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Preface to the
Fourth Edition

It is now seven years since the publication of the third
edition of this Encyclopedia. In the Preface to the
third edition it was noted that the pace of change in
computing “is still more rapid than in any other
scientific or technical discipline,” but that it “may not
be as breakneck as it once was.” The former claim
is still correct: the latter, however, probably is not.
The advent of the Internet and the rapidly falling
prices and increasing capability of personal compu-
ters, among other things, made the 1990s a period of
very rapid change indeed. Thus seven years is such a
long time between editions that this is a very different
volume from its predecessors.

How different? The third edition contained 605
articles from 370 contributors (compared with 550
and 301 in the second edition and 470 and 210 in the
first edition). This edition has 623 articles from over
450 contributors of which

¢ 103 are new articles

¢ 29 are rewritten articles on subjects covered in the
third edition

¢ 132 are third edition articles that have been exten-
sively modified and brought up to date.

Also, this edition has 16 color pages whereas the third
edition, the first to have any color at all, had only 12.

As in the previous editions, in addition to articles on
the history of computing itself, many articles discuss
the history of their subjects. There are five new biog-
raphies of major figures in computing, but we hgve

adopted a policy of not adding any new biographies
of living people. There are also new articles on the
history of nine important programming languages.
Almost all articles from the third edition that have
been retained have undergone at least minor modifi-
cation, and many were extensively revised or replaced.
In order that the size of the fourth edition be not too
much greater than that of the third, some articles from
that edition have been merged into other articles while
others have been deleted because their subject mat-
ter was deemed both obsolete and not of historical
significance.

The seven appendices in the third edition have been
retained, and two new ones have been added. One lists
all articles in earlier editions that no longer appear, so
that readers can find certain topics not covered in this
edition. The other lists the presidents of various pro-
fessional societies; previous editions included them in
separate articles. The expanded Appendix IX, the Time-
line of Significant Computing Milestones, remains, we
hope, both informative and irreverent.

The overall result is a fourth edition in which over 40%
of the material was either not contained in the third
edition or has been significantly modified. The Classifi-
cation of Articles in the front of this volume is an
important tool for readers looking for subject matter
in a specific area. In addition, there are two extensive
indexes, a Subject Index and a Name Index. The latter
contains the names of all persons mentioned some-
where in the Encyclopedia (except for authors of
uncited items in bibliographies).
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xiv  PREFACE TO THE FOURTH EDITION

It is intended to make this edition available by sub-
scription on the World Wide Web. And because cur-
rent technology makes it easy and affordable, we hope
to update the Web edition regularly to provide a more
up-to-date resource than a printed book can ever be.
This updated edition will then be used to publish fifth
(and later!) editions. Indeed, before too long—but
probably not for the fifth edition—this Encyclopedia
may become entirely electronic.

Finally, a word about the title. It is the same as that of
the first and third editions, whereas the second was
called The Encyclopedia of Computer Science and
Engineering. In the preface to the third edition it was
light-heartedly suggested that we would henceforth
use “Engineering” in the even numbered editions and
omit it from the odd-numbered editions. The engineer-
ing aspects of computing, both hardware and soft-

ware, are fully represented in this edition, but we have
chosen 1o retain the more succinct title of the third
edition.

Anthony Ralston ar9@doc.ic.ac.uk
Edwin D. Reilly reilly(@cs.albany.edu
David Hemmendinger hemmendd@union.edu

January, 2000

NOTE: The editors and publisher welcome comments
on how this Encyclopedia could be improved in both
coverage and style as well as reports on any errors
of fact or typographical errors. All correspondence
should be sent by email to one of the addresses above
or by snailmail to Editors, Encyclopedia of Computer
Science, Macmillan Reference Ltd, 25 Eccleston Place,
London SWI1W 9NF, UK.
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Editor’s Foreword

The most important purpose of an encyclopedia in a
particular discipline is to be a basic reference work for
readers who need information on subjects in which
they are not expert. The implication of “basic” is that
an encyclopedia, while it should attempt to be compre-
hensive in breadth of coverage, cannot be comprehen-
sive in the depth with which it treats most topics.
An encyclopedia should, however, direct the reader to
information at a deeper level, as this one does through
bibliographic references and cross-references to other
articles. In this edition for the first time many articles
also list pertinent Websites (but the reader should be
warned: uniform resource locators for Websites are
often ephemeral so that the fraction of those in this
Encyclopedia that are accurate will decline with time).

What constitutes breadth of coverage is always a
difficult question, and it is especially so for computer
science and computer engineering, relatively new
disciplines that have evolved over the past five decades
and are still changing rapidly. Their boundaries are
not well defined because there is no general agree-
ment, even among computer scientists and technolo-
gists, as to whether certain areas are or are not part of
these disciplines. Thus the choice of specific topics for
this Encyclopedia has required our judgment of what
is basic and important, modulated by the practical
problems of finding appropriate authors to write the
articles. While there may be disagreement about the
inclusion or exclusion of certain topics, we hope and
believe that little of major importance has been
omitted.

Articles in this Encyclopedia normally contain defini-
tions of the article titles (typically early in the article in
a sentence or paragraph where the article title is
italicized), but even the shortest articles also contain
explanatory information to broaden and deepen the
reader’s understanding. There are numerous historical
articles, and long articles contain historical and survey
material that integrate the subject matter and put it
into perspective. Overall, the encyclopedia is a general
reference to computer science and engineering, as
well as a broad picture of the discipline, its history,
and its direction.

Organization

The organization of this volume is alphabetical by
article titles. Special characters collate in accord with
their ASCII sequence except that hyphens are treated
as spaces. Thus, for example, COMPUTER-AIDED SOFT-
WARE ENGINEERING comes before COMPUTER ALGEBRA.
Titles have been chosen so that the first word is
generally the one most likely to be selected by the
reader searching for a given topic. In addition, there
are cross-reference entries when the reader might have
sought more than one word in a title, or when the
article could have been given an alternative synony-
mous title.

There are five additional aids to the reader. The first
aid is the Classification of Articles, which follows this
Foreword. This classification is intended to guide the
reader to clusters of related articles. It may also be
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xvi EDITORS’ FOREWORD

useful in helping readers to follow a coherent self-
study regime in a particular subfield. The second such
aid is the list of cross-references at the beginning of
each article, which cite titles of closely related articles,
and the third aid is the frequent use of the notations
(g.v.) and “See” in articles to indicate the title of an
article related to the point under discussion.

The nine appendices at the back of the book constitute
the fourth aid. These are abbreviations and acronyms;
notation; journals and magazines relevant to comput-
ing; academic departments of computer science and
engineering; presidents of computer societies; compu-
ter languages; a five-language glossary of important
computer terms; articles in prior editions deleted from
this one; and an extensive timeline of important mile-
stones in computing.

The fifth aid is the pair of indexes. In a dictionary or
glossary, all terms being defined appear as entries,

making an index superfluous. But in an encyclopedia
only the most important terms are used as article titles
or even main cross-references, making an index essen-
tial. We have tried to make the General Index compre-
hensive but to make it easier to use, we have placed
most references to people in a separate Name Index
that precedes the General Index. The General Index
contains all terms that should appear in a dictionary of
computer science, but also contains entries that would
not normally appear in a computer dictionary, such
as references to subcategories and important words
in general usage. Thus the index will often provide
pointers to unfamiliar terms whose exploration the
reader might find useful and interesting.

Anthony Ralston
Edwin D. Reilly

David Hemmendinger
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Classification of Articles

This classification of articles embodies a taxonomy that should be helpful to the reader in grasping the scope of the material
contained in this volume. Articles are classified under nine categories:

. Hardware

. Computer Systems

. Information and Data

. Software

. Mathematics of Computing
. Theory of Computation

. Methodologies

. Applications

. Computing Milieux

oo =1 O s b b e

Each Encyclopedia article appears at least once in this classification. Some titles appear more than once in order to avoid the
clutter of cross-references. Most classification headings are themselves article titles, in which case the title is followed by the
page on which it begins. Headings preceded by an asterisk (*), however, are not actual titles but rather were invented to pro-
vide coherence to the classification. (Note: Appendix VIII contains a list of all articles in previous editions that are not in

this edition.)

1. *HARDWARE

*TYPES OF COMPUTERS

Analog Computer 53
Differential Analyzer 537
Digital Computer 539
Calculating Machines 187
Calculators, Electronic and Programmable 192
Front-End Processor 735
Mainframe 1068
Microprocessors and Microcomputers 1161
Embedded System 646
Systolic Array 1741

Minicomputer 1172
Portable Computers 1414
Supercomputers 1710
Workstation 1865

COMPUTER ARCHITECTURE 304

Addressing 20

Byte Ordering 169
Capability-Based Addressing 194
Computers, Multiple Address 435
Input—Output Operations 874
Instruction Decoding 882
Instruction-Level Parallelism 883
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xvill CLASSIFICATION OF ARTICLES

Instruction Set 887
Memory Hierarchy 1144
Open Architecture 1288
Parallel Processing: Architectures
Pipeline 1405
Program Counter
Register 1515
General Register 745
Index Register 847
Register Allocation 1516
Reduced Instruction Set Computer (RISC)
Stored Program Concept 1691
von Neumann Machine 1841

1352

1453

COMPUTER CIRCUITRY 339

Adder 17

Bit Slicing 150
Integrated Circuitry 892
Logic Design 1014
Microcomputer Chip
Motherboard 1193
Superconducting Devices

1157

1723

DIGITAL COMPUTER 539

Access Time 8

Cycle Time 476

Interleaving 908

Microprogramming 1169
Synchronous/Asynchronous Operation
Throughput 1777

*DIGITAL COMPUTER SUBSYSTEMS

Bus 165
Central Processing Unit (CPU) 199
Arithmetic-Logic Unit (ALU) 77
Interrupt 928
Interval Timer 933
Wait State 1845
Channel 200
Communication Control Unit
713
Front End Processor 735
*Input-Output Principles and Terminology
Access Time 8

240
Firmware

Analog-to-Digital and Digital-to-Analog Converters 59

Buffer 160
Channel 200
Contention 447
Cycle Stealing 475
Cylinder 479
Driver 608
Interlock 909
Interrupt 928
Memory-Mapped 1/0
Multiplexing 1202
Paper Tape 1348
Port, I/O 1412
Port, Memory
Punched Card

1152

1414
1487

1510

1735

Input-Output Control System (I0CS) 870

BIOS 149

Logical and Physical Names

*Input—Output Devices
DSU/CSU 608
Interactive Input Devices

Mouse 1193
Modem 1181

Monitor, Display 1186

Optical Character Recognition (OCR)

Printers 1422
Punched Card Machinery
Terminals 1752

Memory: Auxiliary 1137
Block and Blocking Factor
Diskette 593
Hard Disk 767
Mass Storage 1084
Optical Storage 1336

Redundant Array of Inexpensive Disks (RAID)

Swapping 1726
Memory: Main 1130
Associative Memory
Cache Coherency 176
Cache Memory 180
Local Store 1014
Memory Protection 1152
Mutual Exclusion 1215
Read-Only Memory (ROM)
Ultrasonic Memory 1811
Williams Tube Memory

105

HARDWARE RELIABILITY

Cyclic Redundancy Check (CRC) 476

1031

903

1489

150

1503

1851
HARDWARE DESCRIPTION LANGUAGES 768

773

Fault-Tolerant Computing 698

Hardware Verification 777
Model Checking 1177
Redundancy 1512

MAINTENANCE OF COMPUTERS

MOLECULAR COMPUTING
OPTICAL COMPUTING

EVALUATION 1385

QUANTUM COMPUTING

1184

1333
PERFORMANCE MEASUREMENT AND

1493

1326

1068

1512

2. COMPUTER SYSTEMS 425

*ACCESS-BASED SYSTEMS

907
637

Interactive System
Electronic Mail
Internet 915
Online Conversation
Teleprocessing Systems
Time Sharing 1778
Transaction Processing

1284
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User Interface 1821

Window Environments 1854

World Wide Web (WWW) 1867
Mobile Computing 1175
Real-Time Systems 1504

*STRUCTURE-BASED SYSTEMS

Client-Server Computing 215
Cluster Computing 218
Dataflow 520
Distributed Systems 595
Cooperative Computing 460
Embedded System 646
Y2K Problem 1875
File Server 710
Front End Processor 735
Host System 790
Multiprocessing 1205
Networks, Computer 1228
Ethernet 680
Local Area Network (LAN) 1008
Metropolitan Area Network (MAN) 1155
Network Architecture 1223
Parallel Processing:
Principles 1349
Concurrent Programming 439
Architectures 1352
Systolic Array 1741
Algorithms 1357
Languages 1362

3. *INFORMATION AND DATA

CODES 223

Baudot Code 134

Character Codes 204

Error Correcting and Detecting Codes 674
Universal Product Code 1814

COLLATING SEQUENCE 233
CRYPTOGRAPHY, COMPUTERS IN 468

DATA COMMUNICATIONS:
Principles 481
Standards 488

Asynchronous Transfer Mode (ATM) 107

Bandwidth 131

Baud 133

Communication Control Unit 240

Communications and Computers 243

Conditioning 445

Cyclic Redundancy Check (CRC) 476
DSU/CSU 608

Echoing 611

Ethernet 680

Fiber Optics 702

Gateway 744

Handshaking 766

Integrated Services Digital Network (ISDN) 902

CLASSIFICATION OF ARTICLES

Modem 1181

Network Protocols 1224

Open Systems Interconnection (OSI) 1288
Packet Switching 1345

Parity 1367

Polling 1412

Protocol 1486

TCP/IP 1745

DATA COMPRESSION 492
Image Compression 836
DATA MINING 496

DATA MODELS 499
DATA SECURITY 504

Authentication 111
Cryptography, Computers in 468
Digital Signature 581

Password 1374

Pretty Good Privacy (PGP) 1421
Privacy, Computers and 1427
Virus, Computer 1839

DATA STRUCTURES 507

Abstract Data Type 1
Encapsulation 648
Information Hiding 854
Package 1345

Class 212

Data Type 512

File 708
Directory 583
File Server 710
Login File 1034
Open and Close a File 1287

Graph Theory 755

List Processing 992

Pointer 1408

Queueing Theory 1496

Record 1506

Stack 1674

String Processing 1694

Tree 1792

Types, Theory of 1806

DATA WAREHOUSING 514
INFORMATION ACCESS 848
INFORMATION PROCESSING 856
INFORMATION RETRIEVAL 858
INFORMATION SYSTEMS 865

Geographic Information System (GIS) 748
Hospital Information System (HIS) 788

INFORMATION TECHNOLOGY 868
INFORMATION THEORY 869
INTERNET 915

World Wide Web (WWW) 1867
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XX CLASSIFICATION OF ARTICLES

MEMORY MANAGEMENT 1146

Virtual Memory 1832
Working Set 1864

4. SOFTWARE 1599

Free Software Foundation (FSF) 732
Freeware and Shareware 733
Groupware 759

Software History 1613

* PROGRAMMING AND PROGRAMMING LANGUAGES
APPLICATIONS PROGRAMMING 73

FUNCTIONAL PROGRAMMING 736

LOGIC PROGRAMMING 1017

MACHINE AND ASSEMBLY LANGUAGE
PROGRAMMING 1044

Assembler 96

Calling Sequence 193
Masking 1084

No-op 1241

Shifting 1572

OBJECT-ORIENTED PROGRAMMING (OOP)

PROCEDURE-ORIENTED LANGUAGES:
PROGRAMMING 1444

Checkpoint 208

Concurrent Programming 439

Debugging 524

Bug 162

Diagnostic 35

Dump 609

Errors 677

Trace 1787

Exception Handling 682

Tteration 934

List Processing 992

Literate Programming 1000

Modular Programming 1183
Object-Oriented Programming (OOP) 1279
Parameter Passing 1365

Programming Support Environments 1485
Recursion 1507

Side Effect 1573

*PROGRAM ARCHITECTURE

1279

Abstract Data Type |
Argument 76

Block Structure 151
Constant 445

Control Structure 454
Encapsulation 648
Expression 689

Global and Local Variables 750
Identifier 835
Information Hiding 854
Loop Invariant 1038

Object-Oriented Programming (OOP) 1279
Object-Oriented Analysis and Design (OOAD)
Operand 1289
Package 1345
Program 1452
Calling Sequence 193
Coroutine 465
Object Program 1284
Reentrant Program 1514
Source Program 1664
Subprogram 1708
Statement 1683
Declaration 527
Executable Statement 683
Guarded Command 761
Macro 1066
Types, Theory of 1806

PROGRAMMING LANGUAGES 1470

Assembler 96
Compiler 251

Activation Record 10

Compile and Run Time 250

Cross Assemblers and Compilers 467

Partial Evaluation 1370

Preprocessor 1420
Coordination Languages 462
Dataflow: Languages 523
Extensible Language 691
Functional Programming 736
Intermediate Languages 910
Language Processors 955
List Processing: Languages 996

Garbage Collection 743

Lisp 991
Literate Programming 1000
Logic Programming: Languages 1024
Markup Languages 1080

Hypertext 799
Nonprocedural Languages 1244
Parallel Processing: Languages 1362
Problem-Oriented Languages 1433

PostScript 1417

Simula 1576
Procedure-Oriented Languages: Survey 1441

Ada 12

Algol 32

Algol 68 34

APL 67

Basic 131

c 171

C++ 174

Cobol 221

Forth 721

Fortran 724

Java 937

Logo 1035

Pascal 1372

Simula 1576

SETL 1569
Scripting Languages 1553

Page 17 of 29

1276



String Processing: Languages 1695
PROGRAMMING LANGUAGE STANDARDS 1466
*PROGRAMMING LANGUAGE SYNTAX

Backus-Naur Form (BNF) 129
Metalanguage 1155
Vienna Definition Language (VDL) 1831

PROGRAMMING LINGUISTICS 1475

Binding 141

Coercion 227

Default Condition 531

Delimiter 531

Operator Overloading 1324

Operator Precedence 1325

Partial Evaluation 1370

Polish Notation 1409

Production 1451

Programming Language Semantics 1463
Vienna Definition Language 1831

Syntax, Semantics, and Pragmatics 1737

SOFTWARE ENGINEERING 1606

Automatic Programming 119
Chief Programmer Team 209
Compatibility 250
Emulation 647
Computer-Aided Software Engineering (CASE) 278
Documentation 602
Flowchart 714
Formal Methods for Computer Systems 720
Human Factors in Computing 791
User Interface 1821
Modular Programming 1183
Object-Oriented Analysis and Design (OOAD) 1276
Program Specification 1454
Program Verification 1458
Loop Invariant 1038
Software Configuration Management 1601
Software Design Patterns 1604
Software Engineering Institute (SEI) 1611
Software Libraries, Numerical and Statistical 1620
Mathematical Software 1093
Software Maintenance 1624
Software Metrics 1627
Software Monitor 1631
Software Portability 1633
Transparency 1791
Software Project Management 1634
Software Prototyping 1636
Software Reliability 1638
Software Reusability 1641
Component Software 260
Software Safety 1643
Software Testing 1645
Checkpoint 208
Debugging 524
Errors 677
Programming Support Environments 1485
Structured Programming 1701

CLASSIFICATION OF ARTICLES

* SYSTEMS SOFTWARE
OPERATING SYSTEMS 1290

Operating Systems: General Principles 1290
Accounting System, Computer 9
Bootstrap 159
Directory 583
Job 941
Kernel 945
Login File 1034
Memory Protection 1152
Multiprogramming 1207
Multitasking 1210
Overhead 1341
Privileged Instruction 1430
Scheduling Algorithms 1535
Software Configuration Management 1601
Supervisor Call 1725
Thrashing 1776
Time Sharing 1778
Time Slice 1782
User Interface 1821
Virtual Memory 1832
Working Set 1864

Operating Systems: Contemporary Issues 1311
Client-Server Computing 215
Distributed Systems 595
File Server 710
Monitor, Synchronization 1191
Password 1374
Shell 1571
Unix Operating System 1816

SYSTEMS PROGRAMMING 1739

Access Methods 5
Bootstrap 159

Buffer 160

Compiler 251
Concurrent Programming 439
Driver 608

Garbage Collection 743
Interrupt 928
Microprogramming 1169
Emulation 647
Linkers and Loaders 988
Real-Time Systems 1504
Storage Allocation 1689
Swapping 1726

Trap 1791

xxi

5. *MATHEMATICS OF COMPUTING

COMPUTATIONAL GEOMETRY 265
DISCRETE MATHEMATICS 587

Arithmetic, Computer 81
Complement 258
Interval Arithmetic 931
Precision 1420
Significant Digit 1574
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Boolean Algebra 154 Sequential Machine 1565
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Combinatorics 235 Turing Machine 1797
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Fuzzy Logic 739 Grammars 751
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Mathematical Programming 1087 Well-Formed Formula (WFF) 1847
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Probabilistic Algorithms 1430 LIMITS OF COMPUTATION 984

Queueing Theory 1496
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Number Theoretic Calculations 1256 NONMONOTONIC LOGIC 1241
Numbers and Number Systems 1257 TYPES, THEORY OF 1806

MATHEMATICS, COMPUTERS IN 1096 PETRI NET 1402

NUMERICAL ANALYSIS 1260 RECURSION 1507
Approximation Theory 73
Chebyshev Approximation 208

Least-Squares Approximation 963

Error Analysis 669 7. *METHODOLOGIES
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Finite Element Method 711
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Optimization Methods 1339 Case-Based Reasoning 196
Partial Differential Equations 1367 Cognitive Science 227
Roundoff Error 1532 Expert Systems 684
Spline 1668 Heuristic 781

Knowledge Representation 947
Machine Learning 1056
Algorithmic Problem Solving 38 Multiagent Systems 1194
Natural Language Processing 1218
Machine Translation 1059

6. *THEORY OF COMPUTATION NedmNSGOIE 1240
Perceptron 1383
Speech Recognition and Synthesis 1664
Theorem Proving 1773
*Types and Specific Examples Turing Test 1801

Algorithms, Design and Classification of 45

PROBLEM-SOLVING ENVIRONMENTS 1440

ALGORITHM 36

Genetic Algorithms 747 COMPUTERALRERRA
Parallel Processing: Algorithms 1357 Principles 282

Probabilistic Algorithms 1430 Systems 287

Searching 1557 COMPUTER GRAPHICS 368
Sorting 1649

Artificial Life 93
Computer Animation 301
ALGORITHMS, ANALYSIS OF 42 Fractals 725
Geographic Information System (GIS) 748
Scientific Visualization 1550
Virtual Reality 1835

COMPUTER VISION 431

ALGORITHMICS 40

Computational Complexity 260
Information-Based Complexity 850
NP-Complete Problems 1252

ALGORITHMS, THEORY OF 51
Undecidable Problems 1812
AUTOMATA THEORY 112

DATABASE MANAGEMENT SYSTEM (DBMS) 517

Data Models 499

Database Concurrency Control 516
Cellular Automata 198 Deductive Database 528
Probabilistic Automata 1432 Relational Database 1519
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IMAGE PROCESSING 840

Image Compression 836
Medical Imaging 1118
Tomography, Computerized 1783

INFORMATION RETRIEVAL 858
Hypertext 799

INFORMATION SYSTEMS 865
Videotex 1829
MATHEMATICAL SOFTWARE 1093
PATTERN RECOGNITION 1375
Perceptron 1383

ROBOTICS 1525

SEARCHING 1557
SIMULATION 1578

Emulation 647

SORTING 1649

VIRTUAL REALITY 1835

8. *APPLICATIONS

ADMINISTRATIVE APPLICATIONS 26

Electronic Commerce 628

Electronic Funds Transfer (EFT) 635
Electronic Office 642

Management Information Systems (MIS)
Personal Finance 1397

Spreadsheet 1670

Transaction Processing 1788

Y2K Problem 1875

*COMMUNICATIONS APPLICATIONS

Bulletin Board 162
Computer Conferencing 348
Electronic Mail (Email) 637
Groupware 759

Minitel 1174

Videotex 1829

COMPUTER-ASSISTED LEARNING AND TEACHING 328

Networks for Learning 1227
COMPUTER-AIDED ENGINEERING 274

Automated Planning 117
Automation 122

Computer-Aided Design/Computer-Aided Manufacturing

(CAD/CAM) 268
Control Applications 448
Digital Design Automation 570
Robotics 1525

Telerobotics 1748

1070

CLASSIFICATION OF ARTICLES

DESKTOP PUBLISHING 532

Metafont 1153
PostScript 1417
TEX 1756
Typefont 1804

DIGITAL LIBRARIES 576

Online Information Systems 1285

Electronic Reference Works 645

Integer Sequences, Online Encyclopedia of 891
Library Standards 982

ENTERTAINMENT INDUSTRY, COMPUTERS
IN THE 651

Computer Animation 301
Multimedia 1196

GEOGRAPHIC INFORMATION SYSTEMS 748
HUMANITIES APPLICATIONS 795

Computer Animation 301
Computer Art 320

Computer Music 396

Electronic Reference Works 645
Machine Translation 1059
Museums, Computer 1211

INTERNET 915

Java 937

Legal Issues of the Internet 975
Markup Languages 1080
World Wide Web (WWW) 1867

JOURNALISM, COMPUTERS IN 941
LEGAL APPLICATIONS 964

Legal Protection of Software 978
MEDICAL APPLICATIONS 1111

Hospital Information System (HIS) 788
Medical Imaging 1118
Tomography, Computerized 1783

*RECREATIONAL APPLICATIONS

Computer Chess 336
Computer Games:
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History 357
Traditional 364
Videogames 1827
Entertainment Industry, Computers in the 651
Multimedia 1196
Stamps, Computing on 1675
Virtual Reality 1835

SCIENTIFIC APPLICATIONS 1538

Artificial Life 93

Biocomputing 143

Number Theoretic Calculations 1256
Factoring Integers 693

Scientific Visualization 1550

Statistical Applications 1685
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TEXT EDITING SYSTEMS 1759
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*COMPUTER SCIENCE AND TECHNOLOGY
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Cognitive Science 227
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Information Processing 856
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Information Technology 868
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404
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MOBILE COMPUTING

For articles on related subjects see COMMUNICATIONS AND
COMPUTERS; NETWORKS, COMPUTER; and PORTABLE
COMPUTERS.

Mobile computing is computing using a device that
can communicate through a wireless channel. The
field of mobile computing is as broad as traditional
computing. Consumers expect the same convenience
and computing power in the mobile device as in the
computer which sits on the desk. Furthermore, mobil-
ity opens up new venues for interesting and unique
products and services. Freedom from geographic con-
straints can allow a more effective, convenient, and
timely use of computing and communication. As peo-
ple tend to think and work in places other than at their
office desks, mobile computing lets the computer be
used as a tool where it is needed, not where it is tied by
a wire. Examples include the executive working on a
laptop while traveling and the field engineer having
remote electronic access to technical documentation
and diagnostics, as well as emerging applications such
as automated inventory or baggage checking with
RFID (Radio Frequency Identification Devices), and
location-dependent services such as local maps or
weather reports.

The combination of the rapid reduction in computing
device sizes, small portable displays and wireless net-
working capabilities has fostered the growing interest
in wearable computers. Emerging experimental sys-
tems are small enough to be mounted on belts or
helmets and often provide as much processing and net-
working power as their desktop counterparts. Besides
the obvious capabilities for browsing the World Wide
Web (g.v.) while performing mundane tasks, these
“wearables” foster the creation of computer-mediated
reality. Applications such as technicians having field
manuals projected through glasses while they are
working on a device, and computer-assisted facial
recognition for instantly matching contact information
with faces are just two examples of applications
motivated by these devices. Similar applications have
been proposed as computer resources for the disabled
(see DISABLED, COMPUTERS AND THE). For example,
there have been experiments with a wearable com-
puter equipped with a camera and running a neural
network (¢.v.) program to recognize American Sign
Language (ASL) and translate it into English for the
benefit of the wearer who does not know ASL. Such
wearable computers could also draw on the resources
of more powerful ones through an Internet (g.v.)
connection.

Several years ago mobile computing was defined in
terms of the laptops used. However, this traditional
view has changed significantly. Cellular phones already
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allow Web browsing and email reception, palmtop
computers come with scaled-down versions of desk-
top operating systems and applications, and RFID
devices provide intelligent communication and com-
puting power with nearly any type of object. This
myriad of new devices spans the technological and
budgetary spectrums. '

The explosion in mobile computing has been made
possible through advances in certain key technological
areas. Consider the relationships between mobility,
portability, ergonomics, and cost. For example, in
order to make a device portable it must be small and
lightweight, which precludes the use of most standard
hard drive and keyboard designs. Second, a funda-
mental requirement of today’s computer is network
connectivity. This generally calls for radio-frequency
wireless communications for mobile devices. Although
infrared mobile computer communications can also be
used, interference from the Sun as well as the difficulty
of non-line-of-sight communications make radio-fre-
quency the preferred method for location-independent
mobile communications. Third and most important
are power considerations. Mobility requires a portable
power source: a battery. Since battery power depends
on size and weight, it is essential that all the parts
of the mobile device are power-efficient. As battery
capacities are not expected to increase by more than
30% in the near future (Powers, 1995), while comput-
ing capabilities and features have ever-increasing
expectations, power efficiency has become a funda-
mental technology.

Mobility, Portability, and Utility

Mobile computing has benefited greatly from the
advances in many areas of technology. High-density
VLSI fabrication techniques, heat dissipation, and
increased hard drive densities are examples of prog-
ress seen on the desktop which have also boosted the
feasibility of mobile computing. The following are some
of the more important areas of future device design
(Harris et al., 1995):

& Display devices Mobile devices which provide
interaction with people require some sort of display
device for feedback. In laptop computers, the
design goal is usually to have displays which can
provide the same resolution, refresh rate, and color
capabilities as the desktop version in a screen
which is less than an inch thick. Color liquid crystal
is the most popular for this use but requires about
50% of the power of the entire mobile. Other
mobile devices, such as Apple’s Newton, are experi-
menting with different types of display designed
specifically for their applications.
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® [ntegrated circuits The most important part of the
mobile computer, the CPU, is about the size of a
thumbnail. Even with this high level of integration,
advances are still being achieved in wireless trans-
mitters, where items such as inductors are especially
difficult to fabricate on a silicon die. Power also
becomes a major issue, since the power required by
the chip increases with the clock frequency.

@ Hard drive and other storage As with integrated
circuits, the density of hard drives has increased
dramatically through the vears. Typical methods to
reduce the power consumed by these is to stop the
rotation of the disk platter when it is not in use.
Solid-state storage devices such as flash memory
(a kind of reprogrammable ROM-—g.v.) have also
become very popular for mass storage as they
require very low amounts of power and physical
space.

¢ Input devices Input devices must also become
smaller for the sake of mobility. Unlike traditional
phones, where the minimum size is limited only by
the ear-to-mouth distance, the input and output
facilities of mobile computers still need to be large
enough to be convenient to operate. One method
of coping with this constraint is to combine the
input and output facilities into a touch screen, such
as the Apple Newton and AT&T's EO.

Mobile Networking

From the emergence of network-oriented languages
such as Java (g.v.) to the legislatively encouraged
convergence of communication technologies, commu-
nications has become an esssential requirement of
computing today. Mobile computing is no exception to
this, with the additional challenge of utilizing the radio-
frequency bandwidth (g.v.). When radio frequency
signals are transmitted, they are reflected, refracted,
and scattered by many objects on their way to the
receiver. The resulting received signal is a combination
of all of these paths, so that the phase and amplitude of

- the received signal can change drastically from even
slight movements of the mobile or the surrounding
objects. This time-varying random process, termed
multipath fading, creates a potentially very high error
rate on data being transferred to the mobile device,
which can be significantly worse than that encountered
in wired networks (Pahlavan and Levesque, 1995).
There are a variety of methods used to combat these
effects, including special error correcting and detecting
codes (g.v.) added to each packet, spreading the
packet’s bits across multiple packets or frequencies,
and enhanced modulation schemes.

There are three basic methods to connect a wireless
computer to the rest of the world. All of these assume

the existence of a wired base station infrastructure.
Satellite communication may be possible as well, but it
is typically extremely power-intensive. The first method
is to use a modem (g.v.) over a voice-grade cellular
phone. This is analogous to the way most people
connect to the Internet (¢.v.) from their homes by
dialing to an Internet Service Provider (ISP) over a
standard voice-grade line. Second, Mobitex and ARDIS
are two examples of dedicated packet data networks
which are emerging to meet the demand for higher
efficiency and data rates than analog modems over
radio can provide. Lastly, a hybrid of these two
approaches uses the cellular networks designed for
voice for transmitting packet data (see PACKET SWITCH-
ING). CDPD (Cellular Digit Packet Data) is a system
which uses idle voice channels on the analog AMPS
voice cellular system to transmit data. Additionally, the
newest digital cellular systems such as GSM (Global
System for Mobile Communications) also include
provisions for multiplexing packet data for transmis-
sion with digitized speech. Communication between
mobile nodes without a base station as an intermediary
is also possible and is termed ad hoc (improvised)
networking. This method requires that some or all of
the mobile nodes act as packet routers, and that the
network protocols be robust enough to handle fre-
quent, random topology changes as the nodes move
(Corson and Macker, 1997).

In traditional desktop computing, the topology of the
network is static. The physical location of the machine
is encoded into its network address in protocols (g.v.)
such as TCP/IP (g.v.). In the mobile network, the
topology can be constantly changing as the devices
move from cell to cell. The questions of how to change
routing policies, update node addressing, and main-
tain mobile device location information are actively
researched areas. An example of a protocol which
does this while attempting to maintain compatibility
with the existing Internet protocols is Mobile IP
(Perkins, 1998).

The severely limited bandwidth is another fundamental
challenge that mobile communications must consider.
The part of the radio frequency spectrum usable for
communications is limited and must be shared with
television, radio, military, satellite communications,
and many other services. Therefore, the frequency
band available for mobile computer communication is
extremely small when compared with that of a wire
connected to a desktop computer. The challenge to
mobile computing is to maintain high data rates in the
presence of high errors while still maintaining fair
access to a multitude of subscribers.

Itis important that the wireless communication link not
drastically deplete the mobile computer of its power.
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Two areas are actively addressed: reducing the power
used by the transceiver circuitry when it is on, or simply
turning the transceiver off when it is not expected to be
used. The latter method affects the mobile network in
other ways, such as adding to the amount of delay
experienced by a packet that is to be transmitted from
the base station. Energy-conserving protocols (g.v.)
such as those in Chlamtac ef al. (1998) are designed to
allow the mobile node to turn “oft” the transceiver at
deterministic times such that the base station can
predict when the mobile is capable of receiving a
packet. In the presence of a potentially very high node
density and nonuniform traflic, the protocols allow a
variable trade-off between the [requency of “on” time
(and therefore consumed energy) and the amount of
time belore a packet can be transmitted from the base
station. Similarly, the protocols in Imielinski et al.
(1996) support energy-conservation in a mobile net-
work where the basestation periodically transmits large
amounts of broadcast data such as news or stock
quotes. These protocols intelligently organize the data
with a directory so the mobile can reduce the amount
of time that its receiver is “on” while watching the
broadcast for the data of interest.

Conclusions

If success in the computing field is defined by market
share and consumer interest, there is no question that
mobile computing has already exceeded most expecta-
tions and is well on its way toward becoming one of the
dominant forces of the entire information industry.
From the array of palmtop computers available in
budget superstores, to Intel’s release of low-power
mobile-oriented Pentium chips nearly immediately
after the desktop version release, to the exorbitant
sums of money paid by cellular operators for leasing
radio towers and buying frequency space, there is little
doubt about the potential of ubiquitous mobile comput-
ing. The challenges are complex, interrelated, and
exacerbated by often hard, physical limitations (such as
the limited RF bandwidth). However, if we try to gage
the innovative potential of the computer industry by its
past performance, it appears that that we have only
begun to see the future of mobile computing.
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MODEL CHECKING

For articles on related subjects see FORMAL METHODS FOR
COMPUTER SYSTEMS; HARDWARE VERIFICATION; LOGICS OF
PROGRAMS; and PROGRAM VERIFICATION.

Model checking is a technique of automatically verify-
ing logical properties of the behavior of finite state
systems. These properties are expressed in remporal
logic (Burgess, 1984), a class of logics that is well suited
to specifying the relationship of events in time. For
example, in temporal logic, one can readily specify that
condition p must eventually be followed by condition
g, or that, after p, condition ¢ must hold until the next
occurrence of r, and so forth. A model checker deter-
mines whether a given finite state model satisfies a
formula in the logic. In the negative case, it can supply
a counterexample, that is, a behavioral trace that
shows that the specified formula is false.

Model checking has been most successfully applied to
the verification of computer hardware designs. This is
because significant portions of a typical hardware
design can be effectively modeled as a finite state tran-
sition system. As an example, model checkers have
proved very effective at finding errors in the cache
coherence (g.v.) protocols of multiprocessor systems.
These errors tend to escape detection by simulation
(g.v.), due to the infrequency of their occurrence.

Temporal Logic

In a propositional temporal logic, the usual operators of
propositional logic (see BOOLEAN ALGEBRA and Dis-
CRETE MATHEMATICS) are augmented by fense opera-
tors, which are used to form statements about how
conditions change in time. For example, the formula Fg
is true in the present if ¢ is true at some moment in the
future. The formula Gg is true in the present if ¢ is true
at all moments in the future. These operators can be
combined to express more complex relationships. For
example, the formula G(p = Fg) can be read as “at all
future times, if p holds, then g must hold at some later
time.” In the context of a hardware design, p might be
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