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In Memoriam
Chittoor V. Ramamoorthy, PhD

1926–2016

(Photo provided by courtesy of SDPS)

It is with great sorrow that our journal announces the death
of Prof. Chittoor V. Ramamoorthy who passed away
peacefully on March 9, 2016, in San Diego, California,
USA. Dr. Ramamoorthy was a loving husband and father,
brilliant teacher, and pioneering engineer. He was a kind,
benevolent, gentle soul – always polite and considerate to
everyone. He was an incredible friend, teacher, and mentor
to many people and one of the wisest men we will ever know.
His exemplary life serves as a model for all of us. We mourn
his passing and extend our deepest condolences to his
family, friends, and associates. The mark he made upon this
world will long be remembered.
Dr. Ramamoorthy was a true pioneer of the disciplines of
software engineering, knowledge engineering, data
engineering, distributed and parallel computation, and



computer architecture, making important contributions to
all these areas.
He was born in May 1926 in Burma and was educated in
India and the USA. He held six earned degrees: two
undergraduate degrees, one in physics and one in textile
technology from the University of Madras, India; two
graduate degrees in Mechanical Engineering from the
University of California, Berkeley; and two graduate
degrees from Harvard University, including one in Applied
Mathematics and a PhD in Electrical Engineering and
Computer Science, which he received in 1964.
While at Harvard, he worked with Honeywell’s Computer
Division in Waltham, MA, from 1956 to 1967, where he was
later a senior staff scientist. He designed read/write heads
for tape drives, worked on the first Honeywell digital
inertial guidance system, and later was among the three
engineers under Dr. Joseph Eachus – who collaborated with
Alan Turing on the machine that cracked the German
Enigma code.
He then joined the University of Texas at Austin as a
professor of electrical engineering and ultimately became
chair of the Computer Science Department, the third person
to hold that position. He later moved to the University of
California, Berkeley, as a professor of electrical
engineering and computer science, from which he retired as
professor emeritus. He supervised 73 PhD students over the
course of his career, serving as both advisor and mentor. His
generous and exemplary mentorship is reflected in the fact
that his students include a vice chancellor, three university
presidents, and a president of the IEEE Computer Society,
as well as several deans, department chairs, chair
professors, and CEOs.
Professor Ramamoorthy’s research accomplishments span
several important areas of computer science, including
synthesis of parallel programs, optimal organization and
scheduling of parallel programs, recovery and rollback
techniques for enhancing the dependability of distributed
systems, automated simulation and testing of safety-critical
systems, and other innovative research projects. His
research contributions have had significant impact on
enhancing the dependability of safety-critical distributed
real-time embedded systems. For example, in the late 1960s,
Prof. Ramamoorthy and his students developed an



automated test generation and evaluation system which
discovered several programming errors in the US Army’s
Safeguard Missile Defense System. Updated versions of
these tools were used in 1971 at NASA’s Space Shuttle
Structural Test Facility in Huntsville, AL, to rigorously test
the Space Shuttle System. Earlier, he was responsible for the
development of the entire microcode for instruction
sequencing and control of the first transistorized system of
Honeywell, the H-290, in 1961. The H-290 was a general
purpose, stored-program digital computer designed for
process monitoring and control. Later, he conducted
research on functions, features, and control in the service
industries and showed the close and enduring relationships
between software engineering and service engineering. He
published more than 200 papers and coedited three books:
the Handbook of Software Engineering, Pacific Computer
Communications, and Computers for Artificial Intelligence
Processing. Throughout his career, he has been an
exemplary transdisciplinary innovator who is always at the
cross sections to invent the future.
Professor Ramamoorthy was very active in IEEE and the
computing community throughout his career. He was a Life
Fellow of the IEEE. In addition, he was elected first vice
president of the IEEE Computer Society and was its very
first vice president of education as well as the education
chair of the American Federation of Information Processing
Societies (AFIPS). He served as the founding editor in chief
of this very journal and served as the editor in chief of the
IEEE Transactions on Software Engineering. He was the
editor in chief of the International Journal of Software
Engineering and Artificial Intelligence and the founding
co-editor in chief of the International Journal of Systems
Integration and the Journal of the Society of Design and
Process Science. He was also involved in numerous
conferences: he served as the co-general chair of the Second
International Conference on Software Engineering (ICSE)
in 1976 and as the cofounder of the IEEE Symposium on
Reliable Distributed Systems (SRDS) in 1981 and the IEEE
International Conference on Data Engineering (ICDE) in
1985. In addition, he served on many advisory committees,
including those of the US Army, Air Force, and Navy; Los
Alamos Labs; Lockheed Research; and IBM.



He received many awards from the IEEE and the IEEE
Computer Society: the IEEE Golden Core Recognition
Award in 1966, the IEEE Computer Society Honor Roll
Award in 1974, the IEEE Computer Society Special
Education Award in 1978, the Group Award in Education
for Curriculum Development, the IEEE Computer Society
Taylor Booth Award in 1990 for outstanding contributions
to education, the Richard E. Merwin Distinguished Service
Award in 1993 for his outstanding professional
contributions, and the Golden Core Recognition given to
society members for their long-standing contributions and
outstanding service. He was among the select few of IEEE’s
large membership to receive both the IEEE Centennial
Medal in 1984, which marked the first hundred years of this
great organization, and the IEEE Third Millennium Medal
in 2000. In 2001, he was awarded the IEEE Computer
Society’s Hitachi-Kanai Award for fundamental
contributions in parallel and distributed computing.
He also received numerous other awards in the computing
community. These include the Distinguished Scholar Award
from the Society for Design and Process Science (SDPS) in
1995; Control Data Distinguished Professorship at the
University of Minnesota, MN; Grace Hopper Chair at the
US Naval Postgraduate School in Monterey, CA; senior
research fellow at the ICC Institute of the University of
Texas, Austin, TX; Academy Gold Medal of Honor Award
from the Academy of Transdisciplinary Learning and
Advanced Studies (ATLAS) in 2002; and a fellow of ATLAS
and fellow of SDPS. He received several SDPS awards
beginning with the Raymond T. Yeh Distinguished
Achievement Award in 2002 followed by the Herbert Simon
Award in 2006. In 2006, SDPS established the
Ramamoorthy-Yeh Endowment, named after Prof.
Ramamoorthy and his close associate and lifelong friend
Prof. Raymond T. Yeh, in honor of their accomplishments as
scientist-engineers. In 2010, SDPS presented Prof.
Ramamoorthy its highest award, the SES Transformative
Achievement Award, for his outstanding contributions in
software engineering. In 2014, he was included in the
distinguished list of eight SDPS Visionaries whose
far-reaching work and ideas inspired the formation of
SDPS.



Beneath Prof. Ramamoorthy’s calm, unassuming demeanor
lay both genius and unwavering integrity. Dr. Ram spread
joy wherever he went. He loved to laugh and celebrate life.
He traveled extensively throughout his life and was truly
admired and respected by his many friends, colleagues, and
associates across the world. We will sincerely miss our
beloved “Dr. Ram.” May he be remembered forever.





Foreword by Brian Berry

The publication of a definitive Encyclopedia of GIS that lays out many of
the computer science/mathematics foundations of the field is a major event,
the culmination of a half century of development. I was part of the earliest
stirrings in the mid-1950s. A small group of geography graduate students
at the University of Washington, William Garrison’s “space cadets,” began
to assemble what became the foundations of contemporary spatial analysis
and to refocus mathematical cartography while working with civil engineer
Edgar Horwood on his attempts to use the printers of the time to produce
gray-shaded maps. Our attention was captured by Sputnik; however, we did
not anticipate that the USA’s response, the rapid development of NASA and
satellite systems, would be the key to the equally rapid development of remote
sensing or that global positioning would rewrite cartography. Among the
innovations of the time were Torsten Hägerstrand’s first simulation models
of space-time diffusion processes and early econometric interest in spatial
autocorrelation. Both themes are now central to spatial analysis.

The GIS focus shifted when Garrison, Marble, and I relocated to the
Chicago region. Garrison and I helped fund civil engineer Howard Fisher’s
first-generation computer graphics software, SYMAP I, and Marble and
I organized NSF workshops to spread the word and drew together an
initial overview of the field in spatial analysis. Fisher took his ideas to the
Ford Foundation and a subsequent grant to Harvard University, where he
established the Laboratory for Computer Graphics. The lab served as the
focus for research in the field well into the 1970s, providing the spark to
such innovators as Jack Dangermond, who subsequently established ESRI
and created what became the world’s most widely used computer graphics
software. Meanwhile, hardware development proceeded apace, as did imag-
ing and positioning capabilities created by the Department of Defense and
NASA, facilitating the resulting emergence of digital cartography and the
establishment of the first large-scale geographic information systems such as
the Canada Land Inventory. The rest, as they say, is history – albeit given
a new dynamic by the Internet and the continued evolution of computing
capabilities both on the desktop and in the supercomputer.

Fifty years after these beginnings, the result is a large and complex
field spanning many disciplines, continuing to grow and to expand into an
expanding array of applications. Cartographers have eschewed their pen-and-
ink, and rudimentary mapmaking is at the fingertips of everyone with Internet
access. Road atlases are fast giving way to satellite navigation systems.
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xii Foreword by Brian Berry

Congress continues to be concerned with the privacy issues raised by
geographic information system capabilities, yet police and fire departments
can no longer function effectively without GIS and homeland security
without modern database and data mining capabilities. From city planning
to store location, property taxation to highway building, disaster response to
environmental management, there are few arenas in which GIS is not playing
a significant role. What is important is the cross-cutting capability that was
recognized when the NSF funded the Center for Spatially Integrated Social
Science (CSICC) at the University of California, Santa Barbara, or my own
university’s PhD program, a joint venture of the School of Economic, Political
and Policy Sciences, the School of Natural Sciences and Mathematics, and the
School of Engineering and Computer Sciences.

I like to tell my colleagues that there are three levels of GIS education:
“Driver’s Ed,” “Mr. Goodwrench,” and “Design Team.” Driver’s Ed provides
essential skills to the broad base of software users; the Mr. Goodwrenches of
the world learn how to put together and maintain working software-hardware
installations, while Design Teams create new and improved GIS capabilities.
Most of the new data handling capabilities reside in the arenas of computer
science/mathematics, while advances in inference are coming from inno-
vations in the ability to handle space-time dynamics while simultaneously
accounting for serial and spatial dependence.

The Encyclopedia of GIS provides an essential reference work for all three
categories of users. In contrast to the current textbooks in the field, which are
keyed to Driver’s Ed, the Encyclopedia also provides a handy sourcebook
for the Mr. Goodwrenches while defining the platform on which future
Design Teams will build by focusing – more than existing works – on the
computer science/mathematical foundations of the field. I know that the GIS
community will value this important reference and guide, and I will cherish it
as a milestone. It marks how far we have come – far beyond what our group
of pioneers dreamed might be possible a half century ago. Professors Shekhar
and Xiong and the considerable community of contributors to the collection
have provided us with a comprehensive and authoritative treatment of the
field, extensively cross-referenced with key citations and further readings.
Importantly, it is available in both printed and XML online editions, the latter
with hyperlinked citations. The GIS world will be indebted to them. No GIS
bookshelf should, as they say, be without it.

School of Economic Brian J. L. Berry
Political and Policy Sciences
The University of Texas, Dallas
Dallas, TX, USA
McKinney, Texas
August 2007



Foreword by Michael Goodchild

Geographic information systems date from the 1960s, when computers were
mostly seen as devices for massive computation. Very significant technical
problems had to be solved in those early days: how did one convert the
contents of a paper map to digital form (by building an optical scanner from
scratch); how did one store the result on magnetic tape (in the form of a
linear sequence of records representing the geometry of each boundary line as
sequences of vertices); and how did one compute the areas of patches (using
an elegant algorithm involving trapezia). Most of the early research was about
algorithms, data structures, and indexing schemes and, thus, had strong links
to emerging research agendas in computer science.

Over the years, however, the research agenda of GIS expanded away
from computer science. Many of the technical problems of computation were
solved, and attention shifted to issues of data quality and uncertainty, the
cognitive principles of user interface design, the costs and benefits of GIS, and
the social impacts of the technology. Academic computer scientists interested
in GIS wondered if their research would be regarded by their colleagues as
peripheral – a marginally interesting application – threatening their chances
of getting tenure. Repeated efforts were made to have GIS recognized as
an ACM Special Interest Group, without success, though the ACM GIS
conferences continue to attract excellent research.

The entries in this encyclopedia should finally lay any lingering doubts to
rest about the central role of computer science in GIS. Some research areas,
such as spatiotemporal databases, have continued to grow in importance be-
cause of the fundamental problems of computer science that they address and
are the subject of several respected conference series. Geospatial data mining
has attracted significant attention from computer scientists as well as spatial
statisticians, and it is clear that the acquisition, storage, manipulation, and
visualization of geospatial data are special, requiring substantially different
approaches and assumptions from those in other domains.

At the same time, GIS has grown to become a very significant application
of computing. Sometime around 1995, the earlier view of GIS as an assistant,
performing tasks that the user found too difficult, complex, tedious, or
expensive to do by hand, was replaced by one in which GIS became the
means by which humans communicate what they know about the surface of
the Earth, with which they collectively make decisions about the management
of land, and by which they explore the effects of alternative plans. A host
of new issues suddenly became important: how to support processes of

xiii



xiv Foreword by Michael Goodchild

search, assessment, and retrieval of geospatial data; how to overcome lack of
interoperability between systems; how to manage large networks of fixed or
mobile sensors providing flows of real-time geographic data; how to offer
useful services on the very limited platform of a cell phone; and how to
adapt and evolve the technology in order to respond to emergencies and
to provide useful intelligence. A revitalized research agenda for computer
science emerged that shows no sign of diminishing and is reflected in many
of the topics addressed in this encyclopedia.

For example, computer scientists are engaged in the development of data
structures, algorithms, and indexing schemes to support the hugely popular
virtual globes (Google Earth, Microsoft’s Virtual Earth, NASA’s World Wind)
that have emerged in the past few years and are stimulating a whole new
generation of applications of geospatial technology. Research is ongoing on
sensor networks and the complex protocols that are needed to handle flows of
real-time data from massive numbers of devices distributed over the Earth’s
surface, in areas of scientific interest such as the seafloor, in vehicles acquiring
data on traffic movement, and in battlefields. Semantic interoperability, or the
ability of systems to share not only data but the meaning of data, remains a
thorny problem that will challenge the research community for many years to
come.

As a collection of well-written articles on this expanding field, this
encyclopedia is a welcomed addition to the GIS bookshelf. The fact that its
compilers have chosen to emphasize the links between GIS and computer
science is especially welcome. GIS is in many ways a boundary object, to
use a term common in the community of science historians: a field that has
emerged between two existing and recognized fields, in this case computer
science and geography, and which has slowly established its own identity. As
it does so, contributions such as this will help to keep those links alive and
to ensure that GIS continues to attract the interest of leading researchers in
computer science.

National Center for Geographic Information Michael F. Goodchild
and Analysis
and Department of Geography
University of California
Santa Barbara, CA, USA



Preface

It has been over 7 years since the publication of first edition of the Ency-
clopedia of GIS. During this period of time, we have witnessed numerous
significant advances in mobile technology and disruptive development in
business that are transforming the world: the widespread use of smartphones,
the increasing popularity of mobile apps, the wide deployment of location-
based services (LBSs), the fast-growing taxi-hailing services like Uber, the
evolution of mobile social networks, and, more recently, the global interests
in big data, unmanned aerial vehicles, and self-driving vehicles to improve
people’s lives. While various disciplines have been contributing to these new
advances, spatial computing and GIS techniques no doubt are playing a key
role here. For instance, localization is a fundamental issue for smartphones,
connected and self-driving vehicles, unmanned aerial vehicles, taxi-hailing
services, etc. Location information and location privacy are the essentials of
LBSs. Check-in recommendation is a key function of mobile social networks.
The study of spatial big data, such as Global Positioning System (GPS) traces
of vehicles and global climate data, helps people better understand human
mobility patterns as well as Earth climate change. Consequently, an influential
2011 report on big data from McKinsey included a chapter on location-based
big data.

To acknowledge the growth, the Association of Computing Machinery
(ACM) formed a special interest group, namely, SIGSPATIAL, and its annual
meeting attracts over 300 attendees. In addition, the Computing Research
Association’s Computing Community Consortium organized a multi-sector
multidisciplinary workshop titled “From GPS and Virtual Globes to Spatial
Computing 2020” at national academies in 2012 to assess the state of
the art and catalyze new research visions. A summary of the workshop
report appeared in the Communications of the ACM in January 2016 as the
cover article titled “Spatial Computing.” In summary, experts in GIS-related
fields and researchers from other disciplines have shown strong interests in
understanding these new spatial technologies and developments. Therefore,
we believe it is the time to develop the second edition of the encyclopedia
and include entries on the new emerging topics.

The second edition of the Encyclopedia of GIS also provides us an
opportunity to enhance the topic coverage and content timeliness of the first
edition. While over 200 entries across 50 different fields were included in
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xvi Preface

the first edition, there are still a few important topics left out, such as basic
concepts in GIS and GPS. As suggested by GIS colleagues, we have included
some of these topics in the second edition. Moreover, new research advances
on some existing fields of the first edition are also updated either by adding
new entries or through the revision of existing entries.

The second edition inherited all the key features from the previous edition.
Typical entries are 3000 words with sections such as definition, scientific
fundamentals, application domains, and future trends. Regular entries include
key citations and a list of recommended reading materials regarding the
literature. The encyclopedia is also simultaneously available as an HTML
online reference with hyperlinked citations, cross-references, four-color art,
links to web-based maps, and other interactive features.

It is worth noting that the first edition of the Encyclopedia of GIS has been
well received by a broad audience in the industry and academia. It is available
at thousands of libraries worldwide as well as on third-party websites such
as Google Books. By March 2016, the cumulative downloads via Springer
have been more than 133,000 not counting additional downloads via other
websites such as Google Books. Furthermore, it has received numerous
recognitions such as the CHOICE Outstanding Title Award. At the University
of Minnesota, the encyclopedia has been used as teaching materials in
two graduate-level spatial computing and spatial database research courses.
Its articles were used for the Fall 2014 Coursera’s massively open online
course titled “From GPS and Google Maps to Spatial Computing,” with
over 21,800 students from 182 countries. We hope that the second edition
could continue serving the research community and the general public as a
helpful introductory material to GIS, a resourceful research reference, and an
illustrative GIS textbook.

New Fields and Topics

The second edition includes 25 additional fields that are either previously
absent from the first edition or recently emerged as new research topics. Each
field has typically 3–10 articles. These fields include spatial computing infras-
tructure, spatial cognitive assistance, volunteering geographic information
(VGI), GPS-denied environment, statistically significant spatiotemporal pat-
tern mining, mobile economy, mobile recommender systems, spatial network
routing, spatial optimization, web-based GIS (industry perspective), location-
based recommendation systems, linear anomaly window detection, intelligent
transportation, GPU-based spatial computing, spatiotemporal analysis of
climate data, geospatial weather and climate nexus, spatial statistics, concepts
in spatial statistics, data science for GIS applications, 3D modeling and
analysis, geometric nearest-neighbor queries, modeling of spatial relations,
concepts in statistics for spatial and spatiotemporal data, high-performance
computing in GIS, and trends. Furthermore, there are two fields, road network
databases and constraint databases and data mining, which have been updated
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by the original editors with new concepts added or existing articles revised to
accommodate more recent research results and technical advances.

August 2016 Shashi Shekhar
Hui Xiong
Xun Zhou
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