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PREFACE

The trajectory of wireless discoveries and innovations is a long and interesting one.
We believe that a concise description of this trajectory and the events that occurred
surrounding it are worth telling to the readers of this book.
The discovery of electromagnetism by Hans Christian Oersted and Andre-Marie
Ampere, early in the 1820s, seems to provide a glimpse of the evolution of the wireless
era. A number of other significant discoveries followed that provided necessary flesh
and bones to the idea of wireless communication. In 1831, the physicist Michael Faraday, a book-binder by profession, became interested in electricity and discovered the
principle of electromagnetic induction. The Scottish mathematician James Maxwell
investigated this principle in 1864 and formulated it using a set of equations known
as Maxwell’s equations. They were published in A Treatise on Electricity and Magnetism in 1873, and they showed the propagation of electromagnetic waves through
free space at the speed of light and also set the foundation of wireless communication.
Heinrich Hertz verified and demonstrated this propagation first in 1880, and then he
followed it by another demonstration in 1887. In Italy, Guglielmo Marconi started an
investigation into electromagnetic waves, but he did not get much support from his
government for it, so in February 1896 he moved to England to continue his work.
In 1897, Marconi and Popov experimented with a radio-telegraph in which they used
electromagnetic waves to transmit and receive signals. In the same year, Marconi
patented a complete wireless system that sent and received Morse Code. These successes motivated Marconi to experiment with practical mobile radio communication.
He successfully established radio transmission from a ship in New York Harbor (the
Twin Lights in Highland, New Jersey), and he used this transmission technique to
cover the arrival of Admiral Dewey from Manila followed by the coverage of the
Americas Cup races. He used high-energy wideband pulses of radio noise that were
ix

x
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created by using a spark generator connected to an antenna. On December 12, 1901,
Marconi successfully transmitted the first transatlantic wireless signal from Poldhu,
Cornwall to St. John’s, Newfoundland, covering a distance of 2100 miles. He used this
technique to report the movement of many sea vessels, including the sinking of the
Titanic in 1912. These uses of radio transmissions ignited a global interest in wireless
communication that led to a series of innovations. His system used long radio waves
(wavelengths much longer than 1 km), and through this work he initiated transmitter
technology.
The discovery of the diode by J. A. Fleming in 1904 and of a triode amplifier by
Lee DeForest in 1906 added a third dimension to wireless transmission. In 1906, the
Canadian-born Reginald Aubrey Fessenden, working in the United States, successfully transmitted speech on a wireless channel using a triode amplifier. The credit for
inventing wireless telegraphy, therefore, goes to Marconi and Fessenden. In 1907,
commercial Trans-Atlantic Wireless Service, using huge ground stations with an antenna the size of 30-m × 100-m masts began. Initially, most of these facilities were
driven primarily by military needs; but in 1919 an experimental inter-ship radio telephone service was launched, and commercial radiotelephony for passengers on ships
in the Atlantic started in 1929. This marked the beginning of the end for cable-based
telegraphy. For many years, Americans called the receiver wireless because there were
no wires linking to the transmitting station, and the British called it radio because the
station used electromagnetic waves.
Along with these experimentations, some real-world deployment of radio telephony
was taking shape. In 1921, the Detroit police department began experimenting with a
frequency band of 2 MHz for vehicular mobile service. The success of this experiment
led to the deployment of regular one-way radio communication called “land mobile” in
police cars for managing traffic. It was adopted throughout the country. Unfortunately,
as expected, the channels in this low-frequency band became too crowded to be used
effectively. In 1933, the Bayonne, New Jersey police department implemented a regular two-way communication system and deployed it in their patrol cars. This was a major advance over the previous one-way systems. They used a very high frequency system in patrol cars that enabled patrolmen to communicate with headquarters and other
cars and to receive calls. This police radio became standard throughout the country.
In 1940, the Connecticut State Police took this facility a step further and initiated
a two-way, frequency-modulated (FM) system in Hartford with the help of Daniel E.
Noble of the University of Connecticut and engineers from the Fred M. Line Company.
This improvement greatly reduced interference due to static; as a result, FM mobile
radio became standard throughout the country. The success prompted the FCC (Federal Communication Commission) to allocate 40 MHz of spectrum ranging between
30 and 500 MHz for private and public organizations. With the availability of a wider
spectrum, the Bell system initiated a project to connect a variety of users wirelessly.
The FCC identified these systems as Domestic Public Land Mobile Radio Service
(DPLMRS). In 1946, the first Bell DPLMRS was inaugurated in St. Louis. In 1947,
a 35- to 44-MHz highway system between New York and Boston was inaugurated.
The success of these devices motivated the FCC to release more channels for
public wireless communication. This prompted many companies to develop more
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powerful communication systems. In 1964, the first automatic full duplex 150-MHz
service, called MJ, was introduced. Then in 1969 this automatic service was enhanced by using 450 MHz for communication and was called MK. The combination of these two services was called Improved Mobile Telephone Service (ITMS).
This remained a standard until AMPS was developed and introduced. To make further development of mobile systems, the FCC allocated 666 duplex channels in the
800- to 900-MHz frequency range and authorization was granted to Illinois Bell in
1978.
There were two serious limitations with early mobile telephone systems: (a) They
acted as broadcast systems, so powerful transmitters were used to cover a distance of
20–30 miles from a high tower or rooftop and (b) to avoid interference (co-channel
and adjacent channel) in frequency reuse, they required a separation of more than
50 miles. Thus, the New York channels were reused in Philadelphia and beyond and
supported only 40 simultaneous calls in each city and its suburbs. Furthermore, calls
in both directions were placed through a mobile operator. It was not until the 1960s
that advanced automatic systems were introduced where an idle tone was put on an
idle channel for a scanning receiver to hold on to that channel. This allowed a mobile
telephone to decode its own dialed number on the channel and to send dialed digits
for outgoing calls.
With the evolution of wireless communication, the notion of personal communication began to emerge. The competing manufacturers from Denmark, Finland, Iceland,
Norway, and Sweden collaborated and developed an automatic radio telephony system called the Nordic Mobile Telephone (NMT) cellular system. In the United States,
Bell Laboratories played a leading role in the development of novel cellular technology in the early 1970s called Advanced Mobile Phone Systems (AMPS). AMPS
quickly captured two-thirds of the mobile market worldwide. By 1995, AMPS had
an estimated 13 million subscribers in the United States.
Note that the cellular system actually began in automobiles where large radios
were stored in the trunk and connected to control units mounted on the dashboard.
Hand-held devices were quite large and heavy. For example, Motorola introduced the
“DynaTAC,” a hand-held unit that was about the size of a brick, weighed a couple of
pounds, and was carried around in an attaché case.
AMPS was an analog device based on FM modulation. It used RF bandwidth
of 30 kHz (824–849 MHz for downlink and 869–894 MHz for uplink traffic) that
accommodated 832 duplex channels, among which 21 were reserved for call setup
while the rest were reserved for voice communication. In 1978, field trials of AMPS
using 850 MHz began in Chicago and ARTS (American Radio Telephone Service)
in Washington, DC.
The FCC opted for an all-digital operation that was fully compatible with the existing analog AMPS system. This move was mainly to reduce the cost of communication
with more efficient use of the available spectrum. The digital system provided better
speech coding, improved security, better user privacy, and better protection against
unauthorized use. By 1988, a 1900-MHz version of AMPS was developed that was capable of using dual-band/dual-mode with 800-/1900-MHz frequencies. This marked
the advent of PCS (Personal Communication System) that provided identical services
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in both bands, and a subscriber on D-AMPS 1900 could seamlessly migrate (handoff)
to/from a D-AMPS and analog AMPS channels.
The cellular systems of the first decade used digital signals for control, but analog
signals carried the voice because the technology was not ready for a fully digital cell
phone to avail its benefits. The situation, however, changed by late 1980. In the early
1980s, analog cellular telephone systems spread rapidly in a few European countries
(Scandinavia, United Kingdom, France, and Germany.) However, each country developed its own system that was largely incompatible with the other countries. This
created an uneasy situation, and thus in 1982 the Conference of European Posts and
Telegraphs (CEPT) formed a study group called the Groupe Spécial Mobile (GSM)
to study and develop a system that (a) had good speech quality, (b) incurred low
costs, (c) provided support for international roaming, (d) had the ability to support
hand-held terminals, (e) provided support for a range of new services and facilities,
(f) possessed spectral efficiency, and (g) was ISDN compatible. This digital system
became popularly known as the Global System for Mobile communications (GSM).
Phase I of the GSM specifications was published in 1990, and commercial service
started from mid-1991. Its use and subscription spread rapidly; by 1993 there were
36 GSM networks in 22 countries, and this increased to about 58 million in 1997. The
GSM was not deployed in North America; rather, it appeared as its derivative called
PCS1900. It was originally intended to be used in vehicles but rapidly became a favorite hand-held gadget. By 1994, about 102 operators in 60 countries opted for GSM.
By early 1997, GSM captured about 25% of the world market where 198 networks
were operational in 75 countries and the number of subscribers exceeded 30 million.
It allowed global roaming using 900-, 1800-, and 1900-MHz frequency bands. By the
end of 1997, GSM had 60 million subscribers in 110 countries, giving GSM a 35%
share of the world market in mobile telephony; whereas the US GSM system PCS
1900 had 670,000 subscribers. In Europe, two digital systems began to operate, GSM
and DECT (Digital Enhanced Cordless Telecommunication); in the United States,
IS54 (Interim Standard-54) and IS95 (Interim Standard-95) and Iridium.
The history of wireless and mobile disciplines will lose a lot of its flavor if we do
not include a discussion on remote controls. The fascination with these disciplines
began to affect many other day-to-day household activities—for example, opening
garage doors from inside the cars, switching TV channels, controlling stereo units,
and setting microwaves, to name a few. The discovery began for military use and
the German navy deployed remote controls extensively to control their motorboats,
bombs, and so on. United States scientists experimented to find nonmilitary uses for
the remote control. In the United States, scientists and engineers began to develop
remote control units for everyday activities. In the late 1940s, automatic garage door
openers were invented, and in the 1950s, the first TV remote controls were introduced.
In 1950, the Zenith Electronics Corporation (initially known as Zenith Radio Corporation) began investigating the idea of a TV remote control, and in 1952 they
developed a wired remote control called “Lazy Bones” that was attached to the TV
through a long cable. The controller had a number of buttons to change the channel.
Although the controller lost popularity quickly, it did set a track for others to follow. The first wireless control called “Flashmatic” was invented by Zenith’s engineer
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Eugene Polley. It used four photo cells, each located at one of the four corners of the
TV screen. It had a number of limitations, but it did pioneer the concept of wireless
TV remote controls. In 1956, Dr. Robert Adler of the Zenith corporation proposed to
use ultrasonic, and in 1957 the company introduced a wireless remote control called
“Space Command.” It used ultrasonic waves to change TV channels. It had problems
such as interference from clinking metal that interfered with channel changing, and
its high frequencies sometimes made dogs bark. In spite of these problems, this kind
of remote was used for two decades. The next improvement replaced ultrasound with
infrared frequencies. The remote control had a number of buttons, and each button
had its own unique digital code that was captured by the sensor in the TV set and
changed the channel. Remote control started with one controller to one TV set but
in 1987, Steve Wozniak of Apple developed a universal remote control called CORE
(Controller of Remote Equipment). Unfortunately, it did not become popular because
it was far too complicated for the average user. By 2000, there were a large number of universal remote controls manufactured by nearly all consumer electronics
companies. Table 0.1 lists important events in mobile communication.
These discoveries and developments in wireless and mobile disciplines have created a platform for us where we can fulfill our vision of pervasive computing—in
particular, mobile database systems. This book presents useful information about the
management of data on a system where processors and the entire database (or portions
of it) are moving around in geographical space. The entire mobile database processing
paradigm is relatively new, born out of the needs of highly mobile workers. In the
beginning, the workforce satisfied their data processing needs by filling their laptops
with relevant parts of the database before they set out on a trip. At the end of the trip,
or sometime in the middle, they also then refreshed the main database with up-todate data values. However, this intermittent connectivity approach quickly became
inadequate in satisfying global consistency requirements. In addition, the persistent
background nagging of cell phone users for ubiquitous access to desired data added
additional urgency for the development of a system that came to be known as Mobile
Database Systems (MDS). This stimulated database and wireless communities to join
forces to look into this new discipline. Members of these communities, from academia
as well as from industries, accepted the challenge and created a new research direction with several names such as pervasive computing, ubiquitous computing, nomad
computing, and anywhere anytime computing. Since then, mobile data processing
became a discipline and significant progress has been made in research and development areas. Along with this, a few more new names have been used to identify this
discipline, and many more will continue to appear as the area gets more and more
mature. One consoling factor, however, is that everybody has a clear notion of this
new discipline, and these names address the same concept.
The excitement to write this book morphed into a lot of difficulties. A central
problem is the immaturity of research findings. Most of these, such as mobile database
transaction models, concurrency control mechanisms, recovery protocols, locationdependent data, and so on, have not been fully deployed and validated in the real world.
However, there are clear indications that in the near future, they will become available
on most mobile devices. As mobile database technology is deployed, a plethora of
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Table 0.1 Important Events in Mobile Communication
Date
1867
1887
1890
1896
1897
1898
1898
1901
1909
1928
1930
1935
1940
1946
1949
1950
1960
1960
1976
1979
1983
1989
1991
1993
1994
1995
1997
2000

Event
Maxwell speculated the existence of electromagnetic waves.
Hertz showed the existence of electromagnetic waves.
Branly developed technique for detecting radio waves.
Marconi demonstrated wireless telegraph.
Marconi patented wireless telegraph.
Marconi awarded patent for tuned communication.
Wireless telegraphic connection between England and France established.
Marconi successfully transmited radio signal from Cornwall to Newfoundland.
Marconi received Nobel prize in physics for Voice over Radio system.
Detroit police installed mobile receivers in police patrol cars.
Mobile transmitters were deployed in most cars.
Armstrong demonstrated frequency modulation (FM) scheme.
Majority of police systems converted to FM.
Mobile systems were connected to public switched telephone network (PSTN).
FCC recognizes mobile radio as a new class of service.
Number of mobile users increased more than 500,000.
Number of mobile users grew more than 1.4 million.
Improved Mobile Telephone Service (IMTS) introduced.
Bell Mobile used 12 channels to support 543 customers in New York.
NTT/Japan deploys first cellular communication system.
Advanced Mobile Phone System (AMPS) deployed in the United States.
GSM appeared as European digital cellular standard.
US Digital Cellular phone system introduced.
IS-95 code-division multiple-access (CDMA) digital cellular system deployed in the
United States.
GSM Global System for Mobile Communications deployed in the United States.
FCC auctioned band 1.8-GHz frequencies for Personal Communications System
(PCS).
Number of cellular telephone users in the United States increased to 50 million.
Third-generation cellular system standards? Bluetooth standards?

useful applications will be developed and deployed, making MDS an essential gadget
for most of us.
The contents of this book are, therefore, a combination of useful research results
and well-tested schemes and protocols. It covers fundamental database topics that set
the background for transition to the mobile database domain. The mobile database
chapters contain a good mixture of fundamental topics and research findings. My main
effort has been to illustrate how nicely database technology and wireless mobility have
mingled together and produced this new exciting area. Two chapters are devoted to
sensor technology—in particular, in sensor data stream processing—and one chapter
discusses a number of case studies depicting the deployment of sensor networks to
investigate and collect data from natural and manmade events.
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The first exciting conversion took place when E-commerce became M-commerce
and pervaded day-to-day activities of every user. Thus, instead of sitting in front of
their desktops, they just began to turn on their mobile devices (e.g., cell phones,
laptops, PDAs, etc.) to shop, turning conventional window shopping into exciting
mobile internet shopping. However, our fascination with M-commerce was not without a lot of traffic hazards. I am not sure now how to distinguish between drunk drivers
and internut drivers. Fortunately, this did not deter researchers and developers to continue to create complete mobile database systems, leaving the traffic police to deal
with internut drivers.
Sensors, the atomic computing particles, and the wireless sensor networks (WSN)
added another dimension to this pervasive discipline. WSNs went to the corners of
the world where humans would not dare to venture. It captured the data stream that
was crucial to understand the natural and manmade phenomena. Sensors have become
important building blocks of nearly all gadgets that we use today, and today we cannot
even imagine functioning without it.
The book begins with topics important for the development of mobile database
systems. It discusses some basic concepts of database processing with reference to
mobility whenever appropriate. It explains why conventional approaches to data processing on mobile systems would not work satisfactorily and makes a strong case for
the development of new schemes. The book then covers mobile transaction models
where execution of conventional transactions on mobile platforms and new transaction models for mobile database systems are discussed. None of these models have
been implemented and validated in the real world mainly because commercial mobile
database systems do not exist at the present time. A couple of chapters were devoted
to sensor technology and sensor stream data processing. All other topics, such as
concurrency control, database recovery, data broadcast, broadcast disks, data stream
processing, and so on, have been discussed in a similar style.
I hope that most instructors will find this book useful in introducing the mobile
discipline to their students. I believe that they will find that their understanding about
the current status of mobile database systems will be greatly improved.
Vijay Kumar
University of Missouri—Kansas City
May 2013
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CHAPTER 1

MOBILE DATABASE SYSTEM

1.1 INTRODUCTION
This chapter presents an intuitive introduction to the architecture and basic components of a mobile database system (MDS). Such an introduction is very helpful
in preparing our readers to understand the complete architecture, its functionality,
and research and development issues. The introduction briefly explains the objectives of MDS, describes the data organization, discusses the role of each component,
explains how transactions are processed, describes the role of concurrency control
mechanisms, and discusses database discovery issues.
1.1.1 Mobile Database System Architecture
An MDS is a distributed multidatabase client/server system built on a PCS (personal
communication system) [1] or a GSM (global system for mobile communication)
platform [2–4]. It provides complete database functionality to any user—mobile or
stationary. End users, therefore, are unable to differentiate whether they are using
an MDS or a conventional database system. A user can connect to the database
from anywhere (driving, traveling on a plane, enjoying a roller-coaster ride, etc.)
without having to go through the web. The connectivity between the user and the
database system is established either through a cellular network or through satellite
communication. There are some differences in GSM and PCS architectures; as a
result, the architecture of MDS built on these platforms may differ slightly; however,
it does not affect MDS functionality [5, 6].
Fundamentals of Pervasive Information Management Systems, Revised Edition. Vijay Kumar.
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Figure 1.1 Reference architecture of a mobile database system.

Database functionality is provided by a set of DBSs (database servers) that are
incorporated without affecting any aspect of the generic cellular network. A reference
architecture of MDS is illustrated in Figure 1.1.
The architectures of GSM and PCS are discussed in detail in Chapter 2. The
components of these systems are special-purpose computers (switches). The reference
architecture of MDS is, therefore, described in terms of components of GSM/PCS
such as base station (BS), fixed hosts (FHs), base station controller (BSC), mobile
switching center (MSC), home location register (HLR), and visitor location register
(VLR). These components are described in detail in Chapter 2. We refer to some of
these components as workstations, PCs, PDAs, laptops, and so on, to better understand
the architecture and functionality of MDS.
The reference architecture of our MDS that is discussed here is based on a GSM
platform. In MDS, a set of general-purpose computers are interconnected through a
high-speed wired network and categorized into fixed hosts (FHs) and base stations
(BSs) or mobile support stations (MSSs). FHs are not fitted with transceivers so they
do not communicate with mobile units (laptop with wireless connectivity, PDAs,
IPad, etc.) One or more BSs are connected with a BSC that is also referred to as the
cell site controller [1, 4]. It coordinates the operation of BSs using its own stored
software programs when commanded by the MSC. To coordinate with DBSs, some
additional simple data processing capabilities are incorporated in BSs. Unrestricted
mobility in PCS and GSM is supported by a wireless link between BS and mobile
units. These mobile gadgets are referred to as mobile hosts (MHs) or mobile units
(MUs) [1, 4]. BSs are fitted with transceivers and communicate with MUs through
wireless channels and link wired and wireless parts of the MDS. Each BS serves one
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cell that is a well-defined geographical area. The size of a cell depends on the power
of its BS. In reality, a high-power BS is not used because of a number of factors;
rather, a number of low-power BSs are deployed for managing movement of MUs in
various cells.
Database servers (DBSs) can be installed (a) inside BSs or (b) inside FHs. There
are, however, a number of problems with this setup. BSs or FHs are switches and
they have specific switching tasks to perform; incorporating database capability in
them would interfere in their switching tasks. Besides, the size of a BS varies and
inhibits incorporating complete database functionalities in smaller BSs, and the entire
architecture of a BS (hardware and software) may have to be revised. Such a major
change in a cellular platform would be unacceptable from a mobile communication
viewpoint. In addition to this, the setup will not be modular and scalable because any
change or enhancement in database components will interfere with data and voice
communication. For these reasons, DBSs are connected to the system through a wired
network as separate nodes as shown in Figure 1.1. Each DBS can be reached by any
BS or FH, and new DBSs can be connected and old ones can be taken out from
the network without affecting mobile communication. The set of MSCs and PSTN
connects the MDS to the outside world.
A DBS communicates with MUs only through BSs. The duration a mobile user
(MH or MU) remains connected to DBSs (through BSs) depends on the workload.
On the average, it is actively connected for 2 to 4 hours during a day. At other times,
when it is not engaged in transaction processing, it must save the battery power. To
conserve the power, a mobile unit can be switched to stay in (a) powered off mode
(not actively listening to the BS) or (b) an idle mode (doze mode—not communicating but continuously listening to the BS) or (c) an active mode (communicating with
other parties, processing data, etc.) The unit can move from one cell to another in
any of these modes. For example, a driver can switch its cell phone to save battery
power while driving and may cross many cell boundaries. The total coverage area
of an MH is the sum of all cell areas, that is {C1 + C2 + · · · + Cn } where Ci indicates a cell. As discussed in Chapter 2, the mobile unit encounters handoff only in
active mode.
1.1.2 Data Distribution
The MDS has multiple DBSs and a database can be (a) partially distributed or (b)
partitioned or (c) fully replicated [7–9]. However, in MDS, data distribution is architecture specific. An MDS can be either a federated or a multidatabase system; as a
result, data distribution must follow the constraints of location-dependent, locationaware, and location-free data [10]. Under such constraints, unlike conventional data
distribution, a data item can be replicated only at a certain DBS. For example, it does
not make sense to duplicate or replicate the tax data of Kansas City to a DBS that
serves the Dallas area. This implies that a global database schema may not be feasible in MDS. However, we will see later that under some situations, a full database
replication is possible and highly useful. Generally, partial data replication is always
possible.

