5 TS R (U

X A& RSBl
| Bilifdilded System Design

Peter Marwedel

EE”?*/&&

www.sciencep. COnj




Hohw T EREEE GFH O

Embedded System Design
BMAXRGFIZIT

Peter Marwedel



E=. 01-2006-7421

mE & T

ABEHIEER IT T IHRARXRER TR, WEE LA T ik
AXRG MBI, EWATHRAXRERITFR—EERFTEZE LR,
F4b, MAEE BRI uEE AT LU R BARSERIKTRT A SRR TR, AT
HEE SRS FAABORER. Hik, ABEIENRXSEERNE
REEYOR, XATER LTI AKX R G EE T TR M — AL S BE
ALMERRARRERAITISE, Wl HEAMRTARKSHES, X467
RS A RER BIR G (4 FEVEH

Peter Marwedel : Embedded System Design

Copyright (© 2006 Springer

This reprint has been authorized by Springer-Verlag (Berlin/Heidelberg/
New York) for sale in the People’s Republic of China only and not for ex-
port therefrom.

B H RS B (CIP) 82

AR RGBT = Embedded System Design: 33/ (F8) 5 #8/K
(Marwedel, P.) #3. —SZEIM. —dbat. Blegiipist, 2007.1

(B TR B M EE

ISBN 978-7-03-018247-0

I. #&e 0. S [ ARG V. TP360. 21

o [ p A B 4 CIP 848 %57 (2006) 58 149511 5

TAERE: & T/ERH. SARE/HEGH: B &
A4 F % K o2 R
LR PR AL 16 5

IR BT 100717
http://www.sciencep.com

£t 25 &P A 1874 8] ER
Rl At RAT B EBIESH

*

200741 A% — MR FFA: B5(720X1000)

2007 47 1 A% —WEIRI Epgk. 16 1/4

Ep%: 1—3 000 FH . 396 000
EHr: 38.00 T

(4 TR I i )i, Btk 5T OB )



(EShRFEERRREZE F

20 tad 90 4FARLAR, R ERHERARR A R LT M P IR &,
MEE LT R —P KR, UMEF. RN, BEMNEEAR
AREREREAR, BAANLEH AL B RRER. BEERR.
N AR FRBEAR, FEEARMER TS THEF. T8N, &
5. M4, BRESWKERE, R T AR, e, IR, i
EMRFFHEART MM . 7B R RSP R
HFE . U PR BEA R R A& 50, WREEGEE - TERNEEE
71, BREFAMERKFHEERSE. £PE, FEFLEERRS
TRBETLHARERENMA, RAVERSFEEIE™ ., K,
FEBFEEMFIRFEARERO I ERE, [FEEAREL T IERES
HIKF, Hi, RERERFEFRARABAREBEBENKE,

BEREREEBORE IR RER, FER TSN TR
ARANRAHHRFERZE S, ok, BOTENER E AR TAEEM TR
BARANRBLEEA M T RBEIREL, MsaXHE BEARK T ST N
B, R 5F BRI E A MR TAE.

MRS R, B T 8Bt B A B EHR = AR
Fhb, BIBERESMINT B R R KA. FAPH, HESME
FENETADIEN, (RARFHBESRER I NEITB CHE S
RUR, TEERMEASEEUR. Bd it 5] gt —itt E o2 i ikt
MIEFEEE, ERENEFEERARKNT KB ZETEEM TEZARAGR
RELIBR MM A AL, X T HEsh IR E M BB SUSH BT 5 B2+
vigE Lok

HRBRE AR Z AR T B LR Ak . Zfad R ERE.
fremge, 5|8k THGE 30 ASMRAS, KIEEATLA AR, H—K
RIS EE, BRRTRNMATHBEE. A REERE X
R MNEHRE, KEZHUE 2005 FEHMM, 1k “BRE. B



R SEMR. AR LEEB T RS Rt — BB TR
HEAEX

LR, X RS R AR —# . BT LI TAEE
PrZ#eE T 5. WTF—SiEEmE . WaH#. BRRZEHFHE
PEOZBER P SCH IR, XA R TRIRE G BRI AARE, R, Rbs
HEITREE R B REN, UBGEMZEN SRR TAE.

B, BXTRLE AT FESMR X — 21 R om AU S Fr, 5F

W B X — TARBUS BE R H ARLSR

R BB Bt
thE AR+
2006 4F 12 A



Preface

Importance of embedded systems

Embedded systems can be defined as information processing systems embed-
ded into enclosing products such as cars, telecommunication or fabrication
equipment. Such systems come with a large number of common character-
istics, including real-time constraints, and dependability as well as efficiency
requirements. Embedded system technology is essential for providing ubiq-
uitous information, one of the key goals of modern information technology
IT).

Following the success of IT for office and workflow applications, embedded
systems are considered to be the most important application area of informa-
tion technology during the coming years. Due to this expectation, the term
post-PC era was coined. This term denotes the fact that in the future, standard-
PCs will be a less dominant kind of hardware. Processors and software will be
used in much smaller systems and will in many cases even be invisible (this
led to the term the disappearing computer). It is obvious that many technical
products have to be technologically advanced to find customers’ interest. Cars,
cameras, TV sets, mobile phones etc. can hardly be sold any more unless they
come with smart software. The number of processors in embedded 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: For many

- products in the area of consumer electronics the amount of code is doubling
every two years [Vaandrager, 1998].

This importance of embedded systems is so far not well reflected 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 embedded systems, but can also be
used by non-student readers.
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EMBEDDED SYSTEM DESIGN

Audience for this book

This book intended for the following audience:

Computer science, computer engineering and electrical engineering stu-
dents who would like to specialize in embedded systems. The book should
be appropriate for third year students who do have a basic knowledge of
computer hardware and software. This book is intended to pave the way
for more advanced topics that should be covered in a follow-up course.

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.

Professors designing a new curriculum for embedded systems.

Curriculum integration of embedded systems

The book assumes a basic understanding in the following areas (see fig. 0.1):

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

computer hardware, for example at the level of the introductory book by
J.L. Hennessy and D.A. Patterson [Hennessy and Patterson, 1995],

fundamental digital circuits such as gates and registers,
computer programming,
finite state machines,

fundamental mathematical concepts such as tuples, integrals, and linear
equations,

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

the concept of NP-completeness.

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. 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
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Figure 0.1. Positioning of the topics of this book

related issues into perspective. Furthermore, this approach allows lecturers to
have appropriate links in the book for adding complementary material of their
choice. The book should be complemented by follow-up courses providing a
more specialized knowledge in some of the following areas:

digital signal processing,

robotics,

machine vision,

sensors and actors,

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

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,

application areas such as telecom, automotive,
smart homes,

medical equipment, and
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= impact of embedded systems.

A course using this book should be complemented by an exiting lab, using, for
example, small robots, such as Lego Mindstorm”™ or similar robots. Another

option is to let students gain some practical experience with StateCharts-based
tools.

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

http://1s12-www.cs.uni-dortmund.de/~marwedel/kluwer-es-book.

This page includes links to slides, exercises, hints for running labs, references
to selected recent publications and error corrections. Readers who discover er-
rors or who would like to make comments on how to improve the book should
send an e-mail to peter.marwedel @udo.edu.

Assignments could also use the information in complementary books [Ganssle,
1992], [Ball, 1996], [Ball, 1998], [Barr, 1999], [Ganssle, 2000], [Wolf, 2001],
[Buttazzo, 2002].

The use of names in this book without any reference to copyrights or trademark
rights does not imply that these names'are not protected by these.

Please enjoy reading the book!
Dortmund (Germany), September 2003
P. Marwedel

Welcome to the current updated version of this book! The merger of Kluwer
and Springer publishers makes it possible to publish this version of the book
less than two years after the initial 2003 version. In the current version, all ty-
pos and errors found in the original version have been corrected. Moreover, all
Internet references have been checked and updated. Apart from these changes,
the content of the book has not been modified. A list of the errors corrected is
available at the web page listed above.

Please enjoy reading this updated book.
Dortmund (Germany), August 2005
P. Marwedel
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Chapter 1

INTRODUCTION

1.1 Terms and scope

Until the late eighties, information processing was associated with large main-
frame computers and huge tape drives. During the nineties, 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 integrated into larger prod-
ucts. Their presence in these larger products, such as telecommunication equip-
ment will be less obvious than for the PC. Hence, the new trend has also been
called the disappearing computer. However, with this new trend, the com-
puter will actually not disappear, it will be everywhere. This new type of
information technology applications has also been called ubiquitous com-
puting [Weiser, 2003], pervasive computing [Hansmann, 2001], [Burkhardt,
2001], and ambient intelligence [Koninklijke Philips Electronics N.V., 2003],
[Marzano and Aarts, 2003]. These three terms focus on only slightly different
aspects of future information technology. Ubiquitous computing focuses on the
long term goal of providing “information anytime, anywhere”, whereas perva-
sive computing focuses a somewhat more on practical aspects and the exploita-
tion of already available technology. For ambient intelligence, there is some
emphasis on communication technology in future homes and smart buildings.
Embedded systems are one of the origins of these three areas and they provide
a major part of the necessary technology. Embedded systems are informa-
tion processing systems that are embedded into a larger product and that
are normally not directly visible to the user. Examples of embedded systems
include information processing systems in telecommunication equipment, in
transportation systems, in fabrication equipment and in consumer electronics.
Common characteristics of these systems are the following:

1
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s Frequently, embedded systems are connected to the physical environment

through sensors collecting information about that environment and actua-
tors' controlling that environment.

Embedded systems have to be dependable.

Many embedded systems are safety-critical and therefore have to be de-
pendable. Nuclear power plants are an example of extremely safety-critical
systems that are at least partially controlled by software. Dependability
is, however, also important in other systems, such as cars, trains, airplanes
etc. A key reason for being safety-critical is that these systems are directly
connected to the environment and have an immediate impact on the envi-
ronment.

Dependability encompasses the following aspects of a system:

1 Reliability: Reliability is the probability that a system will not fail.

2 Maintainability: Maintainability is the probability that a failing sys-
tem can be repaired within a certain time-frame.

3 Availability: Availability is the probability that the system is available.
Both the reliability and the maintainability must be high in order to
achieve a high availability.

4 Safety: This term describes the property that a failing system will not
cause any harm.

5 Security: This term describes the property that confidential data re-
mains confidential and that authentic communication is guaranteed.

= Embedded systems have to be efficient. The following metrics can be used

for evaluating the efficiency of embedded systems:

1 ‘Energy: Many embedded systems are mobile systems obtaining their
energy through batteries. According to forecasts [SEMATECH, 2003],
battery technology will improve only at a very slow rate. However,
computational requirements are increasing at a rapid rate (especially for
multimedia applications) and customers are expecting long run-times
from their batteries. Therefore, the available electrical energy must be
used very efficiently.

2 Code-size: All the code to be run on an embedded system has to be
stored with the system. Typically, there are no hard discs on which
code can be stored. Dynamically adding additional code is still an ex-
ception and limited to cases such as Java-phones and set-top boxes.

'In this context, actuators are devices converting numerical values into physical effects.



