaginable in the past. Developers around
the world started developing hardware platforms and software applications on top of the foundation the
PC laid. As businesses around the world recognized the value of the PC toward improving productivity
and eventually their bottom line, there was an obvious desire to do more with the PC. There was just
one problem. The PC was not designed with such widespread applicability and usage in mind! Thus,
while people explored how to extend its value, some of the fundamental tenets of the platform were
already in place. Changing this foundation to allow for a more purposeful build-out would have not just
risked slowing down the pace of innovation, but could possibly have undermined the value that was
already realized.

In my view, this is where Moore’s Law and Intel’s relentless pursuit of it came to the rescue. As
a lifelong Intel technologist, my view on the value of Moore’s Law may appear tainted, but this is not
a new claim I am putting forth. How the computer industry has ridden Moore’s Law to its phenomenal
expansion since the late 1980s has been well documented in trade journals, books, and academic
papers. I want to connect it to the interplay of art and structure I alluded to earlier. With the key tenets
of the PC architecture in place—the instruction set architecture (ISA) of the IA-32 CPU, key system-
level attributes of how CPU, memory, and I/O subsystems interacted, and several platform details in
terms of devices, memory map, etc.—the challenge was how to enhance the platform value without
undermining these foundational pillars. In Moore’s Law, what the developers found was an obliging
benefactor that doubled the resources (transistors) at their disposal roughly every two years without
incurring a substantial financial downside. So, the stage was set for the creativity to flourish within the
guardrails established by the PC platform architecture.

The Intel386™ processor marked the first major breakthrough in this quest to innovate within the
confines of the established architecture. With its 32-bit architecture, memory protection schemes, and
paging architecture for virtual memory, it paved the way for supporting more sophisticated operating
systems. And this was done while retaining backward compatibility with the 8086 architecture. The
Intel386 processor established the playbook on how to bring new innovations to the CPU and platform
architecture while protecting the investments developers had made in the prior generation platforms.
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Through the various generations of Intel’s IA-32 processors (later renamed to Intel® Architecture, or
IA), more and more sophisticated architectural constructs—yvarious hierarchies of caches, superscalar
pipelines, out of order execution with increasingly more efficient branch prediction, hyper-threading
and on-chip multicore, virtualization, power saving states, etc.—have been added. Not only that, IA
product roadmap evolved to include not just CPUs optimized for the desktop and notebook computers,
but also high-end servers (Intel Xeon® processors) as well as lower-power, battery-operated hand-held
devices (Intel Atom™ processor). Similarly, there were several enhancements to the platform archi-
tecture as well; Advanced Peripheral Interrupt Controllers (APIC) and higher-precision event timers,
Peripheral Component Interface (PCI) and subsequent PCI express, Universal Serial Bus (USB)
interface, various memory interfaces to support higher bandwidths, and platform-level power
management, to just name a few. Over the years, the term Intel Architecture has somewhat become
synonymous with a certain platform architecture that ensures the backward compatibility mentioned
above. It provided the foundation on top of which a plethora of operating systems, middleware, tool
chains, and of course, applications were successfully developed and deployed with relative ease. The
history of the evolution of TA is a testament to the creativity of several generations of innovators across
the industry that blossomed to embrace and enable unimaginable usage scenarios, the constraints of its
foundation notwithstanding!

Not surprisingly, the Intel Architecture, with all the attractive CPU and platform architecture
features, found its way into embedded systems over the last three decades. Whether it was a point of
sale terminal in a retail segment, an industrial PC in an industrial control segment, a firewall or security
appliance in an enterprise segment, or a gaming kiosk, IA provided a ready-to-deploy platform with
the most varied software ecosystem to suit different needs of developers in these segments, not to
mention the guarantee of the Moore’s Law cadence that would sustain predictable and straightforward
performance upgrade cycles. Over the last decade the expansion of the IA product portfolio has helped
extend its reach within the embedded space. For example, the advent of multi-core Intel Xeon
processors has strengthened the IA position in the ever-performance-hungry communications infra-
structure sector. On the other hand, the introduction of the Intel Atom processor, with its lower power
and lower cost envelopes, has generated tremendous interest in IA in embedded segments—Iike print
imaging, industrial PLC controllers, and in-vehicle infotainment—that were previously out of reach
for TA.

It is against this rich and immensely productive backdrop of IA history in embedded systems that I
watch with fascination the emerging phenomenon of Internet of Things (IOT)—a world of intelligent
systems, including remote wireless sensor nodes, multi-protocol gateways, and smaller (“edge”)
clouds at the periphery, working seamlessly and in real time with the cloud infrastructure to collect,
organize, and analyze massive data and derive knowledge, which then leads to a wise action. While
embedded devices connecting to the Internet undoubtedly opens up exciting and enticing new
opportunities to fundamentally change the way we live, work, and interact with our surroundings and
each other, it also poses a slew of challenges in terms of how to secure and protect these devices as well
as how to manage them through their life cycle. If one were to believe the enormous numbers projected
for the “connected devices” (a majority of which will be embedded), one could easily surmise that,
given the scale, deployment and management of these devices need to become much more simplified
than what historically has been the case with PCs and cellular phones. This is where I believe the
maturity of A platforms with respect to the connected paradigm (IA-based clients and servers not only
have been at the heart of the Internet build out, but also serve as the development platforms for
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practically all other platforms) and the richness of its software ecosystem, coupled with lower power
and lower cost envelopes of Intel Atom architecture, can facilitate a easier and technically sound
migration to the vision of the IOT.

This book is aimed at providing foundational instruction in the key technology building blocks one
needs to master in order to contribute to this new world of embedded systems. I am delighted that the
authors of this book not only bring many years of experience in embedded systems, networking, Intel
Architecture, and systems engineering, but also represent the visionary technical leadership we will
require if we were to successfully take on the challenges of the changing landscape in embedded
systems. I know in my heart that this book will greatly serve the young and curious minds who we
collectively will count on to change the face of embedded computing in profound ways, ultimately
resulting in a better and more meaningful human experience!

——Pranav Mehta

Sr. Principal Engineer & CTO
Embedded & Communications Group
Intel
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