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Preface

Definitions and scope

Until the late 1980s, information processing was associated with large main-
frame computers and huge tape drives. During the 1990s, this shifted towards
information processing being associated with personal computers, PCs. The
trend towards miniaturization continues and the majority of information pro-
cessing devices will be small portable computers, many of which will be in-
tegrated into larger products. Their presence in these larger products, such as
telecommunication equipment, will be less obvious than for the PC. Usually,
technical products must be technologically advanced to attract customers’ in-
terest. Cars, cameras, TV sets, mobile phones, etc. can hardly be sold any
more in technologically advanced countries unless they come with built-in
computers. Hence and according to several forecasts (see, for example [Na-
tional Research Council, 2001]), the future of information and communication
technologies (ICT) is characterized by terms such as

1 ubiquitous computing [Weiser, 2003],

2 pervasive computing [Hansmann, 2001], [Burkhardt, 2001],

3 ambient intelligence [Koninklijke Philips Electronics N.V., 2003],
[Marzano and Aarts, 2003],

4 the disappearing computer [Weiser, 2003],

5 and the post-PC era.

The first term reflects the fact that computing (and communication) will be
everywhere. The expectation is that information will be available anytime,
anywhere. The predicted penetration of our day-to-day life with computing

xi
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devices led to the term “pervasive computing”. For ambient intelligence, there
is some emphasis on communication technology in future homes and smart
buildings. These three terms focus on only slightly different aspects of future
information technology. Ubiquitous computing focuses more on the long term
goal of providing information anytime, anywhere, whereas pervasive comput-
ing focuses more on practical aspects and the exploitation of already available
technology. The fourth term refers to the expectation that processors and soft-
ware will be used in much smaller systems and will in many cases even be
invisible. The term post-PC era denotes the fact that in the future, standard-
PCs will be less dominant hardware platforms.

Two basic technologies are needed for next-generation ICT systems:

embedded systems,

and communication technologies.

Fig. 0.1 shows a graphical representation of how ubiquitous computing is in-
fluenced by embedded systems and by communication technology.

Figure 0.1. Influence of embedded systems on ubiquitous computing (©European Commis-
sion)

For example, ubiquitous computing devices -like embedded systems- must
meet real-time and dependability requirements of embedded systems while us-
ing fundamental techniques of communication technology, such as networking.

A comprehensive coverage of communication technologies would require a
separate book. Therefore, this book does not cover communication technolo-
gies, except as a minor topic in few subsections. What are “embedded systems”
anyway? They can be defined as follows [Marwedel, 2003]:
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Definition: Embedded systems are information processing systems em-
bedded into enclosing products.

Examples include embedded systems in cars, trains, planes, and telecommu-
nication or fabrication equipment. Such systems come with a large number
of common characteristics, including real-time constraints, and dependability
as well as efficiency requirements. For such systems, the link to physics and
physical systems is rather important. This link is emphasized in the following
citation [Lee, 2006]:

“Embedded software is software integrated with physical processes. The tech-
nical problem is managing time and concurrency in computational systems”.

This citation could be used as a definition of the term “embedded software”
and could be extended into a definition of “embedded systems” by just replac-
ing “software” by “system”. However, the strong link to physics has recently
been stressed even more by the introduction of the term “cyber-physical sys-
tems” (CPS or “cy-phy” systems for short). Cy-phy systems can be defined as
follows:

Definition: “Cyber-Physical Systems (CPS) are integrations of computation
and physical processes” [Lee, 2007].

The new term emphasizes the link to physical quantities such as time, energy
and space. Emphasizing this link makes a lot of sense, since it is frequently
ignored in a world of applications running on PCs. For cy-phy systems, we
may be expecting models to include models of the physical environment as
well. In this sense, we may think of cy-phy systems to comprise embedded
systems (the information processing part) and the physical environment.
We will refer to the new term whenever we want to emphasize the link to
physics and the environment. In the future, links to chemistry and biology are
likely to be important as well.

This book provides an overview of key concepts for embedded systems as they
are needed for cyber-physical systems. The scope includes specification tech-
niques, hardware components, system software, application mapping, evalua-
tion and validation, as well as exemplary optimizations and test methods.

Importance of embedded and cyber-physical systems

Following the success of ICT for office and work flow applications, embedded
and cyber-physical systems are considered to be the most important applica-
tion area of ICT during the coming years. The number of processors in embed-
ded systems already exceeds the number of processors in PCs, and this trend
is expected to continue. According to forecasts, the size of embedded software
will also increase at a large rate. Another kind of Moore’s law was predicted:



xiv EMBEDDED SYSTEM DESIGN

For many products in the area of consumer electronics the amount of code is
doubling every two years [Vaandrager, 1998]. The increasing importance of
embedded systems is also reflected in a report of the National Research Coun-
cil in the United States [National Research Council, 2001]. According to the
introduction of this report, “Information technology (IT) is on the verge of an-
other revolution. ... networked systems of embedded computers ... have the
potential to change radically the way people interact with their environment
by linking together a range of devices and sensors that will allow information
to be collected, shared, and processed in unprecedented ways. ... The use
... throughout society could well dwarf previous milestones in the information
revolution.”

Statistics regarding the size of the embedded systems market can be found on
relevant web sites. Sites such as “IT facts” [IT Facts, 2010] demonstrate the
importance of the embedded system market. The size of the embedded system
market can be analyzed from a variety of perspectives. Many of the embedded
processors are 8-bit processors, but despite this, even the majority of all 32-
bit processors are integrated into embedded systems [Stiller, 2000]. Already
in 1996, it was estimated that the average American came into contact with 60
microprocessors per day [Camposano and Wolf, 1996]. Some high-end cars
contain more than 100 processors1. These numbers are much larger than what
is typically expected, since most people do not realize that they are using pro-
cessors. The importance of embedded systems was also stated by journalist
Margaret Ryan [Ryan, 1995]:

“... embedded chips form the backbone of the electronics driven world in which
we live. ... they are part of almost everything that runs on electricity”.

According to quite a number of forecasts, the embedded system market will be
much larger than the market for PC-like systems.

In the United States, the National Science Foundation is supporting research on
cyber-physical systems [National Science Foundation, 2010]. In Europe, the
Sixth and the Seventh Framework Programme [European Commission Cordis,
2010] support research and development of embedded systems. Also, the
ARTEMIS joint undertaking [ARTEMIS Joint Undertaking, 2010] was cre-
ated as a public/private partnership between government institutions and com-
panies in order to move research and development in embedded computing
ahead. This initiative demonstrates the huge interest of the European commer-
cial sector in this technology. Similar initiatives exist on other continents as
well.

1According to personal communication.



Preface xv

This importance of embedded/cyber-physical systems is so far not well re-
flected in many of the current curricula. This book is intended as an aid for
changing this situation. It provides the material for a first course on such sys-
tems. Therefore, it has been designed as a textbook. However, it provides
more references than typical textbooks and also helps to structure the area.
Hence, this book should also be useful for faculty members and engineers. For
students, the inclusion of a rich set of references facilitates access to relevant
sources of information.

Audience for this book

This book is intended for the following audience:

Computer science (CS), computer engineering (CE), and electrical engi-
neering (EE) students as well as students in other ICT-related areas who
would like to specialize in embedded/cyber-physical systems. The book
should be appropriate for third year students who do have a basic knowl-
edge of computer hardware and software. This means that the book primar-
ily targets senior undergraduate students. However, it can also be used at
the graduate level if embedded system design is not part of the undergrad-
uate program. This book is intended to pave the way for more advanced
topics that should be covered in follow-up courses. The book assumes a
basic knowledge of computer science. EE students may have to read some
additional material in order to fully understand the topics of this book. This
should be compensated by the fact that some material covered in this book
may already be known to EE students.

Engineers who have so far worked on systems hardware and who have to
move more towards software of embedded systems. This book should pro-
vide enough background to understand the relevant technical publications.

PhD students who would like to get a quick, broad overview of key concepts
in embedded system technology before focusing on a specific research area.

Professors designing a new curriculum for embedded systems.

Curriculum integration of embedded systems

Unfortunately, embedded systems are hardly covered in the latest edition of
the Computer Science Curriculum, as published by ACM and the IEEE Com-
puter Society [ACM/IEEE, 2008]. However, the growing number of applica-
tions results in the need for more education in this area. This education should
help to overcome the limitations of currently available design technologies for
embedded systems. For example, there is still a need for better specification
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languages, models, tools generating implementations from specifications, tim-
ing verifiers, system software, real-time operating systems, low-power design
techniques, and design techniques for dependable systems. This book should
help teaching the essential issues and should be a stepping stone for starting
more research in the area.

Areas covered in this book

This book covers hardware as well as software aspects of embedded systems.
This is in-line with the ARTIST guidelines for curricula: “The development
of embedded systems cannot ignore the underlying hardware characteristics.
Timing, memory usage, power consumption, and physical failures are impor-
tant.” [Caspi et al., 2005].

The book focuses on the fundamental bases of software and hardware. Specific
products and tools are mentioned only if they have outstanding characteristics.
Again, this is in-line with the ARTIST guidelines: “It seems that fundamental
bases are really difficult to acquire during continuous training if they haven’t
been initially learned, and we must focus on them.” [Caspi et al., 2005]. As a
consequence, this book goes beyond teaching embedded system design by pro-
gramming micro-controllers. With this approach, we would like to make sure
that the material taught will not be outdated too soon. The concepts covered in
this book should be relevant for a number of years to come.

The proposed positioning of the current textbook in computer science and com-
puter engineering curricula is explained in a paper [Marwedel, 2005]. A key
goal of this book is to provide an overview of embedded system design and
to relate the most important topics in embedded system design to each other.
This way, we avoid a problem mentioned in the ARTIST guidelines: “The
lack of maturity of the domain results in a large variety of industrial practices,
often due to cultural habits. ... curricula ... concentrate on one technique
and do not present a sufficiently wide perspective. .. As a result, industry has
difficulty finding adequately trained engineers, fully aware of design choices”
[Caspi et al., 2005].

The book should also help to bridge the gap between practical experiences with
programming micro-controllers and more theoretical issues. Furthermore, it
should help to motivate students and teachers to look at more details. While
the book covers a number of topics in detail, others are covered only briefly.
These brief sections have been included in order to put a number of related
issues into perspective. Furthermore, this approach allows lecturers to have ap-
propriate links in the book for adding complementary material of their choice.
The book includes more references than textbooks would normally do. This
way, the book can also be used as a comprehensive tutorial, providing pointers
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for additional reading. Such references can also stimulate taking benefit of the
book during labs, projects, and independent studies as well as a starting point
for research.

Additional information related to the book can be obtained from the fol-
lowing web page:

http://ls12-www.cs.tu-dortmund.de/∼marwedel/es-book.

This page includes links to slides, simulation tools, error corrections, and other
related material. Readers who discover errors or who would like to make com-
ments on how to improve the book should send an e-mail to:

peter.marwedel at tu-dortmund.de

Assignments could also use the information in complementary books (e.g.
[Wolf, 2001], [Buttazzo, 2002], and [Gajski et al., 2009]).

Prerequisites

The book assumes a basic understanding in several areas:

electrical networks at the high-school level (e.g. Kirchhoff’s laws),

operational amplifiers (optional),

computer organization, for example at the level of the introductory book by
J.L. Hennessy and D.A. Patterson [Hennessy and Patterson, 2008],

fundamental digital circuits such as gates and registers,

computer programming (including foundations of software engineering),

fundamentals of operating systems,

fundamentals of computer networks,

finite state machines,

some first experience with programming micro-controllers,

fundamental mathematical concepts (such as tuples, integrals, and linear
equations), and welcome knowledge in statistics and Fourier series,

algorithms (graph algorithms and optimization algorithms such as branch
and bound),

http://ls12-www.cs.tu-dortmund.de/~marwedel/es-book
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the concept of NP-completeness.

These prerequisites can be grouped into courses as shown in the top row in
fig. 0.2.

Figure 0.2. Positioning of the topics of this book

Recommended additional teaching

A course using this textbook should be complemented by an exciting lab, us-
ing, for example, small robots, such as Lego MindstormsTM or similar robots.
Another option is to let students gain some practical experience with finite state
machine tools.

The book should be complemented by follow-up courses providing a more
specialized knowledge in some of the following areas (see the bottom row in
fig. 0.2)2:

control systems,

digital signal processing,

machine vision,

real-time systems, real-time operating systems, and scheduling,

middleware,

application areas such as telecommunications, automotive, medical equip-
ment, and smart homes,

2The partitioning between undergraduate courses and graduate courses may differ between universities.
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robotics,

sensors and actuators,

specification languages for embedded systems,

computer-aided design tools for application-specific hardware,

formal verification of hardware systems,

testing of hardware and software systems,

performance evaluation of computer systems,

low-power design techniques,

security and dependability of computer systems,

ubiquitous computing,

impact of embedded systems.

History of the book

The first edition of this book was published in 2003. The field of embedded
systems is moving fast and many new results have become available since then.
Also, there are areas for which the emphasis has shifted. In some cases, a more
detailed treatment of the topic became desirable. New developments have been
taken up when the first German edition of the book was published in 2007.
Therefore it became necessary to publish a major new English release, the
current second edition.

Names used in this book without any reference to copyrights or trademarks
may still be legally protected.

Please enjoy reading the book!

Dortmund (Germany), August 2010

Peter Marwedel



This book is dedicated
to my family members

Veronika, Malte,
Gesine, and Ronja.
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land University). Material from the following persons was used to prepare this
book: G. C. Buttazzo, D. Gajski, R. Gupta, J. P. Hayes, H. Kopetz, R. Leu-
pers, R. Niemann, W. Rosenstiel, H. Takada, L. Thiele, and R. Wilhelm. PhD
students of my group contributed to the assignments included in this book. Of
course, the author is responsible for all errors and mistakes.

I do acknowledge the support of the European Commission through projects
MORE, Artist2, ArtistDesign, Hipeac(2), PREDATOR, MNEMEE and MAD-
NESS, which provided an excellent context for writing the second edition of
this book.

The book has been produced using the LATEXtype setting system from the
TeXnicCenter user interface. I would like to thank the authors of this software
for their contribution to this work.

Acknowledgments also go to all those who have patiently accepted the author’s
additional workload during the writing of this book and his resulting reduced
availability for professional as well as personal partners.

Finally, it should be mentioned that the Springer company has supported the
publication of the book. Their support has been stimulating during the work
on this book.

xxi


	Contents
	Preface
	Acknowledgments


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


