X
&

55 5 e B B il A

PER ¥ OA PEE XNEE M &

Infonnatlon Theory & Coding
1!2-1 O ]' tj gﬁ Eq

_@_ M#ﬂ#um&

www.waterpub.com.c



IN911.2/Y6
21 H2 5 F AR F A 2008

Information Theory & Coding
|=|u_.~ blﬁaﬁﬁq (9&3‘{#&)

\

@_ TARHBOER A

www.waterpub.com.cn




_ m &R E

$%Eﬁﬁ%%ﬁ%ﬁ%%%¢ﬂ%w#ﬁ@%%ﬁ%%%$ﬂ%ﬁlﬁﬂ%%ﬁ@@
REKRER, NMA—ERTREHRMERNE. 285K 7%, AAGREERERGELA
it TRIEIRGD. FRRFEGRMIG . fFEmis SN %.

APFEEAMS, H EREM S EES eI mUeR. E40E8. BERL
HRBORBRT, ABHERABZ G T MEZRE RS IR, R8T
SUBHE N ) 23 RAUE B 2Z 7P o D T s 5t B an iR B, 455 35 40 A 3 A1 25 )
P T o

AN R B TR BRF B R FE BN RS E R, WLl B,
LI VN INGYIE =372 TR :

APEARTER, BETUNPEARKEHREME LR TR, Nk

http://www.waterpub.com.cn/softdown/.

EHBEREE (CIP) HiE

5 B 5%if%=Information Theory & Coding: JE3 /
RS mE. —Ibnt: P EAFIKEERE, 2008

21 4 i A B R R Bkt

ISBN 978-7-5084-5569-3

I. fF- W. B M. OERR—ESER—HH—3
X OGRS —mIS B —R S FR—HM—EOE
B —miS e —m SR —#H M —3H 3 V. TN911.2
B RRCA B 0 CIP % (2008) 55 064948 5

3 % | Information Theory & Coding 158t 54%%3 (ZETER)
e | BER B0 FER NEE fHE
WA &7 | FEAKFKEHRYE QERT=20% 6 5 100044)
M4k www.waterpub.com.cn
E-mail: mchannel@263.net (J57K)
sales@waterpub.com.cn
B (010) 63202266 (HAHL). 68367658 CERH LN, 82562819 (J17K)

% & | 2ESHH DR RIAR S H R M

He M| bR KE A ERRAH

EP Rl | A6 R AR

53 1% | 184mmX260mm 16 JFA 1325 Elgk 323 FF
ki RO 200847 HEE 1A 2008 4E 7 A% 1 RENRI

Ep # | 0001—3000 fHt

E # | 24.00 5T

R EEAAEH, AR, BIR. BRAE, KAEEH PR ik
FEALER A « RALL R




F

BEETHEARE SHRE GERRE, HENRNH CLBEREREH 5 AMIERK
B Y%, EEHRBREERNAR T AMEET R ERERSEEFEL LR
MG, R B R aH  E RETFA R 4, ATk, ALREFREHER
RENHARLTINA . AT KO PN HBOR, s N 2957 3 & S 80H 85
BRAKRE, 2 B R S B A MR ST R AR B A, AT Ephaont S5 Be A i
RNABEFRI KRR, BAIROLT “21 HAREHRMYMEM RES", E0HT H%E
BEA N IR A A SRR B TR AR BEE N AAREE R RIHER T, AARE TAE “21
20 e S B R LRI M 7

ARBT RS, SORE B DRUE IR ot 3007 o ) B SO S, A PR P A
BOATTR AR, FE ARG IR B 1 PR ST 5 L F) o PR A B0 i
LR A R N T BN B SR R T B IC UM C 480 24 3 B v S5 e AR 3 5
MR EB TAEMIRIRIBAES . H, WESLE KBRS, £72 TS
FAERR I BEEIVR . TR, HTRERE . TR E, HR-HRER
FZEARACE . EERBEAALR . BRI TR LB AR LA RPN R EZ NG
ZRBRECEIE T BUTRE H— AR . ERMERETH IR A SRR . BORIERRR
Lol B S FBOAR VR I B0M LA BAR R I A5 515, DA B AR S B S A A B 3R I 7
B, AEHRELRRE T 2R EH RN HBAA BFRIRR 5 LERRR, BEGaL0T
SRR AR RS B N R A B 57 TARROSERRTR 2, 550 5CEk, KHBRIH . Hobgis KA
BARIRY S350 RENSLIN T3, RS E TR, g E RNIEE DK
MR AL RBERZ VONEW®, D RZEHM Kw REM S .

M WB LR T ARAA SHRBAA R BAR, REERM N A5 L
MR, AHHRIT 3 AZHE ERER: ETWEMIKRERT L, BERFARHARN
SEEEVE, (AT FRONILEM LAY, bR SRR I M B, B N
o, BEWIRRSERR, JF5 TRSBAMLS, &4 EAE 2w A XS5 BT,
WV FAENTE, UFEHEAARLGRIKNA IR D, EEEANRN RSN IL;
ERFRIFRERER L, EREEFR AR, EERFR RIS, SIAAR
(R P BT 2, W R PP BT AR (0 S TR RO B SRR it R R DL A SRR G
PR M B RE D AR D, BRI B EIAR S RN EE L, Bk
ANTFEEG], LIRS MR TRESE bR R A ) SR, IR SEBR A WA ML E,
WmFHA. FEIR FLZHNAE.

A SRR EA KIS S -

TEgR 'S P EYILRE, 18FHE, AARE, EARH, BAFERIERN AR
&, REGHENEARRBESR, BSEBKRLEMEERBAETE, A ZFRmR
HAMBERGH . EERIE: N ERHORI AR R A KIE, WIHHAR e, 2rR4l
YU, FAEF:; HRELERE, RFERERERMESS, REFRRERS S FI



2RVR I N ZE I, SO B FPWIE, RS ARYREE, W RIRES, RSN,
AR AT, kM sRe, SR E TR TR, WIBREISE, SEHERT AR,
SR AU R TR JE

AEER B 10 £ B R .

(1) T i 0 P R R e, ZEAAIE SR R S M O b 5ot B SR 29 v E A
B, VEE R AA BB AR TR S IR 05 . AR AR T T A AR
BNARTRR, WRIEHSLHEEMNTE. MU TREEAREE, RIFHORRER,
HAEHOM R R MR .

(2) EMHIE R AIRAIE T B B Re e A U B R IR, TR ARSI,
MR R E R AT 4, (BB YHE, 2 E B AR, RN B AN S SRS &
2 i S BRSO B AR, 2 BRI R RO bR

(3) FEHMRINABE LA LT, A LB N F VW LSRR R AR AR
RSZR L, R TR A A HT BB RO )t B e S L R R AL

(4) T “AESIKE” MBI, LASEhR i S| AR EEAES, ZEVhRsL
B3R P A BRSNS AR UEIAN, A AR R TR S 1) A ) SRR v
WG PTG M4, M A BEVOENT, K40, ik, FTHERENR. R, SIA
ROBEER R RABCETE, TR NE.

(5) BhE W AGHE £, IREBAG, TIFEE, %K=, SHEL, BHR5HE.
FFIMERALZ K, FFARRBERER, AR TR SR BRI N A L&
SRS, WAMEREE T RESMNGES, WRREIHS. LRI, Saxil.
B SS, HESEAREE T R U RREREHEIE.

(6) KEAEMIAE R THE, MBS E T SEALRIE, W KB
T2 BT, BT HEA PowerPoint HIfE, BT HIEEERSIERBS. X
HR I B AR L E B E K F K H AR #E G www.waterpub.com.cn T#. HAMERAEAH
S Sk T R EAED, BT E BB R AR HE, RSN,

Bz, REPRIHAEE T ANZ KIS BT —2 TR R80T BRI 7 i
MPERAEE, NATS, Shsi, BaEW, EARE, BRSHE, ik, TH
VERERTSZFIPERR . A HURI ORI PR R A e %, AT R AR 26 A 1
R R AR (R, I ANE T B R 2 B AN . B 50kt L
NI TR AR A R 255 %06

AT AR S0 10 8- R A 2 S0k 0 Hh PO A5 B R thu s o LKA o
MR G PR, ST, TR IS . BRATHGS, BEERESSHE RN R AR
RECEME R MR, BT 75 T 38 I R FE B A5 35 R s R Ob ke — 5 (R
33 B B AR S TR R IR 7

BATHIRE KX AR R, DM — ST, % B
PN T

21 #HFRRARNEM BEL
2004 4 8 A



Brief Introduction

This book is mainly about foundation of information theory and the coding theory. Also, some
practical applications of these theories are mentioned in some occasions. On the basis of introducing
the measure of information, it mainly focuses on the introduction of the theory of lossless source
coding, limited loss source coding, channel coding and their applications. It pays attention to basic
concepts and uses popular text to explain them. In the background of the current communication
system, it includes many examples and figures to elaborate these concepts and theorems. At the same
time, it does its best to avoid getting entangled in proving the equations. To deepen the
understanding to the knowledge it touches upon, there are some exercises attached at the end of
every chapter.

This book can be used as the teaching material for college students, and also, it can be the
reference for career man in the area of communication, telecommunication and electronic.



Preface

Information theory is a mathematical theory of communication theory. It is science to study
information measure and coding using mathematical statistics method. It can be divided into
generalized information theory and narrow information theory which is also called classical theory
of information or probabilistic information theory.

This book is on the foundation of probabilistic information measures and their application to
coding theorems for information sources and noisy channels. It pays attention to elaborate the basic
theories, concepts and methods. Under this guideline, there are many examples throughout this book
to make it clearer about these concepts and theorems. Too mathematical a book has the potential
danger of scaring away beginner. So, it makes every effort to use simple mathematics tools in the
argument of information theory, which may lead beginners to the way of mastering it.

It can be used as teaching material in Electronics Department for college students of upper
grade or for graduate students. The whole book is composed by seven chapters. They are both lively
introductions and fairly detailed references to the fascinating world of information theory.

Chapter 1 is introduction, a general illustration from the angle of history about the basic
problems this book dealing with. For example, the concept of information and the measure method
of it, the formation and development of information theory are all included.

Chapter 2 deals with some basic concepts on information measurement. Through the study of
this chapter you may gain the ability of knowing how much information you can get from a trial of
tossing a coin and read the result of it. Also, this chapter introduces some theorems on continuous
source.

Chapter 3 is on discrete source information. The source model and the calculation of source
entropy are introduced in this part. Through the study of this part, the reader can understand why
there is space for compression.

Chapter 4 is about channels. For channel, it uses channel capacity to measure the transfer ability.
The channel model and the capacity calculation of some typical channels discrete or continuous ones
are the focus. After the study of this part, readers can see the real situation of information
transmission.

Chapter 5 deals with lossless source coding theorem. In chapter 3, it knows that source needs to
be compressed to suit for the transmission. In this part, it shows how to compress the information of
source keeps.

Chapter 6 deals with limited distortion source coding. Former chapters are all in condition of
without distortion, but in real world, distortion in some degree can’t be realized by people’s sense, so
the information in transmission or records can be less. This chapter is about the theorems and
practice of this idea.



Chapter 7 introduces the coding theory. Some famous and useful coding method is included in
it, such as the CRC code and Hamming code.

The arrangement of content for this book is from simple to complex. To improve the ability of
analyzing and solving problems, there are some questions and exercises at the end of each chapter.

This book is the harvest of hard work and wisdom of a group of people. The members
participating the writing of the book are LiangJianwu(Chapter1,2,3,4), GuoYing(Chapter7),
LuoXiying(from Hunan Umversny of Science and Technology, Chapter5), LiuJunjun(Chapter6),
LongXiaomei(verify), TianYe(proofreading), ZhouYuanyuan(typesettlng) Otherwise, HeZhibin,
LiHuawei, FuShifeng, TanHailong, WenZheng, all did great favors for the writing of this book. We
have tried our best to free the book from all errors, but unfortunately there does not exist a foolproof
error control technique for that. So, you are welcome to point out our mistakes and give us your
opinions.

Authors of this book in Central South University
March, 2008
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Chapter 1 Introduction

Contents

® Information
®  Origin and development of Information Theory
® The application and achievement of Information Theory methods
® Formation and Development of Information Theory
In this chapter, it shows the basic problems the whole book will talk about. What is information?
What is information theory? The achievements, application, development and formation of

information theory are also the topics of this chapter.
Before it starts, there is something must be known

First, the main content will show those: how to measure the information, this question can be
answered after the way of Shannon measures information is understood. As a student of
communication engineering, the concepts such as information source and channel, have been
contracted with before. The distortionless way of coding for source and channel are included in the
Shannon’s first theorem, Shannon’s second theorem and third theorem which will be shown later. In
addition, many examples for the applications of Information Theory will be involved in the course of
this study.

Second, the importance of studying the Information Theory also needs to be emphasized. The
Information Theory is the elementary theory of Information Science and Technology. Without the
foundation of Information Theory, one cannot be engaged in the communication domain research
and innovation, nor can he touch the edge of this field. In brief, the Information Theory is the
essential elementary knowledge to master for one who has high level information technology.

The course of Fundamental Information Theory is the foundation curriculum for
communication and the information field. Only when it is mastered, can it learn the succeeding
curriculum and occupy in the scientific research and the innovation in the information field. So,
cherish this study opportunity, study hard to raise the scientific research abilities gradually and set up
the consummated personality foundation, thus to lay solid foundation for further study and scientific
research.

Third, goal of this learning must be clear. Fully understands the basic concepts and theorems of
Information Theory, skilled grasp the content of the materials present for you, skilled grasp in the
mathematical description of the fundamental research object in information Engineering. Achieve
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certain ability to solve problem and analysis through doing some exercises. With the base of all
above, the ultimate objective thing is get the ability to think and describe with certain scientific
method with Information Theory ideas and viewpoints.

1.1  What is Information

Although there is no accurate definition of Information, there are two obvious characteristics
for information: widespread and abstract.

Widespread: The objective world is filled with information. Humanity cannot leave without
information. Knowledge in books is the useful information accumulated.

Abstract: There are three essential factors composed the objective world and promoted the

development of society: matter, energy and information. In these three essential factors, matter is the
7

>

foundation and entity; energy is the motion of matter form. Through the famous formula: E = mc
the matter may be transformed into energy, but the energy is the main power to change the objective
world. Information is the third essential composition.

To make it more clearly, we’d better to discriminate three concepts:

Information: It attaches to the matter and the energy, but also is different from matter and
energy. Without information, we cannot use the matter and the energy well. Human beings use
information and knowledge to change the real world, create new matter, and enhance the efficiency
of energy usage and to discover new energy forms.

The information is objective. It is the main power which man uses to contact, and change the
objective world. Also it is in a higher level that the men understood the objective world.

Maybe it can be explained as the asymency degree in space and time field for matter and
engrey.

Signal: It is the physical expression level of the information and the most concrete level. Also,
it is a physical quantity, an entity to bear information, may be surveyed, be described and
demonstrated.

Message (Also named symbol): It is the mathematical expression level of the information.
Although it is not a physical quantity, it can be described in the form of quantity. It is the further
mathematics abstract from concrete physical signal. The concrete physical signal is divided into two
types:

The discrete (digital form) message is a group of unknown quantities, may be described with
the random sequence: U =(U,---U,---U,).

The continuous (analog form) news, is a group of unknown quantity, it may be described with
the stochastic process: U(?,®) .

Through the comparison, it’s clear to see the relationships among signal, message and
information:

Information is in higher level of philosophy abstract, i.e. it is the higher expression level of
signal and message. In these three levels, signal is the most concrete and information is the most
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abstract. They are in the philosophy connotation and extension relations. Information may be seemed
to be the connotation of concrete physical signal and the mathematical description of the message,
and the meaning of concrete supporting body for content of signal and message description. Signal is
the extension of abstract information in the physical level; message is the extension of abstract
information in mathematical level expression.

The same information may be carried by different signal forms (e.g. word, language, image and
so on); the same information also may be described with different mathematical expression forms
(e.g. discrete or continuous). Similarly, the identical signal form, for instance “0” and “1” may be
expressed in different forms, without or with, breaks or passes, low or high (level) and so on.

Main characteristics of information

The information comes from the matter, but it is not the matter itself. It is produced from the
material movement, also may be separated from the source element and exist independently. The
information comes from the inner world, but it does not limit to the energy domain. The information
and the energy are closely linked, but they have essential difference with the energy. The information
has the nature of knowledge, but it has more widespread connotation than knowledge, and can be
gained and used.

Important nature of information

So much has been talked about information, if anyone wants you to describe it with some words,
the following maybe all right:

Universal existence, sequence, relativity, measurable, extendable, can be saved, transported and
portable, compressed, vicarious, diffused, shared.

The information will play a vital role in our society which is a highly information-oriented one.
It will be a more precious wealth than material and energy.

Shannon Information (Probability information)

Shannon is the creator of Probability Information Theory, which is the main topic of this book.
The information with the help from Probability Theory can be used to measure of the state of motion
or the indefinite existence way of the matter. Consider the basic model of communication system as
following:

It seemed that the message is transmitted in the communication system, and actually the
information contained in these messages is transmitted at the same time.

To understand Shannon’s theory, learning some concepts may be inevitable.

Sample space: since things may have various appearances, the message set of all possibility is
called sample space.

Regarding the discrete message set, the probability measure is to assign a probability to each

possibility. A sample space and its probability measure are called a probability space. Expression
is:[X,P], X is the possibility, and P is its probability. It is expressed as below formula:

[X }z i g (1.1)
P) || pla), pa), -~ pla,)
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In this expression, a;is the selected symbol, p(a;)is the probability of the message

accordingly, called pre-test probability. With the expression we can calculate some index about
information.

Self-Information of the message (symbol):

I(a;)=log P(l

= —log P(a;) (1.2)

After-test probability: also called conditional probability p(q; | 6,) —the probability that the

receiver received message (symbol) b, while the transmitter has transmitted g; .

Mutual information: the information of pre-test minus the information lost through the
transmission (information content which the receiver obtains):

1 1
I(a;;b.) =log —log
; P(a;) p(a; b))

(1.3)

1.2 What’s Information Theory?

It is the theory that C. E. Shannon summarized from the martial intelligence transmission
question in late 1940’s. The theory regards the objective probability information as the research
objects. Its main research question is:

® Source description, information ration measurement, analysis and computation.

® Channel description, the channel transmission ration measure, analysis and computation.

®  Statistical match between source, channels and communication systems, as well as

optimization of communication systems — i.e. the three Shannon coding theorems.

The Information Theory has been developed for 50 years, until now, it is still the basic theory to
instruct the dévelopment of communication technology, and it is also the fountain-head of innovating

new communication systems.

1.2.1 Origin and Development of Information Theory

In the historical perpetual flow of human being, the information transmission and the
dissemination methods have experienced five reformations:
®  The first reformation: the production of language.
The second reformation: the production of writing.
The third reformation: the invention of printing method.
The fourth reformation: the invention of telegram and telephone.

The fifth reformation: computer technology and the communication have been unified,
which promoted the development of networks.

Contribution of Shannon

In 1948, Shannon published 4 Mathematical Theory of Communication in The Bell System
Technical Journal, which symbolized the birth of Information Theory. In 1949, he published
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Communication Theory of Secrecy Systems. In this theory, he first put forward the viewpoint of
Information Theory to make comprehensive elaboration on information security. In 1959, he
published an article about discrete source coding theorem with the fidelity criterion. In this paper, he
proposed the data rate loss theory, and laid the theory foundation for the source compression coding
research. In 1961, he published another paper about bi-channel communication, which propelled the
development of multi-user information theory’s research.

Research categories of Information Theory

As is shown in Fig. 1.1, the foundational information theory is only a small part of the whole
theory system. Because of this reason, people who engage in information technology may have a
foot in the door from this part.

Foundational Project Generalized

Information Information Information
Theory Theory Theory

Fig. 1.1 Categories of Information Theory

Foundational Information Theory

It mainly includes researching mathematical description and quantitative analysis of the
communication systems. And it also includes researching the optimizations of the system, in other
words, it is research on theoretically potential power of the communication system and the
mathematical limit. Since it takes the existence as the main research body, we also call it
mathematical Information Theory.

Project Information Theory

It takes the project as the background, mainly studies on the best working rule of each part in
communication systems. With the best principle of design, it takes the structure as the main body,
primarily engaged in the technical questions.It mainly includes:

®  Source coding, decoding theory and methods to structure it.
Channel coding, decoding theory and methods to structure it.
Best modulation and demodulation theory and their realizations.
Best examination, estimate value and best receive theory and their realizations.

Best information processing theory, method and algorithm.

Generalized Information Theory

The core question is how to develop it. It has triple meanings: 7

First is the widening of information meaning. There are several kinds of information with
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different meanings below in Fig. 1.2, from which it shows that the Shannon information talking
about in this book is just a basic form of it.

Shannon Grammar Semantic

Information Information | Information

Fig. 1.2 Categories of Information

Second is how to develop its description method.
Finally is how to develop it in the application.

1.2.2 The application and achievement of Information Theory methods

In the developing course of Information theory, some theorems had been proved failed but
some had been proved successful, so there are many achievements for this theory.

(1) Voice signal compression

Voice signal is the earliest form of information to be transmitted. The speed of the transmission
of compressed voice signal becomes important. In the project of real world, PCM sampling is still in
use, its speed of sampling is 64kbit/s, with which the voice signal can be transmitted from the sender
and recovered well in the receive end. As far as Information Theory concerned, the speed of coding
can be far lower than the speed which we now using: 64kbit/s to 100bit/s. It is the target to lower the
speed of sampling in projects.

(2) Image information compression

It is more significant than other source for image to do a thoroughgoing compression, which is
because the huge redundant information in it. Here are several standards and their compression

ratios:
H.261 48:1 (TV conference)
JPEG 24:1 (Static image)

MPEG-1 50:1 (Dynamic image)

(3) File compression

To solve the problem of space shortage for storage, it is usually compress files with many
algorithms. Until now there are more than 20 kinds of compress algorithms. Source programs,
destination codes, papers, novels, scientific data and books can all be compressed by 30 percent.
They are all lossless compressions which make them can be unzipped to read them.

(4) Enhancement of data transmission speed in analog telephone channel



