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PREFACE

In today’s world — the flow of information especially digital information has become
the critical ingredient for success in any activity. That is why, the period we live in is often
referred to as an information age.

It is a simple fact that everything human beings do, do takes place at a certain location
on the earth - it has a geographic component, although we tend not to think about it much.
The digital information revolution of the late twentieth century has allowed this geographic
information to be more easily accessed, analyzed and used than ever before. This led to the
development of GIS as a discipline and emergence of GIS as a core of digital technology.

The technology of GIS is spread over the domain of several disciplines such as
Mathematics, Statistics, Computer Sciences, Remote Sensing, Environmental Sciences and
of course Geography. Similarly, diverse is the list of its applications - Commerce, Governance,
Planning and Academic Research. These application areas are also growing and expanding
every day due to its power and vast possibilities.

Traditionally, the discipline of Geography dealt with spatial description and analysis.
Now in the era of multidisciplinary approach, students, researchers, professionals from
different disciplines find their way into the emerging discipline of GIS making it popular.

The rapid expansion and popularization of GIS means that now GIS is not just for the
specialists, but for everyone, but these GIS users have different requirements. There are
numerous amounts of GIS learning material available in the form of textbooks as well as
posted on various websites. These literatures in general tend to be rather advanced and
designed for specialists while requirements of GIS beginners are some what ignored.

The present book is an attempt to provide basic fundamentals of GIS for beginners.
The book is evolved following the basic education approach, spreading onto three stages
of learning. The first stage is about basic fundamentals, here development in technology
instigating the learning processes are discussed. This is spread over first three chapters,
which introduces the beginners to the GIS as a discipline, its history, development and
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evolvement process. The second stage is about the scope of the field, here the emphasis is
on issues of technological advancements and revolution in spatial learning and their basic
concepts. In this section, four chapters (fourth to eighth) cover the breadth and also depth
of GIS, here geographic data, nature, structure, source and real world models are elaborated.
Lastly, the third stage of learning, where the approach works towards the development of
critical thinking, using the knowledge base acquired from the earlier chapters. The last four
chapters discuss geographic query, analysis, selection and future of GIS, project design and
management.

Shahab Fazal
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Society is now so dependent on computers and computerized information that we scarcely
notice when an action or activity makes use of them. Over the past few decades we have
developed extremely complex systems for handling and processing data represented in the
only form acceptable to computers: strings of zeros and ones, or bits (binary digits). Yet is
has proved possible to represent not only numbers and letters, but sound, images, and even
the contents of maps in this simple, universal form. Indeed, it might be impossible to tell
whether the bits passing at high speed down a phone line, or stored in minute detail on a CD-
ROM (compact disk-read-only memory) represent a concerto by Mozart or the latest share
prices. Unlike most of its predecessors, computer technology for processing information
succeeds in part because of its ability to store, transmit, and process an extremely wide range
of information types in a generalized way.

The utility of computer has become so important nowadays, that almost all our
activities have some bearing on computers. Its ability to quick and efficient processing of
the given task has revolutionized our life. Spatial Information Technology is the outcome of
developments in computer technology. Geography, as with for other subjects, stipulates the
use of information technology to gain access to additional information sources and to assist
in handling, presenting and analyzing spatial informations. Internet and computerization
has opened a vast new potential in the way we perceive, communicate and analyze our
surrounding spatial phenomena. Data representing the real world can be stored, processed
and presented in relatively simplified forms to suit specific needs. This provides base for
geographical information system.

Computerization has opened a vast new potential in the way we communicate, analyze
our surroundings, and make decisions. Data representing the real world can be stored and
processed so that they can be presented later in simplified forms to suit specific needs. Many of
our decisions depend on the details of our immediate surroundings, and require information
about specific places on the Earth’s surface. Such information is called geographical because
it helps us to distinguish one place from another and to make decisions for one place that are
appropriate for that location. Geographical information allows us to apply general principles
to the specific conditions of each location, allows us to track what is happening at any place,
and helps us to understand how one place differs from another (Figure 1.1). Geographical
information, then, is essential for effective planning and decision making.

(Dt

Figure 1.1: GIS builds database those results from data processing of real world informations.

Abstraction or Simplification

Geographical
Data,
Stored in
Database
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We are used to thinking Box 1: General questions with geographic importance

about geographical infor-

mation in the form of maps, Every day people pose questions

photos taken from aircraft,
and images collected from
so it may be
difficultatfirsttounderstand
how such information can
be represented in digital

satellites,

*  Where is GURGAON ?

*  What are the soil characteristics there ?

*  What s the land use pattern in Gurgaon District ?

*  Which is the main economic activity in Gurgaon District ?

* What are the trends in rural and urban employment pattern in
Gurgaon District ?

form as strings of zeros and . Where would be a better location for opening a restaurant in

ones. If we can express the Gurgaon District ?

contentsofa map or image in . Which is the shortest route to reach Gurgaon from New Delhi
. . . I

digital form, the power of the railway station?

computeropensanenormous

Almost everything that happens or exists occurs ‘somewhere’. Knowing

range of possibilities for | <where'it happened or existed is critically important.

communication, analysis,

modelling,

All human activities require knowledge about the Earth, thus geographic

and accurate location is very important.
decision making (Figure 1.2).
At the same time, we must

constantly be aware of the fact that the digital representation of geography is not equal to the
geography itself-any digital representation involves some degree of approximation.

Final Output \

For Decision Making

Processing and
Analysis of Data

Real World

/

Figure 1.2: GIS simplifies the real world informations to bring it info computer.
Different techniques are used to analyze data for decision making.
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INFORMATION TECHNOLOGIES IN GEOGRAPHY

GIS is one of many information technologies that have transformed the ways geographers
conduct research and contribute to society. In the past two decades, these information
technologies have had tremendous effects on research techniques specific to geography, as
well as on the general ways in which scientists and scholars communicate and collaborate.

Discipline-Specific Tools

1.

Cartography and Computer: Assisted Drafting: Computers offer the same advantages
to cartographers that word-processing software offers writers. Automated techniques
are now the rule rather than the exception in cartographic production.
Photogrammetry and Remote Sensing: Aerial photogrammetry, a well — established
technique for cartographic production and geographic analysis, is now complemented
by the use of ‘remotely sensed’ information gathered by satellites in outer space.
Information technologies have made both sorts of information far more readily
available and far easier to use.

Spatial Statistics: Statistical analysis and modelling of spatial patterns and processes
have long relied on computer technology. Advances in information technology have
made these techniques more widely accessible and have allowed models to expand in
complexity and scale to provide more accurate depictions of real-world processes.
Geographic Information Systems (GIS): These systems allow geographers to collate
and analyze information far more readily than is possible with traditional research
techniques. As will be noted below, GIS can be viewed as an integrating technology
insofar as it draws upon and extends techniques that geographers have long used to
analyze natural and social systems.

General Communication, Research, and Publication Technologies

1.

Communication and Collaboration: Electronic mail, discussion lists, and computer
bulletin boards make it far easier for colleagues to communicate ideas and share ideas,
locally, nationally, and internationally. Distance —learning techniques make it possible
to hold interactive classes and workshops simultaneously at distant locations.

Access to Library and Research Materials and Sources: Network access to both primary
and secondary research resources is expanding rapidly. From their offices, scholars
can now get information held by libraries, government agencies, and research
institutions all over the world.

Publication and Dissemination: Information technologies are reducing substantially
the cost of publishing and distributing information as well as reducing the time
required to circulate the latest news and research results.

THE COuRSE oF TEcHNoLoGIcAL INNOVATION

These advances in the application of information technologies in geography began several
decades ago and will continue to expand their effects into the foreseeable future. Scholars
who have studied the spread of technological innovations in society sometimes divide the
process into four phases:
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1. Initiation: An innovation first becomes available.

2. Contagion: Far-ranging experimentation follows to see how the innovation can be
adapted to meet a wide variety of research and commercial needs. Some, but not
necessarily all of these experiments will work.

3. Coordination: The most promising applications of the innovation gradually gain
acceptance and are developed collaboratively. The coordination of experimentation
helps to distribute the potentially high costs of further development and
implementation.

4. Integration: An innovation is accepted and integrated into routine research tasks.

In geography, many innovations in the application of information technologies began in
the late 1950s, 1960s and early 1970s. Methods of sophisticated mathematical and statistical
modelling were developed and the first remote sensing data became available. Researchers
began also to envision the development of geographic information systems. The mid-1970s
to early 1990s was a period of contagion. The first commercially available software for GIS
became available in the late 1970s and spurred many experiments, as did the development of the
first microcomputers in the early 1980s. This was an exciting time in which the development
of powerful software coupled with the availability of inexpensive computers permitted many
researchers to test new ideas and applications for the first time. In the early 1990s, or perhaps just
a bit earlier, many innovations entered the coordination phase even as other experimentation
continued at a fast pace. The strengths and weaknesses of many information technologies
were by then apparent, and researchers began to work together to cultivate the most promising
applications on a large scale. Arguably, the complete integration of information technologies in
geography has yet to be achieved except perhaps in a few relatively specialized research areas.
Complete integration across the discipline may, in fact, be many years away.

GIS as an Integrating Technology

In the context of these innovations, geographic information systems have served an important
role as an integrating technology. Rather than being completely new, GIS have evolved by
linking a number of discrete technologies into a whole that is greater than the sum of its
parts. GIS have emerged as very powerful technologies because they allow geographers to
integrate their data and methods in ways that support traditional forms of geographical
analysis, such as map overlay analysis as well as new types of analysis and modelling that
are beyond the capability of manual methods. With GIS it is possible to map, model, query,
and analyze large quantities of data all held together within a single database.

The importance of GIS as an integrating technology is also evident in its pedigree. The
development of GIS has relied on innovations made in many different disciplines: Geography,
Cartography, Photogrammetry, Remote Sensing, Surveying, Geodesy, Civil Engineering,
Statistics, Computer Science, Operations Research, Artificial Intelligence, Demography,
and many other branches of the social sciences, natural sciences, and engineering have all
contributed. Indeed, some of the most interesting applications of GIS technology discussed
below draw upon this interdisciplinary character and heritage.
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GeograrHic INFORMATION SYsTEMs: A GENERIC DEFINITION

GIS is a special-purpose digital database in which a common spatial coordinate system is the
primary means of reference. Comprehensive GIS require a means of:

1. Data input, from maps, aerial photos, satellites, surveys, and other sources.
2. Data storage, retrieval, and query.

3. Data transformation, analysis, and modelling, including spatial statistics.
4. Data reporting, such as maps, reports, and plans.

THREE OBSERVATIONS SHOULD BE MADE ABOUT THIS DEFINITION

First, GIS are related to other database applications, but with an important difference. All
information in a GIS is linked to a spatial reference. Other databases may contain locational
information (such as street addresses, or zip codes), but a GIS database uses geo-references
as the primary means of storing and accessing information.

Second, GIS integrates technology. Whereas other technologies might be used only to
analyze aerial photographs and satellite images, to create statistical models, or to draft maps,
these capabilities are all offered together within a comprehensive GIS.

Third, GIS, with its array of functions, should be viewed as a process rather than as merely
software or hardware. GIS are for making decisions. The way in which data is entered,
stored, and analyzed within a GIS must mirror the way information will be used for a specific
research or decision — making task. To see GIS as merely a software or hardware system is to
miss the crucial role it can play in a comprehensive decision-making process.

4 )

Cartographer /
Reality GIS specialist
~] Recognize
Select
i Classify
Compile Simply
Symbolize
Imagine
| N
Mental image i‘i] Anal';::d Map
L Interpret
Map user

Figure 1.3: Different stages of information transfer in GIS.
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What Actually GIS is?

GIS is expressed in individual letters G - I - S and not at pronunciation GIS. It stands for
geographic or geographical information systems. Geographic Information Science is a new
interdisciplinary field. It is built upon knowledge from geography, cartography, computer
science, mathematics etc.

GIS can be defined as ‘A system for Capturing, storing, checking, integrating,
manipulating, analysing and displaying data which are spatially referenced to the
Earth. This is normally considered to involve a spatially referenced computer database
and appropriate applications software’.

GIS needs spatial data, this makes it unique. Here spatial means - related to the space
— the real world location. That is why GIS is based on basic geographic concepts.

A Geographic Information System is an integration of computer hardware and software
which can create manipulate, and analyze a geographically referenced data base to produce
new maps and tabular data GIS includes the capabilities of Computer Aided Design (CAD)
and Data Base Management Systems (DBMS), but is more than just a combination of
those systems. In a GIS, a relationship between the graphic map data and the tabular data
base is maintained so that changes to the map are reflected in the data base GIS allows
automatic determination of the relationships between maps, and can create new maps of
those relationships.

Geographic Information System (GIS) can also be defined as:

The organized activity by which people
e Measure aspects of geographic phenomena and processes;

e Represent these measurements, usually in the form of a computer database, to
emphasize spatial themes, entities, and relationships;
e Operateupontheserepresen-

. (" Context Context )
tations to produce mo're organizes views provides goals
measurements and to dis- Soclal and Cultural Context]
cover new relationships by o e
integrating disparate sour-
ces: and Transformations

)

Operatlons

e Transform these representa- Represenmion

tions to conform to other Q: 5

. Measurement v
frameworks of entities and Evaluate
. . Data Quallty

relationships.  Verify against World inside goals y

These activities reflect the larger Figure 1.4: GIS framework.

context (institutions and cultures)
in which these people carry out their
work. In turn, the GIS may influence
these structures.
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OTHER DEFINITIONS

Many people offer definitions of GIS. In the range of definitions presented below, different
emphases are placed on various aspects of GIS. Some miss the true power of GIS, its ability to
integrate information and to help in making decisions, but all include the essential features
of spatial references and data analysis.

A definition quoted in William Huxhold’s Introduction to Urban Geographic Information
Systems:

‘... The purpose of a traditional GIS is first and foremost spatial analysis. Therefore,
capabilities may have limited data capture and cartographic output. Capabilities of
analyses typically support decision making for specific projects and / or limited geographic
areas. The map data-base characteristics (accuracy, continuity, completeness, etc.) are
typically appropriate for small-scale map output. Vector and raster data interfaces may
be available. However, topology is usually the sole underlying data structure for spatial
analyses.’

C. Dana Tomlin’s definition, from Geographic Information Systems and Cartographic
Modelling:

A geographic information system is a facility for preparing, presenting, and interpreting

facts that pertain to the surface of the earth. This is a broad definition . . . a considerably
narrower definition, however, is more often employed. In common parlance, a geographic
information system or GIS is a configuration of computer hardware and software
specifically designed for the acquisition, maintenance, and use of cartographic data.’

From Jeffrey Star and John Estes, in Geographic Information Systems: An
Introduction:

A geographic information system (GIS) is an information system that is designed to
work with data referenced by spatial or geographic coordinates. In other words, a GIS
is both a database system with specific capabilities for spatially-reference data, as well
[as] a set of operations for working with data . . . In a sense, a GIS may be thought of as
a higher-order map.’

THe GIS View oF THE WORLD

GIS provide powerful tools for addressing geographical and environmental issues. Consider
the schematic diagram below. Imagine that the GIS allows us to arrange information about
a given region or city as a set of maps with each map displaying information about one
characteristic of the region. In the case below, a set of maps that will be helpful for urban
transportation planning have been gathered. Each of these separate thematic maps is referred
to as a layer, coverage, or level. And each layer has been carefully overlaid on the others
so that every location is precisely matched to its corresponding locations on all the other
maps. The bottom layer of this diagram is the most important, for it represents the grid of a
locational reference system (such as latitude and longitude) to which all the maps have been
precisely registered.
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Ward Boundaries

Roads

Railway Tracks

Commercial Centres
Industrial Units

Figure 1.5: GIS: an integrating technology.

Wiy i1s GIS IMPORTANT?

e ‘GIS technology is to geographical analysis what the microscope, the telescope, and
computers have been to other sciences.... (It) could therefore be the catalyst needed
to dissolve the regional-systematic and human-physical dichotomies that have long
plagued geography’ and other disciplines which use spatial information.

e GIS integrates spatial and other kinds of information within a single system - it
offers a consistent framework for analyzing geographical data.

e By putting maps and other kinds of spatial information into digital form, GIS allows
us to manipulate and display geographical knowledge in new and exciting ways.

e GIS makes connections between activities based on geographic proximity

- looking at data geographically can often suggest new insights, explanations.
- these connections are often unrecognized without GIS, but can be vital to
understanding and managing activities and resources.

- eyg. we can link toxic waste records with school locations through geographic
proximity.

Box 2: Definitions of GIS and the groups who find them useful.

A container of maps in digital form the general public

A computerized tool for solving decision makers, planners
geographic problems

A spatial decision support system managers, operations researchers

A mechanized inventory of utility managers, resource managers

geographically distributed features

A tool for revealing what is otherwise scientists, investigators

invisible in geographic information

A tool for performing operations on resource managers, planners, GIS
geographic data that are too tedious experts

if performed by manual methods
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e QIS allows access to administrative records — property ownership, tax files, utility
cables and pipes - via their geographical positions.

e Maps are fascinating and so are maps in computers and there is increasing interest
in geography and geographic education in recent times. GIS gives a ‘high tech’ feel to
geographic information.

CoNTRIBUTING DIsCIPLINES

GIS is a convergence of technological fields and traditional disciplines. GIS has been called
an ‘enabling technology’ because of the potential it offers for the wide variety of disciplines
which must deal with spatial data. Each related field provides some of the techniques which
make up GIS. Many of these related fields emphasize data collection — GIS brings them
together by emphasizing integration, modelling and analysis, as the integrating field, GIS
often claims to be the science of spatial information.

GEOGRAPHY: Geography is broadly concerned with understanding the world and man’s place
in it. Geography has long tradition in spatial analysis. The discipline of geography provides
techniques for conducting spatial analysis and a spatial perspective on research.

CARTOGRAPHY: Cartography is concerned with the display of spatial information. Currently
it is the main source of input data for GIS is maps. Cartography provides long tradition in
the design of maps which is an important form of output from GIS. Computer cartography
(also called ‘digital cartography’, ‘automated cartography’) provides methods for digital
representation and manipulation of cartographic features and methods of visualization.

REMOTE SENSING: This emerging technique which records images from space and the air are
major source of geographical data. Remote sensing includes techniques for data acquisition
and processing anywhere on the globe at low cost, consistent update potential. The main
advantage of it is that interpreted data from a remote sensing system can be merged with
other data layers in a GIS.

PHOTOGRAMMETRY: Using aerial photographs and techniques for making accurate measure-
ments from them, photogrammetry is the source of most data on topography (ground surface
elevations) used for input to GIS.

SURVEYING: Surveying is concerned with the measurement of locations of objects on the
Earth’s surface, particularly property boundaries. Surveying provides high quality data on
positions of land boundaries, buildings, etc.

STATISTICS: Many models built using GIS are statistical in nature, many statistical
techniques used for analysis in GIS. Statistics is important in understanding issues of error
and uncertainty in GIS data.

COMPUTER SCIENCE: Computer science is one of the main engines for GIS development.
Artificial intelligence (AI) uses the computer to make choices based on available data in a
way that is seen to emulate human intelligence and decision-making - computer can act
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as an ‘expert’ in such functions as designing maps, generalizing map features. Computer-
aided design (CAD) provides software, techniques for data input, display and visualization,
representation, particularly in 3 dimensions. Advances in computer graphics provide
hardware, software for handling and displaying graphic objects, techniques of visualization.
Similarly, database management systems (DBMS) contribute methods for representing data
in digital form, procedures for system design and handling large volumes of data, particularly
access and update.

MATHEMATICS: Several branches of mathematics, especially geometry and graph theory, are
used in GIS system design and analysis of spatial data.

MaAajor AREAS OF APPLICATION

GIS technology, data structures and analytical techniques are gradually being incorporated
into a wide range of management and decision-making operations. Numerous examples
of applications of GIS are available in many different journals and are frequent topics of
presentations at conferences in the natural and social sciences.

In order to understand the range of applicability of GIS it is necessary to characterize the
multitude of applications in some logical way so that similarities and differences between
approaches and needs can be examined. An understanding of this range of needs is critical
for those who will be dealing with the procurement and management of a GIS.

FUNCTIONAL CLASSIFICATION: One way to classify GIS applications is by functional characteristics
of the systems; this would include a consideration of characteristics of the data such as
themes, precision required and data model. Secondly, GIS a function as which of the range of
possible GIS functions does the application rely on? eg. address matching, overlay? Thirdly,
a product eg., does the application support queries, one-time video maps and/or hardcopy
maps? A classification based on these characteristics quickly becomes fuzzy since GIS is a
flexible tool whose great strength is the ability to integrate data themes, functionality and
output.

GIS AS A DECISION SUPPORT T0OL: Another way to classify GIS is by the kinds of decisions that
are supported by the GIS. Decision support is an excellent goal for GIS, however: decisions
range from major (which areas in India are best suited for establishing SEZ with foreign
aids?) to minor (which way to turn at next intersection?). Decision support is a good basis
for definition of GIS, but not for differentiating between applications since individual GIS
systems are generally used to make several different kinds of decisions.

6Is USERs: GIS field is a loose coalescence of groups of users, managers, academics and
professionals all working with spatial information. Each group has a distinct educational
and ‘cultural’ background with varied interests and priorities. As a result; each identifies
itself with particular ways of approaching particular sets of problems. The core groups of
GIS activity can be seen to be comprised of:
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mature technologies which interact with GIS, sharing its technology and creating
data for it such as surveyors and engineers, cartographers, scientists using remote
sensing techniques.

management and decision-making groups such as resource inventors, and resource
managers, urban planners, municipal officials managing land records for taxation
and ownership control, facilities managers, managers involved in marketing and
retail planning or vehicle routing and scheduling.

science and research activities at universities and government labs - these groups of
GIS activity seeking to find distinctions and similarities between them.

SOME IMPORTANT AREAS WHERE GIS IS BEING USED ARE:

Different Streams of Planning: Urban planning, housing, transportation planning
architectural conservation, urban design, landscape planning etc.

Street Network Based Application: It is an addressed matched application, vehicle
routing and scheduling: location, development and site selection and disaster
planning.

Natural Resource Based Application: Management and environmental impact analysis
of wild and scenic recreational resources, flood plain, wetlands, acquifers, forests,
and wildlife.

View Shed Analysis: Hazardous or toxic factories siting and ground water modelling.
Wildlife habitat study and migrational route planning.

Land Parcel Based: Zoning, sub-division plans review, land acquisition, environment
impact analysis, nature quality management and maintenance etc.

Facilities Management: Can locate underground pipes and cables for maintenance,
planning, tracking energy use.

THE AprpPeAaL AND PoTENTIAL OF GIS

The great appeal of GIS stems from their ability to integrate great quantities of information
about the environment and to provide a powerful repertoire of analytical tools to explore
this data. Imagine the potential of a system in which dozens or hundreds of maps layers
are arrayed to display information about transportation networks, hydrography, population
characteristics, economic activity, political jurisdictions, and other characteristics of the
natural and social environment. Such a system would be valuable in a wide range of situations
—for urban planning, environmental resource management, hazards management, emergency
planning, or transportation forecation, and so on. The ability to separate information in
layers, and then combine it with other layers of information is the reason why GIS hold such
great potential as research and decision-making tools.
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Figure 1.6: Application potential of GIS for geographical studies.

Development of GIS

Since the mid-1970s, specialized computer systems have been developed to process

geographical information in various ways. These include:

e Techniques to input geographical information, converting the information to digital

form.

e Techniques for storing such information in compact format on computer disks,

compact disks (CDs), and other digital storage media.

e Methods for automated analysis of geographical data, to search for patterns, combine
different kinds of data, make measurements, find optimum sites or routes, and a host

of other tasks.

e Methods to predict the outcome of various scenarios, such as the effects of climate

change on vegetation.

e Techniques for display of data in the form of maps, images, and other kinds of displays.

e Capabilities for output of results in the form of numbers and tables.

CoMPONENTs oF GIS

HARDWARE: 1t consists of the computer system on which the GIS software will run. The choice
of hardware system ranges from Personal Computers to multi user Super Computers. These
a computers should have essentially an efficient processor to run the software and sufficient

memory to store enough information (data).
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SOFTWARE: GIS software provides the functions and tools needed to store, analyze, and
display geographic information. The software available can be said to be application specific.
All GIS software generally fit all these requirements, but their on screen appearance (user
interface) may be different.

DATA: Geographic data and related tabular data are the backbone of GIS. It can be collected
in-house or purchased from a commercial data provider. The digital map forms the basic
data input for GIS. Tabular data related to the map objects can also be attached to the digital
data. A GIS will integrate spatial data with other data resources and can even use a DBMS.

METHOD: A successful GIS operates according to a well-designed plan, which are the models
and operating practices unique to each task. There are various techniques used for map creation
and further usage for any project. The map creation can either be automated raster to vector
creator or it can be manually vectorized using the scanned images. The source of these digital
maps can be either map prepared by any survey agency or satellite imagery.

PEOPLE: GIS users range from technical specialists who design and maintain the system
to those who use it to help them perform their everyday work. GIS operators solve real
time spatial problems. They plan, implement and operate to draw conclusions for decision
making.

NETWORK: With rapid development of I'T, today the most fundamental of these is probably the
network, without which no rapid communication or sharing of digital information could occur.
GIS today relies heavily on the Internet, acquiring and sharing large geographic data sets.

Software

Procedures

Hardware

Figure 1.7: Six basic components of GIS.

Although itis very easy to purchase the constituent parts of a GIS (the computer hardware
and basic software), the system functions only when the requisite expertise is available, the
data are compiled, the necessary routines are organized, and the programs are modified to
suit the application. A computer system can function at what may appear to be lightning



(c) ketabton.com: The Digital Library

Geographical Information Systems—Representing Geography 15

speed, yet the entire time span of a GIS project can stretch to months and even years. These
facets of an overall GIS are interlinked. In general, procurement of the computer hardware
and software is vital but straightforward. The expertise required is often underestimated,
the compilation of data is expensive and time consuming, and the organizational problems
can be most vexing. These facets of an overall GIS are discussed in detail later.

Hardware /
Software

Structured
Data

Organization

Figure 1.8: A GIS chain - Equal role of the above links in GIS organization.

Traditionally, geographical data are presented on maps using symbols, lines, and
colours. Most maps have a legend in which these elements are listed and explained - a
thick black line for main roads, a thin black line for other roads, and so on. Dissimilar
data can be superimposed on a common coordinate system. Consequently, a map is both an
effective medium for presentation and a bank for storing geographical data. But herein lies
a limitation. The stored information is processed and presented in a particular way, usually
for a particular purpose. Altering the presentation is seldom easy. A map provides a static
picture of geography that is almost always a compromise between many differing user needs.
Nevertheless, maps are a substantial public asset. Surveys conducted in Norway indicate that
the benefit accrued from the use of maps is three times the total cost of their production.

Compared to maps, GIS has the inherent advantage that data storage and data
presentations are separate. As a result, data may be presented and viewed in various ways.
Once they are stored in a computer, we can zoom into or out of a map, display selected areas,
make calculations of the distance between places, present tables showing details of features
shown on the map, superimpose the map on other information, and even search for the best
locations for retail stores. In effect, we can produce many useful products from a single data
source.

The term geographical information system (GIS) is now used generically for any
computer-based capability for the manipulation of geographical data. GIS is computer-based
capability for the manipulation of geographical data. A GIS includes not only hardware
and software, but also the special devices used to input maps and to create map products,
together with the communication systems needed to link various elements. The hardware
and software functions of a GIS include:

e Compilation

e Storage

e Updating and changing

e Management and exchange
e Manipulation

e Retrieval and presentation
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e Acquisition and verification
e Analysis and combination

All of these actions and operations are applied by a GIS to the geographical data that form
its database. All of the data in a GIS are georeferenced, that is, linked to a specific location on
the surface of the Earth through a system of coordinates. One of the commonest coordinate
systems is that of latitude and longitude; in this system location is specified relative to the
equator and the line of zero longitude through Greenwich, England. But many other systems
exist, and any GIS must be capable of transforming its georeferences from one system to
another.

(Geographical Data, Stored in Database

STORAGE

(Envir;:\mental) (R:;ads) (utilties ) (‘Areas ) PRESENTATION

Figure 1.9: A map can be a presentation medium and a storage medium.
GIS manipulates data to produce results.

Geographical information attaches a variety of qualities and characteristics to geographical
locations (Figure 1.10). These qualities may be physical parameters such as ground elevation,
soil moisture level, or classifications according to the type of vegetation, ownership of land,
zoning, and so on. Such occurrences as accidents, floods, or landslides may also be included.
We use the general term attributes to refer to the qualities or characteristics of places, and
think of them as one of the two basic elements of geographical information, along with
locations.

In some cases, qualities are attached to points, but in other cases they refer to more
complex features, either lines or areas, located on the Earth’s surface; in such cases the GIS
must store the entire mapped shape of the feature rather than a simple coordinate location.
Examples of commonly mapped features are lakes, cities, counties, rivers, and streets, each
with its set of useful attributes. When a feature is used as a reporting zone for statistical
purposes, a vast amount of information may be available to be used as attributes for the zone
in GIS. In market research, for example, it is common for postal codes to be used as the basis
for reports on demographics, purchasing habits, and housing markets.
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Figure 1.10: GIS stores data in different theme layers in the computer, each layer is linked
to a common referencing system.

The relationships between geographical features often provide vital information. For
example, the connections of a water supply pipe network may be critical for technicians, who
need to know which valves to close in order to increase water pressure in certain sectors.
The details of properties bordering a road are necessary if all property owners affected by
roadwork are to be properly notified. Connections between streets are important in using
a GIS to assist drivers in navigating around an unfamiliar city. The ability of a GIS to store
relationships between features in addition to feature locations and attributes is one of the
most important sources of the power and flexibility of this technology. Some GISs can even
store flows and other measures of interaction between features, to support applications in
transportation, demography, communication, and hydrology, among other areas.

Stored data may be processed in a GIS for presentation in the form of maps, tables,
or special formats. One major GIS strength is that geographical location can be used to
link information from widely scattered sources. Because the geographical location of
every item of information in a GIS database is known, GIS technology makes it possible to
relate the quality of groundwater at a site with the health of its inhabitants, to predict how
the vegetation in an area will change as the irrigation facilities increases, or to compare
development proposals with restrictions on land use. This ability to overlay gives GIS unique
power in helping us to make decisions about places and to predict the outcomes of those
decisions. The only requirement is that the geographical information from each source be
expressed in compatible georeferencing systems.
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Figure 1.11: GIS functions on the interaction between digital map data and its aftribute informations.

A GIS can process georeferenced data and provide answers to questions involving, e.g., the
particulars of a given location, the distribution of selected phenomena, the changes that have
occurred since a previous analysis, the impact of a specific event, or the relationships and
systematic patterns of a region. It can perform analyses of georeferenced data to determine
the quickest driving route between two points and help resolve conflicts in planning by
calculating the suitability of land for particular uses.

A GIS can process georeferenced data and provide answers to questions involving, eg., the
particulars of a given location, the distribution of selected phenomena, the changes that have
occurred since a previous analysis, the impact of a specific event, or the relationships and
systematic patterns of a region. It can perform analyses of georeferenced data to determine
the quickest driving route between two points and help resolve conflicts in planning by
calculating the suitability of land for particular uses.
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Figure 1.12: GIS is a typical data integration machine. It receives, process and transmits data.
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GIS can process data from a wide range of sources, including data obtained from maps,
images of the Earth obtained from space satellites, video film of the Earth taken from low-
flying aircraft, statistical data from published tables, photographs, data from computer-
assisted design (CAD) systems, and data obtained from archives by electronic transmission
over the Internet and other networks. Data integration is one of the most valuable functions
of a GIS, and the data that are integrated are more and more likely to be obtained from
several distinct media-multimedia is an active area for research and development in GIS
(Figure 1.12).

Technically, a GIS organizes and exploits digital geographical data stored in databases.
The data include information on locations, attributes, and relationships between features.
But a database can only approximate the real world, since the storage capacity of a database
is minuscule in comparison with the complexity of the real world, and the cost of building
a database is directly related to its complexity. The contents of a book of 100,000 words can
be stored in digital form in roughly 1 million bytes (the common unit of computer storage is
a byte, defined as 8 bits; 1 megabyte is slightly more than 1 million bytes). The information
on a topographic map is comparatively dense, and it commonly takes 100 megabytes to
capture it in digital form. A single scene from an Earth observing satellite might contain 300
megabytes, the information content of 300 books. Thus even crude approximations to the
complexity of real-world geography can rapidly overtake the capacity of our digital storage
devices.

Although the contents of a GIS database are equivalent to a map, there are important
differences. On a map, a geographical feature such as a road or a power line is shown as a

GIS Tools GIS Tools
USER INTERFACE USER INTERFACE |
| Software to manage Commercial DBMS
Geometric data
Geometric and User defined Geometric _ i
Attribute Database DBMS Database Coordinate Files

/ \ Attribute Tables

Coordinate Files Topological Files Attribute Tables

ological Fi

A AL A

Figure 1.13: DBMS solution for GIS.
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symbol using a graphic that will readily be understood by the map reader. In a geographical
database a road or power line will be represented by a single sequence of points connected
by straight lines, and its symbolization will be reattached when it is displayed. A tube well
will be represented by a single point, with the attribute ‘tube well’, and will be replaced by
a symbol when displayed. This approach is economical since the geometric form of the tube
well symbol will be stored only once rather than repeated at each tube well location, and it
also allows analysis to be more effective.

Databases are vital in all geographical information systems, since they allow us to store
geographical data in a structured manner that can serve many purposes. Many GISs impose
further structure by using a database management system (DBMS) to store and manage
part or all of the data in a largely independent subsystem under the GIS itself. A DBMS
is a general-purpose software product, and GISs that use this approach are often able to
function in conjunction with a wide range of DBMS products. The database underlying a
GIS achieves many objectives. It ensures that data are:

e Stored and maintained in one place

e Stored in a uniform, structured, and controlled manner than can be documented

e Accessible to many users at once, each of whom has the same understanding of the
database’s contents

e Fasily updated with new data

This contrasts with the traditional way of organizing and storing data on paper in filing
cabinets, in which data are often:

e Stored in ways that are understandable to one person only

e Easily corrupted by use, or edited in ways that are meaningful only to the editor

e Inaccessible to anyone other than the creator of the system

e Stored in formats and at scales that are so diverse that they cannot be compared or
collated

e Difficult to update

GIS Diversity

Although the general definition of GIS given here is quite valid, in practice the diversity of
GIS has spawned various definitions. First, users have contrived working definitions suited
to their own specific uses. Thus they may vary according to whether operators are planners,
water-supply and sewage engineers, support service personnel, or perhaps professional and
public administrators or Earth scientists. Second, those with a more theoretical approach,
such as research workers, software developers or sales and training staff may use definitions
that are different from those used in practical applications. Systems can be tailor made by
assembling them from available software tool kits of semi-independent modules, assorted
computer hardware components, and other interoperable devices. Many applications can
be addressed by acquiring a single, generic GIS product and a standard configuration of
hardware. There are many views of GISs, including:
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e A data processing system designed for map production or visualization

e A data analysis system for examining conflicts over plans or optimizing the design
of transport systems

¢ An information system for responding to queries about land ownership or soil type

e A management system to support the operations of a utility company, helping it to
maintain its distribution network of pipes or cables

e A planning system to aid the design of road systems, excavations, or forest harvest
operations

e An electronic navigation system for use in land or sea transport.

GISs are often designated according to application. When used to manage land records
they are often called land information systems (LISs); in municipal and natural resource
applications they are important components of urban information systems (UISs) and
natural resource information systems (NRISs) respectively. The terms spatial and geospatial
are often used almost interchangeably with geographical, although spatial is also used to
refer more generally to any two-or three-dimensional data whether or not it relates directly
to the surface of the Earth. The term automatic mapping/facility management (AM/FM)
is frequently used by utility companies, transportation agencies, and local governments
for systems dedicated to the operation and maintenance of networks. Nonetheless, GIS is
now accepted internationally as an umbrella term for all digital systems designed to process
geographical data.

The software capabilities required for a GIS often overlap those needed by other
computer applications, particularly image processing and computer-assisted design (CAD).
Image processing systems are designed to perform a wide range of operations on the images
captured by video cameras, still cameras, and remote-sensing satellites. Today, the distinction
between image processing and GIS is becoming increasingly blurred as images become more
and more important sources of GIS data. Broadly, though, it is convenient to think about
image processing systems as concerned primarily with the extraction of information from
images, and GIS as concerned with the analysis of that information.

CAD systems have been developed to support design applications in engineering,
architecture, and related fields. Broadly, CAD systems emphasize design over analysis
and often lack the capabilities needed to process the complex attributes and information
of georeferenced data or to integrate georeferenced data from many sources. Nevertheless,
the distinction between CAD and GIS has become increasingly blurred in recent years; by
adding appropriate features, many former vendors of CAD systems are now able to compete
effectively in the GIS market.

The major challenges to system developers and users alike are now very different, and
related to the comparative ease of use of the technology, the problems of finding and accessing
suitable data, and the lack of trained personnel able to exploit the technology’s potential to
its full.
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Our complex society Modern societies are now so complex, and their activities so
interwoven, that no problem can be considered in isolation or without regard for the full
range of its interconnections. For example, a new housing development will affect the local
school system. Altered age distribution in a village will affect health and social expenditure.
The volume of city traffic will put constraints on the maintenance of buried pipe networks,
affecting health. Street excavations may drastically reduce the turnover of local retail shops.
Traffic noise from a new road or motorway may well drive people from their homes. The
actions needed to solve such problems are best taken on the basis of standardized information
that can be combined in many ways to serve many users. GISs have this capability.

Populations are now extremely mobile; changing jobs and moving to another location
have become commonplace. When key personnel leave a company, they take their expertise
with them; if that expertise involves specific knowledge of, say, the water supply and sewage
network of a community, the loss can be serious if the information is otherwise inadequately
documented. Here, too, GIS has an advantage in that it can act as an effective filing system
for dissimilar sectors of a complex society.

BENEFITS OF c0MPUTERIZqu INFORMATION

Almost all aspects of modem society use digital information, and the total amount that
flows through our communication networks daily is truly staggering. GIS offers its users
the ability to process quantities of data far beyond the capacities of manual systems. Data
in GIS are stored in a uniform, structured manner, as opposed to manual systems in which
data are stored in archives and files, in agencies, on file cards, on maps, or in long reports.
Data may be retrieved from GIS databases and manipulated far more rapidly and reliably
than data in manual systems. In addition, data are quickly compiled into documents using
techniques that include automatic mapmaking and direct report printouts. The potential
gains from switching from manually prepared maps and ordinary files to computerized
GIS are considerable, in both the public and private sectors. Various studies showed that
considerable benefits may be achieved, provided that the strategy used to implement GIS is
suitably chosen. The study also showed that benefits are often related to objectives and that
the following benefit/cost ratios may be attained by introducing GIS (Figure 1.14):

1. If computerized GIS is used for automated production and maintenance of maps, the
benefit/cost ratio is 1:1.

2. 1If the system is also used for other internal tasks such as work manipulation and
planning, the benefit/cost ratio may be 2:1.

3. The full benefit of the system is first realized when information is shared among
various users. The benefit/cost ratio may then be 4:1.

Nonetheless, it is obvious that investment in GIS is at least as productive as investment
in other sectors. These benefits are not automatic. They depend largely on proper choice
of an acquisition and implementation strategy, following careful study of the objectives
and requirements of GIS investment, and careful selection of the appropriate system.
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Objective GIS Operation Production of Data Use of Data
® Map Production
® Storage ® Analysis of Data ® Coordination of Tasks
Task )
® Update ® Map Production ® |Information Updating
e Manipulation ® Planning ® |Information Sharing
® Maintenance ® Project Management ® Management & Planning
® Retrieval ® Execution of Task
Benefit / Cost Ratio 1:1 2:1 4:1

Figure 1.14: The benefit/cost ratio of GIS data is significantly high.

Without these safeguards, many GIS projects eventually fail to deliver the promised benefits
and may eventually fail entirely, at considerable cost to the institution. Even with a carefully
selected strategy it is difficult to estimate benefits precisely. The ratios discussed above are
average over many projects varying widely in scale and scope. Some figures, however, are
impressive, with benefit/cost ratios of up to 8 to 10:1 or more.

But benefits are a function of many factors, including the goals and objectives of the
project, the strategy adopted in its implementation, and the structure of the system built to
serve the objectives.

Systematic planning and implementation often set profitable GIS projects apart from
those that are unprofitable. Projects based on carefully estimated cost and benefit calculations
are often more profitable than projects driven by pure technology. Profitable projects are
user oriented rather than production oriented. Profitable projects start by being defined so
clearly and convincingly that they are funded outside the ordinary operating budget. The
measurable benefits of GIS are usually expressed as gains in efficiency in terms of time
saved, but there are also many cases of direct increases in income and reductions in costs.
Measurable benefits may include:

e Improved efficiency due to more work being performed by the same staff, or the
same work performed by a smaller staff

e Reduction in direct operating costs through better bases for financial management,
less costly maintenance of facilities, and joint uses of available data

e Increases in income due to increased sales, or sales of new products and services

Experience indicates that when GIS makes some traditional jobs superfluous, staff are

not made redundant but instead put to tasks in the GIS environment that create more value.
Intangible benefits may also accrue. They cannot be expressed directly in monetary terms,
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but attempts should always be made to include them when benefits are evaluated. Intangible
benefits may include:

e Improved public and private decision making in administration, planning, and
operations

e Improved information and service to the public

e Increased safety, and reduction in the impact of disasters through better planned
evacuation and more efficient management of emergency services

e An improved environment for future generations

e Better presentation of plans and their associated effects

e Improved decisions regarding new development, and better analysis of market and
site conditions

The greatest long-range global benefits of GISs are probably in the sectors where decisions
have an environmental impact. The environment and the natural relationships within it are
complex and not yet fully understood. It is, however, widely known that environmental
degradation is implicated in the causes of many modern problems.

Users of GIS

Today, the widespread acquisition of digital computers by businesses, universities, researchers
and households has allowed technologies such as GIS to penetrate many aspects of our lives.
Nevertheless, computer processing of geographical data remains problematic, and GIS are
widely regarded as difficult to learn about and to use. The author hope that subsequent
chapters of this book will provide a conceptual and technical understanding of GIS that will
allow readers to make effective use of its capabilities in one or more of the many areas of its
application.

Users of GIS naturally fall into two groups. Some are professional operators of GIS, who
spend much of their lives working with the technology in their jobs. They are well trained in
the particular software they use and are well aware of its capabilities. In many cases they do
not use the results of their work themselves, but pass them to end users. The results may be
maps, designed and produced by the GIS operator, results of analysis to be used in planning
harvesting of trees, or work orders for maintenance staff in a major utility company.

The second groups of users spend a relatively small proportion of their lives using GIS.
They may maintain a GIS capability on their personal workstation in order to produce an
occasional map, to find a park in an unfamiliar city, to plan a driving route for a vacation,
or to carry out analysis of map data in connection with a research project. In these cases
the opportunities for lengthy training are much less, so the GIS must be simple and easy to
use. This second group also comprises end users and primary users who make professional
decisions based on GIS products. The group includes:

e Operation and maintenance engineers; a typical decision may be whether to replace
or repair a damaged water main.
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e Regional planners; characteristic tasks involve presentations of plans to municipal
authorities in a realistic, varied, visual manner.

e Building authority functionaries; representative jobs include processing building
permit applications involving access roads, water supply, or sewage.

e Revenue officials, typically dealing with tax assessment and taxpayer addresses.

e Roadengineers, whose responsibilities include locating new roads to minimize
cut-and-fill operations.

e Information officers; information produced may include complete packages to newly
established firms with details on industrial areas, schools, and transportation.

e Local officials, who may require updated overviews on the effects of effluents on
water quality at municipal hand pumps.

e Fire brigades, for whom rapid, reliable information on the locations of fires and the
presence of hazards such as explosives would be invaluable.

e Forest managers planning harvest operations, computing volumes of annual growths,
estimating road costs and identifying sensitive wildlife areas.
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HisTorY AND DEVELOPMENT OF GIS
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Geographical information systems evolved from centuries of mapmaking and the compilation
of spatial data. The earliest known maps were drawn on parchment to show the gold mines
at Coptes during the reign (1292 — 1225 B.C.) of Rameses II of Egypt. Perhaps earlier still are
Babylonian cuneiform tablets that describe the world as it was then known. At a later date,
the Greeks acquired cartographic skills and compiled the first realistic maps. They began
using a rectangular coordinate system for making maps around 300 B.C. About 100 years
later, the Greek mathematician, astronomer, and geographer Eratosthenes (ca. 276 — 194
B.C.) laid the foundations of scientific cartography. One of the earliest known maps of the
world was constructed by Claudius Ptolemaeus of Alexandria (ca. A.D. 90 — 168).
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Figure 2.1: The map prepared by Eratosthenes.

The Romans were more concerned with tabulations and registers. The terms cadastre
(an official property register) and cadastral (of a map or survey that shows property or other
boundaries) originate from the late Greek kattd-stikon, which means ‘by line’ But it was
the Romans who first employed the concept to record properties, in the capitum registra,
literally, ‘land register’. In many countries, the term cadastre designates map and property
registers.

Throughout history, as societies organized, it became necessary to meet the expense
of this. Some of the better known earlier examples include taxation levied by emperors
and kings to meet military expenses. These direct levies are the foundations of today’s
complicated revenue systems involving the taxation of income, property, and goods. Since
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Figure 2.2: Ptolemy’s map of the world, about A.D. 150, republished in 1482. Notice the use of latitude
and longitude lines and the distinctive projection of this map.

both the ancient Egyptians and the Romans taxed property, property registration was early
systematized to assure tax revenues.

The earliest maps were drawn almost exclusively to facilitate commercial sea voyages.
On them, coasts were meticulously detailed and harbours were plumbed, while interiors
remained unknown, apart from details of important trade and caravan routes.

The Arabs were the leading cartographers of the Middle Ages. European cartography
degenerated as the Roman Empire fell. But in the fifteenth century, old skills were revived
and Claudius Ptolemaeus’s Geographia was translated into Latin to become the then existent
view of the world. Although cartography was neglected, in many countries property registry
thrived. The best known example is the Domesday Book, the record of the lands of England
compiled in 1086 for the first Norman king, William the Conqueror (1027-87). The data
included specifications of properties and their value, and a count of inhabitants and livestock,
as well as incomes earned and taxes paid.

The travels and explorations of Marco Polo, Christopher Columbus, Vasco da Gama,
and others resulted in increased trade. In turn, maps were needed of previously unmapped
seas and coasts. As the European countries and the newly discovered regions evolved to
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Figure 2.3: Alldrisi’'s map of the world, 1456. He completed a map of the known world in

the 12th century. Drawn with south at the top, this later example
has been inverted for easier viewing.

more organized societies, the need for geographical information increased. Ordnance
developments, such as the introduction of artillery, made maps important in military
operations, and military agencies became the leading mapmakers. In many countries, the
military mapmakers became responsible for both topographic land maps and navigational
charts. Vestiges of this trend remain: map agencies, particularly nautical chart agencies,
seem characteristically military. For example, the official mapmaking agency of Great Britain
is the Ordnance Survey. The introduction of mass printing techniques enabled maps to be
produced as consumer articles rather than as works of art, as was often the case earlier when
maps were drawn by hand.

Until the nineteenth century, geographical information was used mostly for trade and
exploration by land and sea and for tax collection and military operations. New needs arose



(c) ketabton.com: The Digital Library

History and Development of GIS 31

——

Figure 2.4: World Map of the 15th Century - This map of the known world was produced, probably in late-15th
century Genoa, by Paolo Toscanelli, and represents the extent of European knowledge before their exploratory
voyages of the 1490s began. It shows that virtually no progress had been made in European geography since
the 2nd century, when the Greek geographer Ptolemy collected the information on which this map is based. The
Mediterranean coastline is easily recognizable, but the Indian Ocean coast is very inaccurate and the interiors
of Asia and Africa are guesswork. It seems that Toscanelli was the first to put forward the idea of reaching Asia
by sailing westwards—an idea taken up enthusiastically by Christopher Columbus.

in step with evolving infrastructures, such as roads, railways, telegraph and telephone
lines, and gas and water supplies. Planning these facilities required information about the
terrain beyond that commonly available. The accurate location of towns and cities, lakes
and rivers, mountains and valleys became increasingly important. Detailed topographic
information was needed to layout railway and road gradients and curve radii. Then, as
now, foundations were a major challenge, so maps showing the type of soil and the quality,
location, and properties of bedrock were required. As planning advanced, specialized maps
became more common. The first geological map of Paris was compiled in 1811. In 1838, the
Irish government compiled a series of maps for the use of railway engineers, which may be
regarded as the first manual geographical information system.

Development became increasingly dependent on socio-economic factors. The rights of
property owners entered the picture because the construction of airports, large dams, canals,
roads and railways often necessitated the expropriation of private lands. New applications
arose for property registers and maps as builders needed to compile overviews of affected
properties in order that their owners might be justly compensated.

As cities grew larger and more complex, accurate urban planning became a necessity.
Many countries began compiling statistical information relating to urban planning in
the early nineteenth century. By 1837 the British Registrar General’s Office had amassed
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extensive population statistics. Traditional village property ownership became a hindrance
to effective farming. Many properties had become fragmented over the years, owing to
inheritance settlements. In some cases a single property might comprise several hundred
dispersed parcels of land. Sometimes the ownership of, or rights to a parcel were divided:
one owner could have timber rights, another grazing right, and so on. Therefore, property
mapping in the late nineteenth century aimed to wrest order from chaos. With reference to
available land registers, the various parcels were assembled into properties that were easier
to work. Borders were consolidated, clarifying ownership and facilitating the taxation of
property.

Aerial photography accelerated the progress of mapmaking. The first aerial photograph was
used for mapmaking, and the first mapmaking instrument devised, in 1909. Photogrammetry,
the technique of making measurements from photographs, developed rapidly in the 1920s and
1930s, and the two world wars also hastened developments. After World War II, photogrammetry
became widely used in mapmaking, mostly for maps in scales from 1:500 to 1:50,000. Aerial
photographs themselves became important sources of quantitative information in evaluating
such features as vegetation and geological formation.

AbpvaNTAGEs oF GIS Over MANuAL METHODS

The traditional method of preparing and analyzing maps has been to overlay thematic maps
manually to choose areas of coinciding constraints and opportunities. The difficulty with
the manual overlay method was that they may be published at different scales or projections.
The more layers of maps included in the analysis and the more complex they become, the
more the likelihood of human error entering the analysis and the longer the process takes.
The GIS can take maps from different sources and register them easily and is consistent in
its analysis of multiple layers of map data. It is also faster than manual methods of analysis,
allowing the flexibility to try alternate variables in analysis.

FirsT AutomATIC PROCESSING OF GEOGRAPHICAL INFORMATION

Although Blaise Pascal is credited with devising the first true calculating machine in 1647,
large amounts of data were first processed automatically in 1890, when a tabulating device
conceived by Hermann Hollerith was used in compiling the U.S. census. In Hollerith’s first
apparatus, census data were punched on cards which were then read electromechanically
to compile data in separate registers. In the first half of the twentieth century, Hollerith’s
various mechanisms were developed further. Data processing using punch cards became an
industry.

During World War II, data processing again advanced, primarily to meet the military need
for predicting ballistic trajectories. One of the most famous computers developed for that
purpose was ENIAC, an acronym for electronic numerical integrator and calculator. After
the war, computer development continued. In 1953, IBM launched the model 650, which
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became the ‘Model T of the Computer Age’ by virtue of being the first electronic computer
not to be hand-made. More than 100 were produced-in those days an amazing quantity.
In today’s computer terms, ENIAC, Whirlwind, the IBM 650, and other early electronic
computers are referred to as first generation. All first-generation computers suffered from a
common drawback: they used vacuum tubes, which, like light bulbs, gave off heat and had
limited lifetimes. That alone limited their application. One 25,000 — tube computer of the
period was continuously manned by a staff of 10, of which two were technicians assigned
to continuous replacement of burned-out tubes. Nonetheless, computerization was the
established technology for processing large amounts of data. By 1952, all U.S. governmental
statistical data were processed by electronic computers.

By the late 1950s and early 1960s, second-generation computers using transistors became
available, outperforming their vacuum-tube predecessors. Suddenly, computers became
affordable in disciplines other than those of major governmental agencies. Meteorologists,
geologists, and other geophysicists began using electronic mapmaking devices. Initially, the
quality was poor, not least because automatic drawing machines had yet to be developed.

As the uses of second-generation computers spread, theoretical models were evolved to
use statistical data. Then, as now, public and private decision making was often based on
analyses of various classes of geographical data. These included demographic trends, cost-
of-living variations, the distribution of natural resources, wealth and social benefits, and the
demography of employment. The first geographical information system was constructed by the
government of Canada in the late 1960s, and by modern standards was both unbelievably crude
and expensive. It required a large mainframe computer, and its output was entirely in the form
of tables. This was, in part, because no computer-controlled devices were available at that time
to draw maps and in part because of the system’s emphasis on analysis. Later, in the United
States, a similar system, MIDAS, began processing data on natural resources.

The need for reliable geographical data multiplies with the expansion of road, rail,
telecommunications and sewage networks, airports, electricity and water supplies, and other
essential services vital to the infrastructure of urban areas. Terrain information on maps is
now a vital planning tool, from the first conceptual stage to the final, legally binding plan.
Burgeoning road networks have mandated extensive analyses of transport patterns. Indeed,
since the mid-1950s, computers have been used in the United States to simulate traffic flows
in relation to population distribution.

IMPORTANT MILESTONES IN THE DEVELOPMENT OF GIS

Development of GIS was influenced by key groups, companies and individuals along
with timely development of key concepts. The idea of portraying different layers of data
on a series of base maps, and relating things geographically, has been around much longer
than computers. Like maps of the Battle of Yorktown (American Revolution) drawn by
the French Cartographer Louis-Alexandre Berthier contained hinged overlays to show
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Box 3: The stages of GIS§ beve[opment

Stage Period Description Characteristics

The Era of 1960 - 1975 Pioneering * individual personalities important
Beginning * mainframe-hased systems dominant
The Era of 1975 - 1980 Experiment and practice ® local experimentation and action
Innovation ® GIS fostered by national agencies

* much duplication of efforts

The Era of 1980 - 2000 Commercial dominance ® increasing range of vendors
Commercialization * workstation and PC systems becoming common
emergence of GIS consultancies

The Era of 2000 onwards — User dominance
Exploitation Vendor competition

embryonic standardization

increasing use of PC and networked systems
systems available for all hardware platforms
internet mapping launched

Source: Adopted from Heywood, Cornelius and Carver, 2004.

troop movements or the mid-19th Century ‘Atlas to Accompany the Second report of the
Irish Railway Commissioners’ showed population, traffic flow, geology and topography
superimposed on the same base map similarly, Dr. John Snow used a map showing the
locations of death by cholera in central London in September, 1854 to track the source of the
outbreak to a contaminated well-an early example of geographical analysis.

But gradually changes started to occur in mapping techniques and following factors
caused this change in cartographic analysis:

e Computer technology- improvements in hardware, especially graphics

e Development of theories of spatial processes in economic and social geography,
anthropology, regional science

e Increasing social awareness, education levels and mobility, awareness of environ-
mental problems.

The result of these developments were evident from integrated transportation plans of
1950s and 60s in Detroit, Chicago which required integration of transportation information
-routes, destinations, origins, time. They ultimately produced maps of traffic flow and volume.
Similarly, University of Washington, Department of Geography, research on advanced
statistical methods, rudimentary computer programming, computer cartography resulted in
developing:

e Nystuen-fundamental spatial concepts-distance, orientation, connectivity
e Tobler-computer algorithms for map projections, computer cartography
e Bunge-theoretical geography-geometric basis for geography-points, lines and areas
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e Berry’s Geographical Matrix of places by characteristics (attributes)- regional studies
by overlaying maps of different themes-systematic studies by detailed evaluation of a
single layer

The boost to GIS development began in mid 1960s, when Canada Geographic Information
System (CGIS) made a massive effort. The Canada Land Inventory an effort by the federal
and provincial governments to identify the nation’s land resources and their existing and
potential uses. The most useful results of such an inventory are measures of area, yet area is
notoriously difficult to measure accurately from a map. CGIS was planned and developed as
a measuring tool, a producer of tabular information, rather than as a mapping tool.

The second burst of activity occurred in the late 1960s in the US Bureau of the Census,
in planning the tools needed to conduct the 1970 Census of Population. The DIME program
(Dual Independent Map Encoding) created digital records of all US streets, to support
automatic referencing and aggregation of census records. The similarity of this technology to
that of CGIS was recognized immediately and led to a major program at Harvard University’s
Laboratory for computer graphics and spatial analysis to develop a general purpose GIS that
could handle the needs of both applications. The project led eventually to the ODYSSEY GIS
of the late 1970s.

In a separate development, cartographers and mapping agencies had begun in the 1960s to
ask whether computers might be adapted to their needs and possibly to reducing the costs and
shortening the time of map creation. National mapping agencies, such as the UK’s Ordnance
Survey, France’s Institut Géographique National, the US Geological Survey and US Defence
Mapping Agency began to investigate using computers to support the editing of maps, to
avoid the expensive and slow process of hand correction and redrafting. The first automated
cartography developments occurred in the 1960s, and by the late 1970s most major cartographic
agencies were already partly computerized. Remote sensing also played a significant part in
the development of GIS, as a source of technology as well as a source of data. GIS really began
to take off in the early 1980s, when the price of computing hardware had fallen to a level that
could sustain a significant software industry and cost effective applications.

The Microprocessor

In the 1960s and early 1970s, integrated circuits were developed and computer programs
refined. The result: third-generation computers which brought computerization to virtually
all professional disciplines, especially those processing large amounts of data.

The next major breakthrough came in 1971-1972 with the development of the
microprocessor. In 1974, a microprocessor was used to build the first fourth-generation
desktop computer. Seven years later, the first microprocessor-based desktop computer was
launched as a personal computer (PC). By the mid-1980s, the computer field was divided
into three categories according to size of computer: mainframes, the descendants of the
original large computers, intended for major data processing and computational tasks;
PCs, the increasingly ubiquitous desktop computers; and minicomputers/workstations,
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which were smaller than mainframes but larger than desktop PCs. By the early 1990s,
mainframes had become physically smaller and computationally more capable. That trend
was reflected strongly in PCs, which by 1990 were outperforming minicomputers built only
a few years earlier. This development signalled the demise of the minicomputer, an event
that was further hastened by the introduction of PC networks, in which processing and
storage capacity may be shared and distributed. The development of powerful workstations
in the mid-1980s, however, led to an increasing acceleration in the use of GIS. The overall
trend is best illustrated in terms of the costs of computing: a computer’s processing and
storage capabilities. In other words, cost efficiency increased by a factor of 10 every two
to three years.

In the 1970s and 1980s, various systems were evolved to replace manual cartographic
computations. Workable production systems became available in the late 1970s and system
development continued through the 1980s. Nomnetheless, by the mid-1990s, elegant
approaches to some cartographic tasks have yet to be found, and computerized cartographic
research and development remains a continual challenge. The spread of PCs spurred user-
friendly operations and programs capable of processing in ways previously not possible, for
example, by considering the logical connections in geographical data.

Increases in microprocessor computing capacity also made the processing of digital
and satellite images and other types of raster images commercially available in the mid-
1980s. Software systems have developed apace. Relational database systems, such as dBase
and Oracle which first appeared in the late 1980s, are particularly useful in processing
geographical data. Commercially available relational databases are now used routinely in
GIS systems.

In the late 1980s, computing capability became widely accessible as microprocessors
were used for a multitude of devices, from household appliances and automobiles to an
extensive range of specialized instruments, including those used in GIS. For GIS users,
microprocessors have improved such devices as:

¢ Surveying instruments

e GPS (global positioning system)
e Digitizing table

e Scanners

e Environmental monitoring satellites and data presentation systems, including
graphic displays, electrostatic plotters, and laser printers

RecCENT DEVELOPMENTS

The 1990s have produced even faster and more powerful computer equipment and
peripherals. However, new developments in the field of data networks and communications
are of equal importance, specifically local area network (LAN), wide area network (WAN),
and last, but certainly not least, Internet and World Wide Web (WWW). The development of
the Internet was initiated by the U.S. Department of Defence as long ago as the late 1960s.
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World Wide Web was developed at CERN (European Organization for Nuclear Research) in
Switzerland in 1990.

Data networks have opened up a whole new range of opportunities for geographical data
search and distribution, thereby considerably increasing the value of GIS, particularly since
common data have become more easily accessible. The most spectacular development in the
GIS arena has occurred in the field known as multimedia. Multimedia techniques are based
on the combination of elements such as figures, text, graphics, pictures, animation, sound,
and video. Multimedia brings geospatial information into living maps and makes complex
information understandable to those who are not technically sophisticated. Multimedia
technology is available on the Internet and has proved to be eminently suitable as an
information tool in planning city, roads, tourism, and the distribution of environmental
information.

Flight simulators are perhaps the best-known example of the application of data
technology to create near real-life situations, thus making them ideal for use in training.
The concept behind flight simulators has now been adopted for other activities and is
known as virtual reality. Virtual reality is a term used in multimedia; it was marketed as
fiction in 1984 and became commercial technology in 1992. The most extreme virtual reality
experience is attained by ‘dressing up’ in a computer and moving into a world where almost
all external impulses are artificial. Virtual reality and GIS have many features in common
and are becoming more and more integrated.
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HumAN CoGNITION oF THE SPATIAL WORLD

At human scales, the world consists of objects, events, processes, and a background
environment. The study of cognition is about knowledge: its acquisition, storage and
retrieval, manipulation, and use by humans and other intelligent creatures. Cognition
includes sensation and perception, thinking, imagery, reasoning and problem-solving,
memory, learning, and language. Cognitive structures and process are part of the mind,
which emerges from a brain and nervous system inside of a body that exists in a social and
physical world.

Spatial cognition deals with the cognition of spatial properties of the world, including
location, size, distance, direction, shape, pattern, movement, and inter-object relations.

SENSING AND PERCEIVING THE WORLD

Sensation is the first response of the nervous system to stimulation from patterned energy in
the world. Sensory systems are organized into modalities, including vision, hearing, smelling,
tasting, pressure and texture, temperature, kinesthesis (limb position and movement), and
vestibular senses (gravity and body acceleration). Perception is the active acquisition of
knowledge about the self and the world through the senses.

Characteristics of the perceived world:

e Locational perspective — world perceived from a point-of-view, incomplete access to
world

¢ Redundancy of information (eg., depth cues of interposition and linear perspective)

¢ Constancy (colour, size, position, shape) — objects, events, and background maintain
many characteristics even as viewing conditions change

e Meaningfulness — tendency to perceive meaningful, familiar objects and events

CogNITIVE MAPs

Cognitive maps are internal representations of the world and its spatial properties stored
in memory (also called ‘mental maps’). Like — what’s out there, what are its attributes,
where it is, how to get there. These are both idiosyncratic to individuals, and shared among
groups. It is not like a cartographic map in the head. It is not a unitary representation
with a constant scale neither completely integrated. It consists of discrete pieces (more
vector than raster), eg., landmarks, routes and regions. The pieces determined by
physical, perceptual, or conceptual boundaries. They are hierarchically organized pieces
with multiple levels of pieces differing in status (eg., size). The cognitive maps have
distortions, which tell us about properties of cognitive maps and correspondence to
physical measurement for example, Sri Lanka is thought to be due south of India where
as it is actually southeast or turns are remembered more like right angles and curved lines
are often straightened.
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SpATIAL LEARNING AND DEVELOPMENT

Learning is a relatively permanent change in cognition or behaviour that results from
practice or experience. Spatial knowledge is learned via one or more media of acquisition.
Direct sensorimotor experience, maps, models, photos and drawings, movies and videos,
verbal and written language. Cognitive development is systematic change in the content and
process of cognition over time, including learning, maturation, and growth (child or adult).
Child psychologist Piaget known for a qualitative ‘stage theory’ of cognitive development of
children suggests of change from concrete sensorimotor space in infancy to abstract spatial
reasoning in adolescence. Here ‘frame of reference’ used to define locations changes from
egocentric (self-centered) to allocentric (externally referenced) and geometry of spatial
knowledge changes from topological to projective and metric. Information-processing
approach provides an alternative theory of continuous and quantitative development.

Traditional theory of developmental sequence in spatial knowledge of the world inspired
by Piagetian theory; consists of 3 stages or elements, acquired over time:

e First is ‘landmark knowledge’: unique patterns of perceptual events that identify a
place.

e Second is ‘route knowledge’: sensorimotor routines that connect ordered sequences
of landmarks; little or no metric spatial knowledge.

e Third is ‘survey knowledge’: two-dimensional layout knowledge of simultaneous
interrelations of locations; allows detouring, shortcutting, and creative navigation.

Information-processing approach inspires an alternative sequence of continuous and
quantitative increase in extent, accuracy, and completeness of sometimes crude metric
spatial knowledge.

Navigation

Navigation is coordinated and goal - directed route following through space. It consists of 2
components: locomotion and way-finding. Locomotion is guidance through space in response
to local sensorimotor information in immediate surrounds. It finds support surfaces, avoid
obstacles and barriers, follow beacons, move through openings. Way-finding is planning and
decision — making in response to non - local information, undertaken to reach goal.

UsiNng AND LEARNING MAPs

The main purpose of cartographic maps is to communicate geographical information and
support geographical problem-solving. Humans have the ability to quickly extract great
amounts of information from spatial depictions (images) like pictures or graphs. Even
non-spatial or non-perceivable information can be displayed this way (visualization or
spatialization). Maps use convenient scales and viewing perspectives (we can perceive all
from a single viewpoint). Maps highlight and clarify relevant properties; omit or downplay
irrelevant properties. But projections, generalizations, exaggerations, omissions may mislead
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or distort knowledge in a map. Similarly, perspective translation from overhead to terrain-level
view may be confusing or interpretation of symbols (colours, point symbols, contour lines) may
be difficult or misleading. However, training and experience with maps changes the way they are
perceived and interpreted.

Spatial Language

Spatial information often expressed verbally, giving verbal directions, spatial descriptions in
stories, road signs, and computer queries. Producing spatial language often requires translation
of nonverbal spatial knowledge, which can alter the knowledge. Language expresses mostly
non - quantitative or imprecise quantitative (fuzzy) information about space; connections
and general location more important for example, we say ‘turn left at the railway station’,
not ‘turn 80° after you go 1.4 kilometres’. Here quantitative precision usually unnecessary
or even confusing for verbal communication but context is critical in interpreting spatial
language. Context provided by who is speaking, situation, preceding events, etc.

Relevance to GIS

GISs are frequently difficult to use effectively and efficiently and have not nearly reached
their potential, it is more difficult and unpleasant and does not perform all of the tasks
that it might. However limitations and problems could be improved with greater attention
to cognitive issues in GIS. Cognitive issues touch on all three major functions of GIS: the
storage, representation, and analysis of earth-referenced data. Some examples of cognitive
issues in GIS:

e How experts and laypeople conceptualize and reason about geographical space, and
how GIS can be designed and taught to support both classes of users.

e How people express spatial information in natural language (such as English), and
how this can be used to understand communication with a GIS in natural language
(such as a navigation computer inside a car).

e How interfaces should be designed to promote accurate and efficient communication
of spatial and geographic information, such as scale, uncertainty, and network
structure.

GIS AnD SpaTiAL COGNITION

GIS are tools for supporting human decision-making, in applications such as car navigation
systems, electronic atlases, GIS are tools to help people acquire spatial information, learn
about geography. The interface between the GIS and the user is a filter which determines
how successfully information can be transferred. The effective user interfaces depends on
how people learn and reason with spatial informations.

Maps are the main source of data for GIS, the traditions of cartography is fundamentally
important to GIS. GIS has roots in the analysis of information on maps, and overcomes
many of the limitations of manual analysis.
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Box 4: What is a map?

Map is a representation, normally to scale and on a flat medium, of a selection of
material or abstract features on, or in relation to, the surface of the Earth.

Cartographic Abstraction

Production of a map requires: selection of the few features in the real world to
include, classification of selected features into groups (i.e., bridges, houses, railways),
simplification of jagged lines like coastlines, exaggeration of features to be included
that are to small to show at the scale of the map and symbolization to represent the
different classes of features chosen.

Role of Maps
Traditionally, maps have four roles today
e Data display-maps provide useful ways of displaying information in a
meaningful way.
e Data storage - as a means of storing data.
e Spatial indexes - a map can show the boundaries of areas (eg., land use zones,
soil or rock types) and identify each area with a label.
e Data analysis tool - maps are used in analysis to make or test hypotheses and
examine the relationship between two distributions using simple transparent
overlays.

Changeover to Computer Mapping

Impetus for change began in two communities
1. Scientists wishing to make maps quickly to see the results of modelling, or to
display data from large archives already in digital form, eg., census tables.

2. Cartographers seeking to reduce the cost and time of map production and
editing.

GIS and Computer Cartography

Computer cartography has a primary goal of producing maps, systems have advanced
tools for map layout, placement of labels, large symbol and font libraries, interfaces
for expensive, high quality output devices. However, it is not an analytical tool,
therefore, unlike data for GIS, cartographic data does not need to be stored in ways
which allow, for example, analysis of relationships between different themes such
as population density and housing prices or the routing of flows along connecting
highway or river segments.

Contd...
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GIS’s Advantage over Maps
Data Storage

Data Indexes

Data Analysis Tool

Data Display Tool

Electronic display offers significant advantages over the paper map

Spatial data stored in digital format in a GIS allows for rapid access for
traditional as well as innovative purposes.
The nature of maps creates difficulties when used as sources for digital data.

Most GIS take no account of differences between datasets derived from maps
at different scales.

Idiosyncrasies (eg., generalization procedures) in maps become “locked in” to
the data derived from them.

This function can be performed much better by GIS due to the ability to
provide multiple and efficient cross-referencing and searching.

GIS is a powerful tool for map analysis.

Traditional impediments to the accurate and rapid measurement of area or to
map overlay no longer exist.

Ability to browse across an area without interruption by map sheet
boundaries.

Ability to zoom and change scale freely.

Potential for the animation of time dependent data.

Display in “3 dimensions” (perspective views), with “real-time” rotation of
viewing angle.

Potential for continuous scales of intensity and the use of colour and shading
independent of the constraints of the printing process, ability to change colours
as required for interpretation.

DEerINING A Mar

According to the International Cartographic Association, a map is a representation, normally
to scale and on a flat medium, of a selection of material or abstract features on, or in relation
to, the surface of the Earth. The term ‘map’ is often used in mathematics to convey the
notion of transferring information from one form to another, just as cartographers transfer
information from the surface of the Earth to a sheet of paper. The term ‘map’ is used loosely
to refer to any visual display of information, particularly if it is abstract, generalized or
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schematic. Cartography is very much a process of abstraction in which features of the real
world are generalized or simplified to meet the demands of the theme and audience. Not all
elements or details have a bearing on the pattern or process being studied and so some are
eliminated to draw the reader’s attention to those facts that are relevant. Too much detail
can even hide or disguise the message of a map. The amount of detail that can be included
is very much dependent on the scale at which the map will be produced, as the following
examples demonstrate. A small-scale map of an area must, almost of necessity, be more
generalized.

Map show only a static situation and easy to use to answer certain types of questions:
like, how do I get there from here or what is at this point? But it is difficult or time-consuming
to answer other types: like, what is the area of this lake or what does that thematic map show
at the point I’'m interested in on this topographic map?

Production of a map requires selection of the few features in the real world to include,
classification of selected features into groups (i.e, roads, houses, railways), simplification
of jagged lines like river meandering, exaggeration of features to be included that are to
small to show at the scale of the map and symbolization to represent the different classes
of features chosen. Maps provide useful ways of displaying information in a meaningful
way. In practice, the cost of making and printing a map is high, so its contents are often a
compromise between different needs.

Tyres oF MArs
Generally, in practice normally there are two types of maps

e Topographic map: These maps are a reference tool, showing the outlines of selected
natural and man-made features of the Earth, often acts as a frame for other
information. ‘Topography’ refers to the shape of the surface, represented by contours
and/or shading, but topographic maps also show roads and other prominent
features.

e Thematic map: These maps are a tool to communicate geographical concepts such
as the distribution of population densities, climate, land use etc. Thematic maps are
important in GIS. An area class map shows zones of constant attributes, such as
vegetation, soil type, or forest species. The boundaries are different for each map as
they are determined by the variation of the attribute being mapped, eg., breaks of
soil type may occur independently of breaks of vegetation.

Map type is not just characteristics of the map but can be determined by use, eg., can
look at distribution of major roads on a general-reference topographic map or can find specific
location of observation units (like district) on a thematic map. The classification of maps can
be made on the basis of content of the map (climate, socio-economic...), form of the map
(dot, choropleth, animated...), display technology used (electronic, paper,...), production
technology used (manual, automated,...), scale of the map (large, medium, small), resolution
of the map (country, state,...) etc.
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OTHER REPRESENTATIONS OF THE WORLD

Maps are not the only representation of the world; others include: air photos, satellite
imagery, drawings and artwork, verbal description, tables etc. But the uniqueness of the
map among representations of the world lies in content as well as area shown is selective
(unlike air photos, satellite imagery, snapshots), maker has control over emphasis, (unlike
air photos, satellite imagery, snapshots), emphasis is on spatial relations (unlike drawings
and artwork, in which spatial relations support some other message), it is an analogue of
what is represented (unlike words, tables, and digital data). However, maps still remain an
excellent way of compiling spatial information, it can be designed to be easy to convert to
digital form, eg., by the use of different colours which have distinct signatures when scanned
by electronic sensors. However, consistent, accurate retrieval of data from maps is difficult
and only limited amounts of data can be shown due to constraints of the paper medium.

GIS AND CoMPUTER CARTOGRAPHY

Computer cartography has a primary goal of producing maps. Systems have advanced tools
for map layout, placement of labels, large symbol and font libraries, interfaces for expensive,
high quality output devices. However, it is not an analytical tool, therefore, unlike data for
GIS, cartographic data does not need to be stored in ways which allow, for example, analysis
of relationships between different themes such as population density and housing prices.

In GIS spatial data stored in digital format allows for rapid access for traditional as well
as innovative purposes. The nature of maps creates difficulties when used as sources for
digital data but most GIS take no account of differences between datasets derived from maps
at different scales. Idiosyncrasies (eg., generalization procedures) in maps become ‘locked
in’ to the data derived from them. The prime differences between a GIS and computer
cartography are in their functional components:

A GIS contains these four components:
a. Input b. Database c. Analysis d. Output
In contrast, a mapping (cartographic) system can be described in three components:
1. Input ii. Map design iii. Output

This difference is best shown in a software query that lists element attributes

Table 3.1: Comparison between computer cartography and GIS.

Computer Cartography GIS

Feature type Area (m?)

Boundary colour Perimeter (m)
Pattern Land use/Land cover
Fill colour Residential

Design level Average plot area
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...in other words, a cartographic query gives information on design features, while a GIS
query yields details or parameters about the features themselves, where the data are stored
in a GIS database. We can’t ‘ask’ a cartographic map to display where residential areas are or
the houses with area of more than 500 square meters. However, we can ask a GIS the same
question and it will display where the query is true.

Table 3.2: Capabilities of different mapping softwares.

Mapping Software Capabilities
Means of data | Database management | Analysis | Graphics
input system (DBMS) capability output

CAD

Computer Assiting Drawing

e.g. AutoCad, Microstation \ X X 3
GDS

Graphic Design System

e.g. CorelDraw, lllustrator Y X X v
DBMS

Database Management System

e.g. Oracle, Sybase S S X X
DIPS

Digital Image Processing System

e.g. PCI, Erdas Y v N v
GIS

Geographical Information System

e.g. ArcGis, llwis, MaplInfo v v N v

Each of these may perform better than a GIS at their specialty, but only a GIS has all
four components, eg., mapping software may be better for map production, databases for
database management.

Table 3.3: Major advantages and disadvantages of computer cartography.

Advantages Disadvantages

Lower cost for simple maps, faster production Relatively few full - scale systems have been shown
to be truly cost - effective in practice.

Greater flexibility in output easy scale Computer methods do not ensure production
or projection change maps can be tailored to of maps of high quality. There is a perceived
user needs loss of regard for the ‘cartographic tradition’ with the

consequent production of ‘cartojunk’.

Other uses for digital data High capital cost, though this is now much reduced.
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M~aprpING CoNcCEPTs, FEATURES & PROPERTIES

A map represents geographic features or other spatial phenomena by graphically conveying
information about locations and attributes. Locational information describes the position
of particular geographic features on the Earth’s surface, as well as the spatial relationship
between features, such as the shortest path from a bus station to a hospital, the proximity
of competing businesses, and so on. Attribute information describes characteristics of the
geographic features represented, such as the feature type, its name or number and quantitative
information such as its area or length.

Thus the basic objective of mapping is to provide

e Descriptions of geographic phenomenon
e Spatial and non spatial information
e Map features like Point, Line, & Polygon

MAP FEATURES: Locational information is usually represented by points for features such as
wells and schools, lines for features such as streams, roads and contour lines and areas for
features such as lakes, cultivated lands and census tracts.

SCALE IN DIGITAL MAPS: With digital maps, the traditional concept of scale in terms of distance
does not apply because digital maps do not remain fixed in size. They can be displayed or
plotted at any possible magnification. Yet we still speak of the scale of a digital map.

In digital mapping, the term scale is used to indicate the scale of the materials from
which the map was made. For example, if a digital map is said to have a scale of 1:100,000, it
was made from a 1:100,000-scale paper map.

However, a digital map’s scale still allows us to make some educated guesses about its
contents because, generally, digital maps retain the same accuracy and characteristics as their
source maps. So it is still true that a large-scale digital map will usually be more accurate
and less general than a small-scale digital map. Because the display size of a computer-based
map is not fixed, users are often tempted to blow up maps to very large sizes. For example, a
1:100,000-scale map can easily be plotted at a size of 1:24,000 or even 1:2,000-but it usually
is not a good idea to do so.

Data collected at a specific scale are suitable for mapping and analysis only at similar
scales

e At smaller scales, large scale data are too complex (but could be generalised).

e At larger scales, small scale data are too generalized (detail cannot be ‘added’).

As scale is reduced - fewer elements, fewer details can be displayed. Area features in

large scale become points and lines in small scale map, like a city or river in large scale
becomes point and line respectively in small scale maps.

MAP RESOLUTION: Map resolution refers to how accurately the location and shape of map
features can be depicted for a given map scale. Scale affects resolution. In a larger-scale map,
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the resolution of features more closely matches real-world features because the extent of
reduction from ground to map is less. As map scale decrease, the map resolution diminishes
because features must be smoothed and simplified, or not shown at all.

MAP ACCURACY: Many factors besides resolution, influence how accurately features can be
depicted, including the quality of source data, the map scale, draftsman skills and the width
of lines drawn on the ground. A fine drafting pen will draw line’s 1/100 of an inch wide.
Such a line represents a corridor on the ground, which is almost 53 feet wide.

In addition to this, human drafting errors will occur and can be compounded by the
quality of our source maps and materials. A map accurate for one purpose is often inaccurate
for others since accuracy is determined by the needs of the project as much as it is by the
map itself.

Some measurements of a map’s accuracy are discussed below

e Absolute accuracy of a map refers to the relationship between a geographic position
on a map (a street corner, for instance) and its real-world position measured on
the surface of the earth. Absolute accuracy is primarily important for complex data
requirements such as those for surveying and engineering-based applications.

® Relative accuracy refers to the displacement between two points on a map (both
distance and angle), compared to the displacement of those same points in the real
world. Relative accuracy is often more important and easier to obtain than absolute
accuracy because users rarely need to know absolute positions. More often, they
need to find a position relative to some known landmark, which is what relative
accuracy provides. Users with simple data requirements generally need only relative
accuracy.

e Attribute accuracy refers to the precision of the attribute database linked to the
map’s features. For example, if the map shows road classifications, are they correct?
If it shows street addresses, how accurate are they? Attribute accuracy is most
important to users with complex data requirements.

e A map’s Currency refers to how up-to-date it is. Currency is usually expressed in
terms of a revision date, but this information is not always easy to find.

e A map is Complete, if it includes all the features a user would expect it to contain.
For example, does a street map contain all the streets? Completeness and currency
usually are related because a map becomes less complete as it gets older.

The most important issue to remember about map accuracy is that the more accurate
the map, the more it costs in time and money to develop. For example, digital maps with
coordinate accuracy of about 100 feet can be purchased inexpensively. If 1-foot accuracy is
required, a custom survey is often the only way to get it, which drives up data-acquisition
costs by many orders of magnitude and can significantly delay project implementation - by
months or even years.

Therefore, too much accuracy can be as detrimental to the success of a GIS project as too



(c) ketabton.com: The Digital Library

50 GIS Basics

river city
Large scale

Smaller area
More detail

1:500 | 1:24000 |

riy
Large scale O city

Larger area
Less detail

e
r
1:24000 | 1:250000 |

Figure 3.1: Map scale determines the size and shape of features.




(c) ketabton.com: The Digital Library

GISs Roots in Cartography 51

\ -
=

)
1:25,000

1:250,000

Figure 3.2: The details are blurred as the scale decreases.

little. Rather than focusing on the project’s benefits, a sponsoring organization may focus
on the costs that result from a level of accuracy not justified for the project. Project support
inevitably erodes when its original objectives are forgotten in a flurry of cost analyses.

A far better strategy is to start the project with whatever data is readily available and
sufficient to support initial objectives. Once the GIS is up and running, producing useful
results, project scope can be expanded. The quality of its data can be improved as required.

Even though no maps are entirely accurate, they are still useful for decision-making and
analysis. However, it is important to consider map accuracy to ensure that our data is not
used inappropriately.

Any number of factors can cause error. Note these sources can have at cumulative
effect.

E = f(f) + f(I) + f(e) + f(d) + f(a) + f(m) + f(rms) + f(mp) + u

Where,
f = flattening the round Earth onto a two-dimensional surface (transformation from
spherical to planar geometry)
I = accurately measuring location on Earth (correct project and datum information)
¢ = cartographic interpretation (correct interpretation of features)
d = drafting error (accuracy in tracing of features and width of drafting pen)
a = analog to digital conversion (digitizing board calibration)
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m = media stability (warping and stretching, folding. Wrinkling of map)
digitizing processor error (accuracy of cursor placement)
Root Mean Square (registration accuracy of ties)

o
Il

rms
mp = machine precision (coordinate rounding by computer in storing and
transforming)

u = additional unexplained source error.

MAP EXTENT: The aerial extent of map is the area on the Earth’s surface represented on
the map. It is the limit of the area covered, usually defined by rectangle just large enough
to include all mapped features. The size of the study area depends on the map scale. The
smaller the scale the larger the area covered.

DATABASE EXTENT: A critical first step in building a geographic database is defining its extent.
The aerial extent of a database is the limit of the area of interest for the GIS project. This
usually includes the areas directly affected by the organization’s responsibility (such as
assigned administrative units) as well as surrounding areas that either influence or are
influenced by relevant activities in the administrative area.

DATA AUTOMATION: Map features are logically organized into a set of layers or themes of
information. A base map can be organized into layers such as roads, soils, land use/land
cover or state boundaries. Map data, regardless of how a spatial database will be applied,
is collected, automated and updated as series of adjacent map sheets or aerial photograph.
Here each sheet is mounted on the digitizer and digitized, one sheet at a time. In order to
be able to combine these smaller sheets into larger units or study areas, the co-ordinates of
coverage must be transformed into a single common co-ordinate system. Once in a common
coordinate system, attributes are associated with features. Then as needed map sheets for
layer are edge matched and joined into a single coverage for our study area.

Types oF INFORMATION IN A DigiTaL Map

Any digital map is capable of storing much more information than a paper map of the same
area, but it’s generally not clear at first glance just what sort of information the map includes.
For example, more information is usually available in a digital map than what we see on-screen.
And evaluating a given data set simply by looking at the screen can be difficult: What part of the
image is contained in the data and what part is created by the GIS program’s interpretation of
the data? We must understand the types of data in our map to be used it appropriately.

Three general types of information can be included in digital maps
e Geographic information, which provides the position and shapes of specific
geographic features.

e Attribute information, which provides additional non-graphic information about
each feature.

e Display information, which describes how the features will appear on the screen.
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Some digital maps do not contain all three types of information. For example, raster
maps usually do not include attribute information, and many vector data sources do not
include display information.

The fundamental characteristic of GIS is its ability to handle spatial data. GIS not only
analyse and display spatial data but also the relationship among spatial data are analysed.
The analysis of spatial data are possible only when we transform the real world data into
GIS, using precisely defined coordinate system and a map projection. But before discussing
these features, we will look into basic properties of the earth — shape, size, geometry etc. and
know how earth is measured and modelled for the purpose of positioning in GIS.

THE SHAPE oF THE EARTH

From the early civilizations, the effort for determining shape and size of earth was a major
challenge to humans. Eratosthenes, a Greek geographer, gave the notion of spherical earth in
second century B.C. But now researchers have confirmed that earth’s surface is not spherical
or flat rather it is oblate ellipsoidal, which means all points on the surface of the earth are
not equidistant from the geometric centre. The radius to the poles is slightly less to equator
(approximately 21 kilometres lesser). The flattening of the ellipse for the earth is only 1/297,
but it necessary to take care in calculations for plotting accurate maps on large scales. On
small scales, this oblateness is negligible but even then for making transformations and
geometric relations in GIS, necessary adjustments are essential.

DATUMS: Datums define the reference systems that describe the size and shape of the
earth, and the origin and orientation of the coordinate systems used to map the earth.
Hundreds of different datums have been used to frame position descriptions since the
first estimates of the earth’s size were made by Aristotle. Datums have evolved from
those describing a spherical earth to ellipsoidal models derived from years of satellite
measurements.

Modern geodetic datums range from flat-earth models used for plane surveying to
complex models used for international applications which completely describe the size,
shape, orientation, gravity field, and angular velocity of the earth. While cartography,
surveying, navigation, and astronomy all make use of geodetic datums, the science of geodesy
is the central discipline for the topic. Referencing geodetic coordinates to the wrong datum
can result in position errors of hundreds of meters. Different nations and agencies use
different datums as the basis for coordinate systems used to identify positions in geographic
information systems, precise positioning systems, and navigation systems. The diversity
of datums in use today and the technological advancements that have made possible global
positioning measurements with sub-meter accuracies requires careful datum selection and
careful conversion between coordinates in different datums.
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Ellipsoid

Figure 3.3: Earth shape: sphere or ellipsoid.

Geodetic datums and the coordinate reference systems based on them were developed
to describe geographic positions for surveying, mapping, and navigation. Through a long
history, the ‘figure of the earth’ was refined from flat-earth models to spherical models of
sufficient accuracy to allow global exploration, navigation and mapping. True geodetic
datums were employed only after the late 1700s when measurements showed that the earth
was ellipsoidal in shape.

Datum Types

1. Horizontal: Datums that define the relationship between the physical earth and
horizontal coordinates such as latitude and longitude. Examples include the North
American Datum of 1927 (NAD27) and the European Datum 1950 (ED50).

2. Vertical: Datums that define level surfaces. Examples include the National Geodetic
Vertical Datum of 1929 (NGVD29) and the North American Vertical Datum of
1988 (NAVDS8S). Some are based on sea-level measurements and levelling networks
(NGVD29), others on gravity measurements (NAVDS8S).

3. Complete: Datums that describe both vertical and horizontal systems. Some, such as
World Geodetic System 1984 (WGS-84), also describe other parameters such as the
rotation rate of the earth and various physical constants such as the angular velocity
of the earth and the earth’s gravitational constant.

Reference Ellipsoids

Reference ellipsoids are defined by either semi-major (equatorial radius) and semi-minor
(polar radius) axes, or the relationship between the semi-major axis and the flattening of
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the ellipsoid (expressed as its eccentricity). Many reference ellipsoids are in use by different
nations and agencies. Reference ellipsoids are identified by a name and often by a year for
example, the Clarke 1866 ellipsoid is different from the Clarke 1858 and the Clarke 1880
ellipsoids.

Geodetic Datums

Precise positioning must also account for irregularities in the earth’s surface due to factors in
addition to polar flattening. Topographic and sea-level models attempt to model the physical
variations of the surface:

e The topographic surface of the earth is the actual surface of the land and sea at some
moment in time. Aircraft navigators have a special interest in maintaining a positive
height vector above this surface.

e Sea level can be thought of as the average surface of the oceans, though its true
definition is far more complex. Specific methods for determining sea level and the
temporal spans used in these calculations vary considerably. Tidal forces and gravity
differences from location to location cause even this smoothed surface to vary over
the globe by hundreds of meters.

Gravity models and geoids are used to represent local variations in gravity that change the
local definition of a level surface. Gravity models attempt to describe in detail the variations
in the gravity field. The importance of this effort is related to the idea of levelling. Plane and
geodetic surveying uses the idea of a plane perpendicular to the gravity surface of the earth
which is the direction perpendicular to a plumb bob pointing toward the center of mass of
the earth. Local variations in gravity, caused by variations in the earth’s core and surface

Height
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Figure 3.4: Elevations defined with reference to a sphere, ellipsoid, geoid, or local sea level will all be
different. Even location as latitude and longitude will vary somewhat.
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materials, cause this gravity surface to be irregular. Geoid models attempt to represent the
surface of the entire earth over both land and ocean as though the surface resulted from
gravity alone.

Geodetic datums define reference systems that describe the size and shape of the earth
based on these various models. While cartography, surveying, navigation, and astronomy all
make use of geodetic datums, they are the central concern of the science of geodesy. Hundreds
of different datums have been used to frame position descriptions since the first estimates of
the earth’s size were made by the ancient Greeks. Datums have evolved from those describing
a spherical earth to ellipsoidal models derived from years of satellite measurements. Modern
geodetic datums range from flat-earth models, used for plane surveying to complex models,
used for international applications, which completely describe the size, shape, orientation,
gravity field, and angular velocity of the earth.

Different nations and international agencies use different datums as the basis for
coordinate systems in geographic information systems, precise positioning systems, and
navigation systems. Linking geodetic coordinates to the wrong datum can result in position
errors of hundreds of meters. The diversity of datums in use today and the technological
advancements that have made possible global positioning measurements with sub-meter
accuracies requires careful datum selection and careful conversion between coordinates in
different datums. For the purposes of this unit, reference system can be divided into two
groups:

e Global systems can refer to positions over much of the Earth.

e Regional systems have been defined for many specific areas, often covering national,
state, or provincial areas.

GENERAL COORDINATE SYSTEMS

Coordinates are used to identify locations on the earth’s surface. Locations may be relative
to the earth’s surface, the image or map display. Choice depends on size of area of interest.
Standardized coordinate systems use absolute locations. To compare or edge-match maps in
a GIS, both maps MUST be in the same coordinate system. They are based on measurements
of displacement from a given location. They are of two types:

e Plane
e Global

PLANE COORDINATE SYSTEM — CARTESIAN COORDINATES: Cartesian coordinates are determined by
locating an origin there after setting two axes through origin in fixed directions, at right
angles to each other. By convention these are usually identified as x and y, where x is
horizontal and y vertical (x is east, y is north). To measure linear displacement from the
origin in directions defined by the two axes produces an ordered (x, y) pairs.
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Table 3.4: Selected reference ellipsoids.

Ellipse Semi-major axis Flattening

Airy 1830 6377563.396 299.3249646
Bessel 1841 6377397.155 299.1528128
Clarke 1866 6378206.4 294.9786982
Clarke 1880 6378249.145 293.465
Everest 1830 6377276.345 300.8017
Fischer 1960 (Mercury) 6378166 298.3

Fischer 1968 6378150 298.3

G R S 1967 6378160 298.247167427
GRS 1975 6378140 298.257

G R S 1980 6378137 298.257222101
International 6378388 297.0
Krassovsky 1940 6378245 298.3

WGS 60 6378165 298.3

WGS 66 6378145 298.25

WGS 72 6378135 298.26

WGS 84 6378137 298.257223563

STORING COORDINATES: In a GIS, coordinates must be stored in the computer as numbers,
there are two important concepts that need to be considered:

1.

Integer vs real numbers: Integers are whole numbers, optionally preceded by ¢ -’ to
indicate negation. They are discrete since mathematically there is a distance of 1
between consecutive numbers. Real numbers can be expressed as decimal numbers
and are continuous. Real numbers are often expressed as floating point numbers,
usually expressed as two sets of digits (a,b). Here, the first set gives the significant
digits and the second set gives the exponent, which determines the position of the
decimal place. The number is the product (a x 10b), eg., + 1234 + 2 would indicate
0.1234 x 102 or 12.34.

Computer precision: In the computer, the number of digits which can be stored for
each value is limited by the hardware, integers are normally stored using 16 bits of
memory and can have a range from - 32767 to + 32767. Floating point numbers
can use single or double precision. Single and double precision are used to refer to
the number of digits that can be stored for a single value. Single precision commonly
allocates 32 bits, or 4 bytes, of memory for each value, equivalent to 7 significant
decimal digits. Actual numeric ranges vary between computer implementations, in
QuickBasic the exponent range is — 45 to + 38.

Double precision commonly allocates 64 bits or 8 bytes, equivalent to 15 or 16 significant
decimal digits and, in QuickBasic, an exponent range from - 324 to + 308. Questions of
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Figure 3.5: The Cartfesian coordinate system.

precision are important when doing calculations since extra digits produced by division and
multiplication operations may exceed the precision capacity of our system.

PRECISION OF CARTESIAN COORDINATES: The number of significant digits required for a specific
project when using Cartesian coordinates depends on two measures:

e Size of the study area
¢ Resolution (accuracy) of measurement

For example, if the study area is 10 km across and the resolution of measurement is
10 cm, this would create a range of values from 0 to 10° and requires 5 significant decimal
digits or approximately 15 binary digits. It can calculate approximate number of binary
digits by multiplying number of decimal digits by 3 (log210). Since the computer system
usually offers more resolution than needed by the data. The data is stored at higher precision
than is justified by its accuracy. GIS designers are reluctant to throw away extra significant
digits because designers may not be aware of the resolution of the data that will be used.
Coordinate systems based on a global scale where the size of the area is 10,000 km and the
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resolution is 1 mm would need 10 decimal digits or 30 binary digits, this will require double
precision coordinates, which few GIS systems offer.

PLANE COORDINATE SYSTEM — POLAR COORDINATES: Polar coordinates use distance from origin (r)
and angle from fixed direction (q), usually fixed direction is north and angle is measured
clockwise from it. Polar coordinates are useful for measuring from some fixed point such as
the center of the city or when using data from sources such as ground surveys and radar.

To translate from (, q) to (x,y)

x = rsin(q) y = rcos(q)
r = (x* + y?) q= arc tan(x/y)

Point: X, Y, Z

/ Equator

Figure 3.6: Earth Centered, Earth Fixed (ECEF) Cartesian coordinates
can also be used to define three dimensional positions.

EARTH COORDINATE GEOMETRY

The earth’s spherical shape is more difficult to describe than a plane surface. Concepts from
Cartesian coordinate geometry have been incorporated into the earth’s coordinate system.

ROTATION OF THE EARTH: The spinning of the earth on its imaginary axis is called rotation.
Aside from the cultural influences of rotation, this spinning also has a physical influence.
The spinning has led to the creation of a system to determine points and directions on the
sphere. The North and South poles represent the axis of spin and are fixed reference points.
If the North Pole was extended, it would point to a fixed star, the North Star (Polaris). Any
point on the earth’s surface moves with the rotation and traces imaginary curved lines are
Parallel of Latitude.
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THE EQUATOR: If a plane bisected the earth midway between the axis of rotation and
perpendicular to it, the intersection with the surface would form a circle. This unique circle
is the equator. The equator is a fundamental reference line for measuring the position of
points around the globe. The equator and the poles are the most important parts of the
earth’s coordinate system.

North Star
*

North Pole /‘

Imaginary Plane

__zL_

Direction of
Rotation

Axis of f 90°
Rotation™a *

i Equator

South Pole

Figure 3.7: Location of the equator, north and south poles, and the imaginary axis of rotation.

THE GEOGRAPHIC GRID: The spherical coordinate system with latitudes and longitudes used
for determining the locations of surface features.

Parallels: east-west lines parallel to the equator.

Meridians: north-south lines connecting the poles.

Parallels are constantly parallel, and meridians converge at the poles.
Meridians and parallels always intersect at right angles.

PARALLELS OF LATITUDE: Parallels of latitude are all small circles, except for the equator. They
are true east-west lines, always parallel, any two are always equal distances apart and an
infinite number can be created. Parallels are related to the horizontal x-axes of the Cartesian
coordinate system.
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Figure 3.8: The Geographic grid.

The Point P has a latitude of 30 degrees North and a longitude of 20 degrees West.

MERIDIANS OF LONGITUDE: Meridians of longitude are halves of great circles, connecting one
pole to the other. All run in a true north-south direction, spaced farthest apart at the equator
and converge to a point at the poles, an infinite number can be created on a globe. Meridians
are similar to the vertical y-axes of the Cartesian coordinate system.

DEGREES, MINUTES, AND SECONDS: Angular measurement is used in addition to simple plane
geometry to specify location on the earth’s surface. This is based on a sexagesimal scale: A
circle has 360 degrees, 60 minutes per degree, and 60 seconds per minute. There are 3,600
seconds per degree. For example, 45° 33" 22" (45 degrees, 33 minutes, 22 seconds).

It is often necessary to convert this conventional angular measurement into decimal
degrees. To convert 45° 33’ 22", first multiply 33 minutes by 60, which equals 1,980 seconds.
Next add 22 seconds to 1,980: 2,002 total seconds. Now the ratio: 2,002/3,600 = 0.55.
Adding this to 45 degrees, the answer is 45.55°.
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Figure 3.9: Parallels of latitude and Meridians of longitude.

The earth rotates on its axis once every 24 hours, therefore, any point moves through
360° a day, or 15° per hour.

Prime Meridian

Meridians

Equator

Prime Meridian

Parallels

Figure 3.10: Geographic coordinates.

GREAT AND SMALL CIRCLES: A great circle is a circle formed by passing a plane though the exact
center of a sphere. It is the largest circle that can be drawn on a sphere’s surface. An infinite
number of great circles can be drawn on a sphere. Great circles are used in the calculation
of distance between two points on a sphere. A small circle is produced by passing a plane
through any part of the sphere other than the center.
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Figure 3.11: Great and small circles.

Latitude and Longitude and Locations

Latitude
[ ]

Authalic Latitude is based on a spherical earth. It measures the position of a point
on the earth’s surface in terms of the angular distance between the equator and
the poles. It indicates how far north or south of the equator a particular point is
situated. North latitude: all points north of the equator in the northern hemisphere.
South latitude: all points south of the equator in the southern hemisphere. Latitude
is measured in angular degrees from 0° at the equator to 90° at either of the poles.
A point in the northern hemisphere 28 degrees north of the equator is labelled
Lat. 28° N. The north or south measurement of latitude is actually measured
along the meridian which passes through that location. It is known as an arc of the
meridian.

Geodetic Latitude is based on an ellipsoidal earth. The ellipsoid is a more accurate
representation of the earth than a sphere since it accounts for polar flattening.
Modern large-scale mapping, GIS, and GPS technology all require the higher
accuracy of an ellipsoidal reference surface. When the earth’s shape is based on
the WGS 84 Ellipsoid, the length of 1° of latitude is not the same everywhere as it
is on the sphere.

At the equator, 1° of latitude is 110.57 kilometers (68.7 miles).

At the poles, 1° of latitude is 111.69 kilometers (69.4 miles).

LATITUDE AND DISTANCE: Parallels of latitude decrease in length with increasing latitude.
Length of parallel at latitude x = (cosine of x) * (length of equator). The length of each
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degree is obtained by dividing the length of that parallel by 360°. For example, the cosine of
60° is 0.5, so the length of the parallel at that latitude is one half the length of the equator.
Since the variation in lengths of degrees of latitude varies by only 1.13 kilometers (0.7 mile),
the standard figure of 111.325 kilometers (69.172 miles) can be used. For example, anywhere
on the earth, the length represented by 3° of latitude is

(3 x 111.325) = 333.975 kilometers.

Longitude

Longitude measures the position of a point on the earth’s surface east or west from a specific
meridian, the prime meridian. The longitude of a place is the arc, measured in degrees along
a parallel of latitude from the prime meridian. The most widely accepted prime meridian is
based on the Bureau International de I’Heure (BIH) Zero Meridian. It passes through the old
Royal Observatory in Greenwich, England. The prime meridian has the angular designation
of 0° longitude. All other points are measured with respect to their position east or west
of this meridian. Longitude ranges from 0° to 180°, either east or west. For the purposes
of measurement, no one prime meridian is better than another. Having a widely accepted
meridian allows comparison between maps published in different areas. The distance
represented by a degree of longitude varies upon where it is measured. The length of a degree
of longitude along a meridian is not constant because of polar flattening. At the equator, the
approximate length is determined by dividing the earth’s circumference (24,900 miles) by
360 degrees i.e, 111.05 kilometers (69 miles). The meridians converge at the poles, and the
distance represented by one degree decreases. At 60° N latitude, one degree of longitude is
equal to about 55.52 kilometers (34.5 miles).

Longitude and Distance

The earth is not a perfect sphere, thus, the equatorial circumference does not equal that of the
meridians. On a perfect sphere, each meridian of longitude equals one-half the circumference
of the sphere. The length of each degree is equal to the circumference divided by 360°. Each
degree is equal to every other degree. Measurement along meridians of longitude accounts
for the earth’s polar flattening and degree lengths along meridians are not constant. For
example, 111.325 kilometers (69.172 miles) per degree at the equator, while 16.85 kilometers
(10.47 miles) per degree at 80° North and 0 kilometers at the poles. The distance between
meridians of longitude on a sphere is a function of latitude. The Mathematical expression is:
Length of a degree of longitude = cos (latitude) x 111.325 kilometers. For example, 1° of
longitude at 40° N = cos (40°) x 111.325. Since the cosine of 40° is 0.7660, the length of
one degree is 85.28 kilometers.
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Figure 3.12: Geodetic latitude, longitude, and height.

Figure 3.13: The author at Royal Observatory in Greenwich, England.
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Table 3.5: Length of a degree of geodetic latitude and geodetic longitude.

Latitude (°) Length of a Degree of Length of a Degree of

Geodetic Latitude Geodetic Longitude
Miles Kilometers Miles Kilometers

0° 68.71 110.57 69.17 111.32
10° 68.73 110.61 68.13 109.64
20° 68.79 110.70 65.03 104.65
30° 68.88 110.85 59.95 96.49
40° 68.99 111.04 53.06 85.39
50° 69.12 111.23 44 .55 71.70
60° 69.23 111.41 34.67 55.80
70° 69.32 111.56 23.73 38.19
80° 69.38 111.66 12.05 19.39
90° 69.40 111.69 0.00 0.00

Earth-Based Locational Reference Systems

Reference systems and map projections extend the ideas of Cartesian and polar coordinate
systems over all or part of the earth. Map projections portray the nearly spherical earth in a
two-dimensional representation. Earth-based reference systems are based on various models
for the size and shape of the earth. Earth shapes are represented in many systems by a sphere.
However, precise positioning reference systems are based on an ellipsoidal earth and complex
gravity models.

Map ProjECTIONS

A map projection is a system in which locations on the curved surface of the earth are
displayed on a flat sheet or surface according to some set of rules. Mathematically, projection
is a process of transforming global location to a planar position.

MAP PROJECTIONS AND 6IS: Maps are a common source of input data for a GIS. Generally input
maps collected from different sources are in different projections, requiring transformation
of one or all maps to make coordinates compatible, thus, mathematical functions of
projections are needed in a GIS. Often GIS are used for projects of global or regional scales
so consideration of the effect of the earth’s curvature is necessary. Monitor screens are
analogous to a flat sheet of paper; thus, need to provide transformations from the curved
surface to the plane for displaying data. Angles, areas, directions, shapes and distances
become distorted when transformed from a curved surface to a plane. All these properties
cannot be kept undistorted in a single projection. Usually the distortion in one property will
be kept to a minimum while other properties become much distorted.
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Cylinder Cone Plane

Figure 3.14: Map projections convert curved surface of the earth into a flat surface.

Tissot’s Indicatrix: This is a convenient way of showing distortion. If a tiny circle drawn
on the surface of the globe, on the distorted map the circle will become an ellipse, squashed or
stretched by the projection. The size and shape of the Indicatrix will vary from one part of the
map to another, the Indicatrix is used to display the distorting effects of projections.

Figure of the Earth: The figure of the earth is a geometrical model used to generate
projections; a compromise between the desire for mathematical simplicity and the need for
accurate approximation of the earth’s shape. The common types are:

a. Plane: It assume the earth is flat (use no projection) and used for maps only intended
to depict general relationships or for maps of small areas. At scales larger than
1:10,000 planar representations has little effect on accuracy. Planar projections are
usually assumed when working with air photos.

b. Sphere: It assumes the earth is perfectly spherical thus does not truly represent the
earth’s shape.
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ELLIPSOID: This is the figure created by rotating an ellipse about its minor axis. The ellipsoid
models the fact that the earth’s diameter at the equator is greater than the distance between
poles, by about 0.3 % . At global scales, the difference between the sphere and ellipsoid are
small, about equal to the topographic variation on the earth’s surface. A line width of 0.5
mm the earth would have to be drawn with a radius of 15 cm before the two models would
deviate. The difference is unlikely to affect mapping of the globe at scales smaller than
1:10,000,000.

The ellipsoid is still an approximation to the actual shape, the earth is actually slightly pear
shaped, slightly larger in the southern hemisphere, and has other smaller bulges. Therefore,
different ellipsoids are used in different regions, each chosen to fit the observed datum of
each region. Accurate conversion between latitude and longitude and projected coordinates
requires knowledge of the specific figures of the earth that have been used. The actual shape
of the earth can be determined quite accurately by observing satellite orbits. Satellite systems,
such as GPS, can determine latitude and longitude at any point on the earth’s surface to
accuracies of fractions of a second, thus, it is now possible to observe otherwise unapparent
errors introduced by the use of an approximate figure for map projections.

PLANAR OR AZIMUTHAL PROJECTIONS: A flat sheet is placed in contact with a globe, and points
are projected from the globe to the sheet. Mathematically, the projection is easily expressed
as mappings from latitude and longitude to polar coordinates with the origin located at the
point of contact with the paper. The examples are:

e Stereographic projection

e Gnomic projection

e Lambert’s azimuthal equal-area projection
e Orthographic projection

CONIC PROJECTIONS: The transformation is made to the surface of a cone tangent at a
small circle (tangent case) or intersecting at two small circles (secant case) on a globe.
Mathematically, this projection is also expressed as mappings from latitude and longitude to
polar coordinates, but with the origin located at the apex of the cone. The examples are:

e Alber’s conical equal area projection with two standard parallels
e Lambert conformal conic projection with two standard parallels
e Equidistant conic projection with one standard parallel

CYLINDRICAL PROJECTIONS: These projections are developed by transforming the spherical
surface to a tangent or secant cylinder. Mathematically, a cylinder wrapped around the
equator is expressed with x equal to longitude, and the y coordinates some function of
latitude. The Example is Mercator projection.

NON-GEOMETRIC PROJECTIONS: Some projections cannot be expressed geometrically, they have
only mathematical descriptions. The examples are Molleweide and Eckert etc.
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Figure 3.16: Variations on the Mercator projection shown as Secant.
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Figure 3.17: Examples of projections classified by their distortions.
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Geometric Analogy

The most common methods of projection can be conceptually described by imagining the
developable surface, which is a surface that can be made flat by cutting it along certain lines
and unfolding or unrolling it. The points or lines where a developable surface touches the
globe in projecting from the globe are called standard points and lines, or points and lines of
zero distortion. At these points and lines, the scale is constant and equal to that of the globe,
no linear distortion is present.

If the developable surface touches the globe, the projection is called tangent and if the
surface cuts into the globe, it is called secant. Where the surface and the globe intersect,
there is no distortion while where the surface is outside the globe, objects appear bigger than
in reality-scales are greater than 1 and where the surface is inside the globe, objects appear
smaller than in reality and scales are less than 1.

Conformal (Orthomorphic) Projections: A projection is conformal if the angles in
the original features are preserved, over small areas the shapes of objects will be preserved.
Preservation of shape does not hold with large regions (i.e,, Greenland in Mercator projection).
A line drawn with constant orientation (eg., with respect to north) will be straight on a
conformal projection, is termed a rhumb line or loxodrome. Parallels and meridians cross
each other at right angles (note: not all projections with this appearance are conformal). The
Tissot Indicatrix is a circle everywhere, but its size varies. Conformal projections cannot
have equal area properties, so some areas are enlarged, generally, areas near margins have a
larger scale than areas near the center.

Equal Area (Equivalent) Projections: The representation of areas is preserved so
that all regions on the projection will be represented in correct relative size. Equal area maps
cannot be conformal, so most earth angles are deformed and shapes are strongly distorted.
The Indicatrix has the same area everywhere, but is always elliptical, never a circle (except
at the standard parallel).

Equidistant Projections: We cannot make a single projection over which all distances
are maintained. Thus, equidistant projections maintain relative distances from one or two
points only, i.e, in a conic projection all distances from the center are represented at the
same scale.

Universal Transverse Mercator (UTM)

UTM provides georeferencing at high levels of precision for the entire globe. Established in
1936 by the International Union of Geodesy and Geophysics, it is adopted by many national
and international mapping agencies. It is commonly used in topographic and thematic
mapping, for referencing satellite imagery and as a basis for widely distributed spatial
databases. Universal Transverse Mercator (UTM) coordinates define two dimensional,
horizontal, positions. Each UTM zone is identified by a number. UTM zone numbers
designate individual 6° wide longitudinal strips extending from 80° South latitude to 84°
North latitude as distortions at the poles is too large. Each zone has a central meridian. For
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Table 3.6: Common map projections: Their properties and their application areas.

Projection

Properties

Application

Albers equal area

Equal area: conformal along
standard parallel

Small regional and national maps

Azimuth equidistant

Equidistant: true direction from
centre

Air and sea navigation, large
scale maps in the equatorial
areas.

Lambert conformal conical

Conformal: locally true direction

Navigation, US — state plane
system

Mercator

Conformal: true dirction

Navigation, world maps

Equidistant conical

Equidistant along standard
parallel and central meridian

Mid latitude areas with east
— west extent, atlas mapping
for smaller countries

Polyconic-conical

Equidistant along each parallel
and central meridian

Topographic maps, Survey of
India maps, USGS

Sinusoidal-cylindrical

Equal area, true direction along

World maps

central meridian and equator

Stereographic-planar Conformal: true direction Navigational maps

Transverse Mercator—cylindrical | Conformal: locally true direction | Topographic mapping for areas

with north south extents

example, Zone 14 has a central meridian of 99° west longitude. The zone extends from 96°
to 102° west longitude. Locations within a zone are measured in meters eastward from the
central meridian and northward from the equator. However, eastings increase eastward from
the central meridian which is given a false easting of 500 km so that only positive eastings
are measured anywhere in the zone. Northings increase northward from the equator with
the equator’s value differing in each hemisphere. In the Northern Hemisphere, the Equator
has a northing of 0, while for Southern Hemisphere locations, the Equator is given a false
northing of 10,000 km.

COORDINATES: They are expressed in meters, eastings (x) are displacements eastward while
northings (y) express displacement northward. The central meridian is given an easting of
500,000 m. The northing for the equator varies depending on hemisphere, when calculating
coordinates for locations in the northern hemisphere, the equator has a northing of 0 m
while in the southern hemisphere, the equator has a northing of 10,000,000 m.

DISTORTIONS: To reduce the distortion across the area covered by each zone, scale along the
central meridian is reduced to 0.9996. This produces two parallel lines of zero distortion
approximately 180 km away from the central meridian.

WorLp GeoGrapHic ReFeRENCE SysTeM (GEOREF)
The World Geographic Reference System is used for aircraft navigation. GEOREF is based
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Table 3.7: UTM zones and their extents

Zone | Central Bounding Zone Central Bounding Zone Central Bounding
no. | meridian meridians no. meridian meridians no. meridian meridians
1 177°W 180° - 174°W 21 57°W 60° - 54°W 41 63°E 60° - 66°E
2 [171°W 174° - 16°W 22 51°W 54° - 48°W 42 69°E 66° - 72°E
3 [165°W 168° - 162°W 23 45°W 48° - 42°W 43 75°E 72° - 78°E
4 |159°W 162° - 156°W 24 39°W 42° - 36°W 44 81°E 78° - 84°E
5 [153°W 156° - 150°W 25 33°W 36° - 30°W 45 87°E 84° - 90°E
6 [147°W 150° - 144°W 26 27°W 30° - 24°W 46 93°E 90° - 96°E
7 [141°W 144° - 138°W 27 21°W 24° - 18°W 47 99°E 96° - 102°E
8 |[135°W 138° - 132°W 28 15°W 18°- 12°W 48 105°E 102° - 108°E
9 [129°W 132° - 126°W 29 09°W 12° - 06°W 49 1M1°E 108° - 114°E
10 |123°W 126° - 120°W 30 03°W 06° - 00°W 50 1M7°E 114° - 120°E
1 1M7°W 120° - 114°W 31 03°E 00° - 06°E 51 123°E 120° - 126°E
12 111°W 114° - 108°W 32 09°E 06° - 12°E 52 129°E 126° - 132°E
13 |105°W 108° - 102°W 33 15°E 12°- 18°E 53 135°E 132° - 138°E
14 99°W 102° - 96°W 34 21°E 18°- 24°E 54 141°E 138° - 144°E
15 93°W 96° - 90°W 35 27°E 24° - 30°E 55 147°E 144° - 150°E
16 87°W 90° - 84°W 36 33°E 30° - 36°E 56 153°E 150° - 156°E
17 81°W 84° - 78°W 37 39°E 36° - 42°E 57 159°E 156° - 162°E
18 75°W 78° - 72°W 38 45°E 42° - 48°E 58 165°E 162° - 166°E
19 69°W 72° - 66°W 39 51°E 48° - 54°E 59 171°E 166° - 172°E
20 63°W 66° - 60°W 40 57°E 54° - 60°E 60 177°E 172° - 180°E

on latitude and longitude. The globe is divided into twelve bands of latitude and twenty-four
zones of longitude, each 15° in extent. These 15° areas are further divided into one degree units
identified by 15 characters.

REGIONAL SYSTEMS: Several different systems are used regionally to identify geographic
location. Some of these are true coordinate systems, such as those based on UTM and UPS
systems. Others, such as the Public Land Survey systems are simply partition space. Many
nations have defined grid systems based on Transverse Mercator coordinates that cover
their territory.

The British National Grid (BNG)

The British National Grid (BNG) is based on the National Grid System of England,
administered by the British Ordnance Survey. The BNG has been based on a Transverse
Mercator projection since the 1920s. The modern BNG is based on the Ordnance Survey
of Great Britain Datum 1936. The true origin of the system is at 49° north latitude and 2
degrees west longitude. The false origin is 400 km west and 100 km north. Scale factor at the
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Figure 3.18: Overlap in UTM projection.

central meridian is 0.9996012717. The first BNG designator defines a 500 km square. The
second designator defines a 100 km square. The remaining digits define 10 km, 1 km, 100 m,
10 m, and 1 m eastings and northings.

Indian Grid System

The Indian system follows almost the same as British system. The Indian system has
eight grid zones named as 00, OI, ITA, 1IB, IITA, IIIB, IVA, IVB based on Lamberts conical
orthomorphic projection with two standard parallels covering India, Pakistan, Myanmar,
Afghanistan, parts of Iran, China, Tibet and Thailand. Each zone has a belt of 8° latitude.
The false origin for all the zones, except of zone 00 is 3000000 yards easting and 1000000
yards northing. The origin of grid 00 is 2355000 yards easting and 2590000 yards northing.
The grid lines are drawn at 1000 yards apart, on 1 inch to 1 mile and larger, whereas on
1 inch to 4 miles and smaller, the grid lines are 10000 yards. The topographical maps in
India are not based on lamberts projection but on polyconic projections, due to this the grid
squares are not perfect squares.

State Plane Coordinates (SPC)

SPCs are individual coordinate systems adopted by U.S. state agencies. State plane systems
were developed in order to provide local reference systems that were tied to a national
datum. In the United States, the State Plane System 1927 was developed in the 1930s
and was based on the North American Datum 1927 (NAD-27). NAD-27 coordinates are in
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English units (feet). The State Plane System 1983 is based on the North American Datum
1983 (NAD-83). NAD-83 coordinates are metric. While the NAD-27 State Plane System
has been superceded by the NAD-83 System, maps in NAD-27 coordinates are still in use.
Each state’s shape determines which projection is chosen to represent that state, eg. a state
extended N/S may use a Transverse Mercator projection while a state extended E/W may
use a Lambert Conformal Conic projection (both of these are conformal). Projections are
chosen to minimize distortion over the state and a state may have 2 or more overlapping
zones, each with its own projection system and grid. The measuring units are generally in
feet. The advantages of SPC coordinates are simpler than that of UTM and it gives a better
representation than the UTM system for a state’s area. However, SPC are not universal from
state to state and problems arises at the boundaries of projections.

GEOREFERENCING

Geographic location is the element that distinguishes spatial data with non spatial data.
Methods for specifying location on the earth’s surface for geographical data in a map is called
as georeferencing. The primary requirements of a georeference are that it should be unique,
so that there is only one location associated with a given georeference (eg., Hyderabad — one
in India another in Pakistan). It should stay constant through time, because it could create
confusion if it changes (eg., Madras — Chennai).

Box 5 : Commonly used systemts of georeferencing

Data in a GIS must contain a geographic reference to a map, such as latitude and

System Domain of Metric / Example Spatial resolution
uniqueness Non-metric
Place name Varies Non metric Hyderabad — Varies
India or Pakistan?
Postal address Country Non metric 11, Rose Apartments, Size of one mailbox
Marris Road, Aligarh
Postal code Country Non metric 202002(Aligarh, India) Area occupied
or WC1H OPF by a defined number
(London, U.K.) of mailbox
Telephone code Country Non metric 011 (New Delhi, India) Varies
Latitude/Longitude Global Metric 27°53’ North Latitude Infinitely fine
and 78°35 East
Longitude.
UTM Zones of six Metric 1393267 & 3117373 Infinitely fine
degrees of
longitude wide
State plane USA only Metric 55046.37 E Infinitely fine
coordinates & 75246.64 N

longitude. The GIS cross-references the attribute data with the map data.
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Discrete Georeferencing

The georeferencing methods covered so far (latitude-longitude, Cartesian, projections from
latitude/longitude to the plane) are continuous this means that there is no effective limit
to precision, as coordinates are measured on continuous scales. The discrete methods -
systems of georeferencing for discrete units on the earth’s surface are indirect, this means
that the method provides a key or index, which can then be used with a table to determine
latitude/longitude or coordinates. For example, a Zip code is an indirect georeference, where
instead assigning latitude/longitude for a place directly, it provides a unique number which
can be looked up on a map if coordinates are needed. Since these methods are indirect, it is
important to consider the precision of these systems. Precision is related directly to the size
of the discrete unit which forms the basis of the georeferencing system.

STREET ADDRESS: This is a common discrete method of georeferencing, here the precision of
street addresses as georeferences varies greatly. It is better for cities but poor for rural areas,
where the address may indicate only that the place is somewhere in the area served by the
post office. In GIS general approach is to match address to a list of streets (called address
matching or ‘addmatch’). Here, spelling and punctuation variations make this difficult eg.,
Ave. or Avenue, apartment number before or after street number

POSTAL CODE SYSTEM: Postal code systems have been set up in many countries, these often
provide a high level of spatial precision. In India, zip codes are designed to assist with mail
sorting and delivery. The codes are hierarchically nested, states are uniquely identified by
one or more sets of the first 2 numbers. The 6 digit ZIP potentially provides a much higher
level of spatial resolution, but problems exist with overlapping and fragmented boundaries.

US PUBLIC LAND SURVEY SYSTEM: PLSS is the basis for land surveys and legal land description
over much of the US. Unlike the previous systems, it is designed to reference land parcels,
because it is a comprehensive, systematic approach it is possible to use it as a georeference
in GIS with ease. It is commonly used by agencies such as the Bureau of Land Management
and the US Forest Service, and within the oil and gas industry.

AFFINE AND CURVILINEAR TRANSFORMATIONS

Coordinate transformations are required when we need to register different sets of coordinates
for objects in the same area that may have come from maps of different (and sometimes
unknown) projections. In this case we need to transform one or more sets of coordinates so
that they are represented in the same coordinate system as other sets. There are two ways to
look at coordinate transformations:

i. move objects on a fixed coordinate system so that the coordinates change

ii. hold the objects fixed and move the coordinate system, this is the more useful way to
consider transformations for GIS purposes.

There are two major groups of transformations

1. Affine transformations are those which keep parallel lines parallel and they are a
class of transformations which have 6 coefficients.
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Affine Transformation - keeps lines parallel

\

Curvilinear Transformation — do not
necessarily keeps line straight and parallel

Fig. 3.21: Coordinate transformation: affine and curvilinear.

II. Curvilinear transformations are higher order transformations that do not
necessarily keep lines straight and parallel and these transformations may require
more than 6 coefficients.

Affine Transformation Primitives: affine transformations keep parallel lines parallel

and there are four different types (primitives):

a. Translation-origin is moved, axes do not rotate

u=x-av=y->b

here, origin is moved a units parallel to x and b units parallel to y

Scaling-both origin and axes are fixed, scale changes

u=cxv =dy

here, scaling of x and y may be different, if the scaling is different, the shape of
the object will change

Rotation-origin fixed, axes move (rotate about origin)

u = xcos(a) + ysin(a) v = —xsin(a) + y cos(a)

(here a is measured counterclockwise)

Reflection-coordinate system is reversed, objects appear in mirror image to
reverse y,butnotx:u = xv=c¢ -y
here, this transformation is important for displaying images on video monitors
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as the default coordinate system has the origin in the upper left corner and
coordinates which run across and down.

X,y
L)
u, v
Translation (a & B) Scaling (c &f)
origin is moved, axes do not rotate both origin and axes are fixed,
u=x-a scale changes
=yv->b u=cx

v=cy

Rotation (a & d) Reflection
origin fixed, axes move (b&e)
u = x cos(a) +y sin(a) co-ordinate system is reversed, objects
v =—xsin(a) +y cos(a) appear in mirror image
(a = angle measured counter-clockwise) u=x
v=c-y

Figure 3.22: Affine transformations.
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COMPLEX AFFINE TRANSFORMATIONS: Usually a combination of these transformations will be needed
because often we cannot actually separate the needed transformations into one or more of the
primitives defined above as. One transformation will cause changes that appear to be caused by
another transformation, and the order is important the combined equations are:

u=a+bx+cy v=d+ex + fy

AFFINE TRANSFORMATIONS IN 61s: Developing spatial databases for use in GIS, the data we use
is generally on map sheets which use unknown or inaccurate projections and in order to
register two data sets, a set of control points or tics must be identified that can be located
on both maps. Here, it is necessary to have at least 3 control points since 3 points provide 6
values which can be used to solve for the 6 unknown points. Another precaution which is
important that control points must not be on a straight line (not collinear).

Curvilinear Transformations
Simple linear affine transformation equations can be extended to higher powers:

u=a+Dbx+cy+ggyoru=a+bx+cy+gxloru=a-+bx+cy+ gx*+ hy* +
ixy equations of this form create curved surfaces, provides rubbersheeting in which points
are not transformed evenly over the sheet, transformations are not affine (parallel lines
become non-parallel, possibly curved). Rubber-sheet transformations may also be piecewise,
map divided into regions, each with its own transformation equations and equations must
satisfy continuity conditions at the edges of regions. Curvilinear transformations usually
give greater accuracy; accuracy means that when used to transform the control points or tics,
the equations faithfully reproduce the known coordinates in the other system. However, if
error in measurement is present, and it always is to some degree, then greater accuracy may
not be desirable. A curvilinear transformation may be more accurate for the control points,
but less accurate on average.
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INFORMATION ORGANIZATION AND DATA STRUCTURE

DATA AND INFORMATION: We use the terms ‘data’ and ‘information’ as synonyms but these two
terms actually convey very distinct concepts. ‘Data’ is defined as a body of facts or figures,
which have been gathered systematically for one or more specific purposes. Data can exist
in the forms of:

¢ linguistic expressions (eg., name, age, address, date, ownership)

e symbolic expressions (eg., traffic signs)

e mathematical expressions (eg., E = mc?)

e signals (eg., electromagnetic waves)

‘Information’is defined as data which have been processed into a form that is meaningful
to a recipient and is of perceived value in current or prospective decision making. Although
data are ingredients of information, not all data make useful information. Data not properly
collected and organized are a burden rather than an asset to an information user. Data that
make useful information for one person may not be useful to another person. Information
is only useful to its recipients when it is:

e relevant (to its intended purposes and with appropriate level of required detail)
e reliable, accurate and verifiable (by independent means)

e up-to-date and timely (depending on purposes)

e complete (in terms of attribute, spatial and temporal coverage)

e intelligible (i.e, comprehensible by its recipients)

e consistent (with other sources of information)

e convenient/easy to handle and adequately protected.

The function of an information system is to change ‘data’ into ‘information’, using the
following processes:

e conversion - transforming data from one format to another, from one unit of
measurement to another, and/or from one feature classification to another
e organization — organizing or re-organizing data according to database management
rules and procedures so that they can be accessed cost-effectively
e structuring — formatting or re-formatting data so that they can be acceptable to a
particular software application or information system
e modelling - including statistical analysis and visualization of data that will improve
user’s knowledge base and intelligence in decision making.
The concepts of ‘organization’ and ‘structure’ are crucial to the functioning of
information systems-without organization and structure it is simply impossible to turn data
into information.
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Figure 4.1: Changing data into information in an information system.

GeograrHic DATA AND GEOGRAPHIC INFORMATION

Geographic data are a special type of data; by ‘geographic’, it means that

The data are pertinent to features and resources of the Earth, as well as the human
activities based on or associated with these features and resources.

The data are collected and used for problem solving and decision making associated
with geography, i.e.,, location, distribution and spatial relationships within a particular
geographical framework.

Geographic data are different from other types of data in that they are geographically
referenced, i.e., they can be identified and located by coordinates. They are made up
of a descriptive element (which tells what they are) and a graphical element (which
tells what they look like, where they are found and how they are spatially related to
one another). The descriptive element is also commonly referred to as non-spatial
data while the graphical element is also commonly referred to as spatial data.
Geographic information is obtained by processing geographic data, the aim of which
is to improve the user’s knowledge about the geography of the Earth’s features and
resources, as well as human activities associated with these features and resources.
It enable the user’s to develop spatial intelligence for problem solving and decision
making concerning the occurrence, utilization and conservation of the Earth’s
features and resources, as well as the impacts and consequences of human activities
associated with them.

Since the special nature and characteristics of geographic data, generic concepts of
information organization and data structure cannot be applied directly to them.
Geographic data have three dimensions:
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a. Temporal - eg., 26th December 2004,
b. Thematic - eg., occurrence of tsunami in Indian Ocean,
c. Spatial - eg, affected area included south east coast of India.

GIS emphasizes on the use of the spatial dimension for turning data in to information,
which assist our understanding of geographic phenomena.

INFORMATION ORGANIZATION
Information organization can be understood from four perspectives:

e a data perspective

e a relationship perspective

e an operating system (OS) perspective
e an application architecture perspective

THE DATA PERSPECTIVE OF INFORMATION ORGANIZATION: The information organization of geographic
data are considered in terms of their descriptive elements and graphical elements because
these two types of data elements have distinctly different characteristics, they have different
storage requirements and also they have different processing requirements.

INFORMATION ORGANIZATION OF DESCRIPTIVE DATA: The descriptive data, data item is the most basic
element of information organization. A data item represents an occurrence or instance of
a particular characteristic pertaining to an entity (which can be a person, thing, event or
phenomenon). It is the smallest unit of stored data in a database, commonly referred to as
an attribute. In database terminology, an attribute is also referred to as a stored field. The
value of an attribute can be in the form of a number (integer or floating-point), a character
string, a date or a logical expression (eg., T for ‘true’ or ‘present’; F for ‘false’ or ‘absent’).
Some attributes have a definite set of values known as permissible values or domain of values
(eg., age of people from 1 to 70; the categories in a land use classification scheme; and the
academic departments in a university).

A group of related data items form a record (figure 4.2). Related data items, means that
the items are occurrences of different characteristics pertaining to the same person, thing,
event or phenomenon (eg., in a land resource inventory, a record may contain related data
items such as identification number, owner, size of land holding and use of land etc.). A
record may contain a combination of data items having different types of values (eg., in the
above example, a record has two character strings representing the identification number
and dominant use of land; an integer representing the average size of land holding rounded
to the nearest meter; and a floating-point number representing identification). In database
terminology, a record is always formally referred to as a stored record while in relational
database management systems, records are called tuples.

A set of related records constitutes a data file (figure 4.2). Related records, means that
the records represent different occurrences of the same type or class of people, things, events
and phenomena. A data file made up of a single record type with single-valued data items is
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called a flat file (table 4.1). A data file made up of a single record type with nested repeating
groups of items forming a multi-level organization is called a hierarchical file (table 4.1)

Sameer
378 _) 378 2007 11 17

Residential

(a) Data item pertaining to a land parcel

378 Residential | Sameer | 2007 11 17

(b) A record of data items

378 Residential | Sameer | 2007 11 17

378 229 Residential | Shaad | 1998 1507
187 Residential Sanya | 1996 18 01
34 > 4
6 102 Residential Vasu | 20057613
187 346 Commercial Jai 2002 4579
102
(c) A table of records
Figure 4.2: Data item, record, date file.
Table 4.1: Flat file and hierarchical file.
¢ A Flat file
Ward Population No. of Average monthly
no. households income
14 2431 654 Rs. 10,500
21 1740 389 Rs. 15,000
56 1985 557 Rs. 12,000

¢ A Hierarchical file

Ward Population No. of Average monthly
no. households income
1991 2001 1991 2001 1991 2001
14 1434 2431 568 654 Rs. 8,000 Rs. 10,500
21 1047 1740 307 389 Rs. 13,500 Rs. 15,000
56 1286 1985 489 557 Rs. 9,000 Rs. 12,000

A data file is individually identified by a filename. A data file may contain records having
different types of data values or having a single type of data value. A data file containing
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records made up of character strings is called a text file or ASCII file. A data file containing
records made up of numerical values in binary format is called a binary file. Data processing
literature, collections of data items or records are sometimes referred to by other terms other
than ‘data file’ according to their characteristics and functions. An array is a collection of
data items of the same size and type (although they may have different values)

e aone-dimensional array is called a vector
e atwo-dimensional array is called a matrix

A table is a data file with data items arranged in rows and columns. Data files in
relational databases are organized as tables. Such tables are also called relations in relational
database terminology. A list is a finite, ordered sequence of data items (known as elements).
Here ‘ordered’, means that each element has a position in the list. An ordered list has
elements positioned in ascending order of values; while an unordered list has no permanent
relation between element values and position. Each element has a data type, in the simple
list implementation, all elements must have the same data type but there is no conceptual
objection to lists whose elements have different data types.

A treeis a data file in which each data item is attached to one or more data items directly
beneath it (figure 4.3). The connections between data items are called branches. Trees
are often called inverted trees because they are normally drawn with the root at the top.

. Nodes

Leaves

Figure 4.3: The tree data structure.

The data items at the very bottom of an inverted tree are called leaves; other data items are
called nodes. A binary tree is a special type of inverted tree in which each element has only
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two branches below it. A heap is a special type of binary tree in which the value of each node
is greater than the values of its leaves. Heap files are created for sorting data in computer
processing-the heap sort algorithm works by first organizing a list of data into a heap.

The concept of database is the approach to information organization in computer-based
data processing today. A database is defined as an automated, formally defined and centrally
controlled collection of persistent data used and shared by different users in an enterprise. This
definition excludes the informal, private and manual collection of data. ‘Centrally controlled’
means databases today tend to be physically distributed in different computer systems, at the
same or different locations. A database is set up to serve the information needs of an organization
and data sharing is key to the concept of database. Data in a database are described as ‘permanent’
in the sense that they are different from ‘transient’ data such as input to and output from an
information system. The data usually remain in the database for a considerable length of time,
although the actual content of the data can change very frequently. The use of database does not
mean the demise of data files; data in a database are still organized and stored as data files. The
use of database represents a change in the perception of data, the mode of data processing and the
purposes of using the data, rather than physical storage of the data.

Table 4.2: Distinction between a data file and a database.

Characteristics of a data file Characteristics of a database
A collection of records usually of the A collection of interrelated records,
same data type and format description organized in one or more data files, that may
have different data types and format descriptions
Data file processing is usually associated Database processing is always associated with
with computer programming that aims at database management systems that aim at solving
solving a particular problem, i.e., it stops the operation or production needs of an organization,
when an answer is obtained i.e., itinvolves routine, largely repetitive applications
executed over and over again
Mainly used in support of the information Mainly used in support of the day to day operation
need of an ad hoc application of business (transaction processing) but

increasingly used in decision support (management
decision making)

Databases can be organized in different ways known as database models. The conventional
database models are: relational, network, hierarchical and object-oriented (figure 4.4).

e relational-data are organized by records in relations which resemble a table

e network-data are organized by records which are classified into record types, with 1:
n pointers linking associated records

e hierarchical-data are organized by records on a parent-child one-to-many relations

e object oriented-data are uniquely identified as individual objects that are classified
into object types or classes according to the characteristics (attributes and operations)
of the object.
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Figure 4.4: Database models.

Information Organization of Graphical Data

The graphical data, where the most basic element of information organization is called as
basic graphical element. There are three basic graphical elements (figure 4.5):

® point
e [ine, also referred to as arc
e polygon, also referred to as area

These basic graphical elements can be individually used to represent geographic features
or entities for example, point for a well; line for a road segment and polygon for a lake. They
can also be used to construct complex features. For example, the geographic entity ‘India’ on
a map is represented by a group of polygons of different sizes and shapes.

POINT FEATURE: A point has neither length nor breadth and hence is said to be of dimension
0. A point feature represents as single location. A point is the simplest graphical representation
of an object. Points have no dimensions but may be indicated on maps or displayed on screens
by using symbols. The corner of a property boundary is a typical point, as is the representative
coordinate of a building. It is, of course, the scale of viewing that determines whether an object is
defined as a point or an area. In a large-scale representation a building may be shown as an area,
whereas it may only be a point (symbol) if the scale is reduced.
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Figure 4.5: The feature model: Examples of a point feature (elevation bench mark), a line feature (river) and
an area feature (lake).

LINE FEATURE: Lines have length, but not breadth hence is of dimension 1. They are used to
represent linear entities such as rivers, roads, pipelines, and cables etc. A line feature is a set of
connected, ordered coordinates representing the linear shape of a map object that may be too
narrow to display as an area such as a road or feature with no width such as a contour line.

AREA FEATURE: Area objects have the two dimensions of length and breadth. An area feature
is a closed figure whose boundary encloses homogeneous characteristics, such as a state
boundary, soil type or lake. Again, physical size in relation to the scale determines whether
an object is represented by an area or by a point. An area is delineated by at least three
connecting lines, each of which comprises points. In databases, areas are represented by
polygons (i.e, plane figures enclosed by at least three straight lines intersecting at a like
number of points). Therefore, the term polygon is often used instead of area.

12316 43261
12324 43304
12355 43321
/' 12345 43333
12338 43298
12342 43307
12299 43310

An AREA LINES, POINTS, COORDINATES
consists of... which consist of... which consist of...

Figure 4.6: Geographic information has dimensions, areas are two dimensional and consists of lines, which are
one dimensional and consists of points, which are zero dimensional and consist of a coordinate pair.
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The method of representing geographic features by the basic graphical elements of
points, lines and polygon is said to be the vector method or vector data model, and the
data are called vector data. Related vector data are always organized by themes, which
are also referred to as layers or coverages, examples of themes: base map, soil, vegetation
cover, land use, transportation, drainage and hydrology, political boundaries, land parcel
and others. For themes covering a very large geographic area, the data are always divided
into tiles so that they can be managed more easily. A tile is the digital equivalent of an
individual map in a map series, it is uniquely identified by a file name. A collection of
themes of vector data covering the same geographic area and serving the common needs
of a multitude of users constitutes the spatial component of a geographical database. The
vector method of representing geographic features is based on the concept that these
features can be identified as discrete entities or objects, this method is therefore based
on the object view of the real world (Goodchild, 1992).

The object view is the method of information organization in conventional mapping
and cartography. Graphical data captured by imaging devices in remote sensing and digital
cartography (such as multi-spectral scanners, digital cameras and image scanners) are made
up of a matrix of picture elements (pixels) of very fine resolution. Geographic features in
such form of data can be visually recognized but not individually identified in the same
way that geographic features are identified in the vector method. They are recognizable by
differentiating their spectral or radiometric characteristics from pixels of adjacent features,
for example, a lake can be visually recognized on a satellite image because the pixels forming
it are darker than those of the surrounding features; but the pixels forming the lake are
not identified as a single discrete geographic entity, i.e, they remain individual pixels or
a highway can be visually recognized on the same satellite image because of its particular
shape; but the pixels forming the highway do not constitute a single discrete geographic
entity as in the case of vector data.

The method of representing geographic features by pixels is called the raster method or
raster data model, and the data are described as raster data. A raster pixel represents the
generalized characteristics of an area of specific size on or near the surface of the Earth.
The actual ground size depicted by a pixel is dependent on the resolution of the data, which
may range from smaller than a square meter to several square kilometers. Raster data are
organized by themes, which are also referred to as layers for example; a raster geographic
database may contain the following themes: bed rock geology, vegetation cover, land use,
topography, hydrology, rainfall, temperature. Raster data covering a large geographic area are
organized by scenes (for remote sensing images) of by raster data files (for images obtained
by map scanning). The raster method is based on the concept that geographic features are
represented as surfaces, regions or segments, this method is therefore based on the field view
of the real world (Goodchild, 1992).
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Figure 4.7: The layer based approach.

Levels of data abstraction

Information organization is concerned with the internal organization of data. It
represents the user’s view of data, i.e., conceptualization of the real world. It is the lowest
level of data abstraction, which can be done with or without any intent for computer
implementation and it is expressed in terms of data models (Peuquet, 1991).

The difference between “data models” and “database models” is:
The vector and raster methods of representing the real world are “data models” and,

The relational, network, hierarchical and object-oriented databases are “database
models” --- they are the software implementation of data models

Data structure represents a higher level of data abstraction than information
organization in the sense that it is concerned with the design and implementation of
information organization. It represents the human implementation-oriented view
of data and expressed in terms of database models, this implies that data structure
is software-dependent but hardware is not yet a consideration. Data structure forms

Contd...
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Box 6: Data structure

the basis for the next level of data abstraction in information system: file structure
or file format. File structure is the hardware implementation-oriented view of
data, which reflects the physical storage of the data on some specific computer
media such as magnetic tapes or hard disk. This implies that file structure is
hardware-dependent.

Descriptive data structures

Descriptive data structures describe the design and implementation of the
informationorganization of non-spatial data. Asmostcommercialimplementations
of information systems today are based on the relational and object-oriented
database models.

Relational data structure: The relational data structure is the table which is
formally called a relation.

Object-oriented data structure: Unlike the relational data structure, there is
not a formalized object-oriented data structure, this means that different object-
orientation implementations have different data structures.

Graphical data structures

Raster data structure: In the raster data structure space is subdivided into regular
grids of square grid cells or other forms of polygonal meshes known as picture
elements (pixels). There are several variants to the regular grid raster data
structure, including: irregular tessellation (eg., triangulated irregular network
(TIN)), hierarchical tessellation (eg., quad tree) and scan-line (Peuquet, 1991)

Vector data structure: there are many implementations of vector data structures,
including: spaghetti - a direct line-for-line unstructured translation of the paper
map, hierarchical - a vector data structure developed to facilitate data retrieval by
separately storing points, lines and areas in a logically hierarchical manner and
topological - a vector data structure that aims at retaining spatial relationship by
explicitly storing adjacency information.

The georelational data structure

The georelational data structure was developed to handle geographic data. It
allows the association between spatial (graphical) and non-spatial (descriptive)
data. Both spatial and non-spatial data are stored in relational tables and entities
in the spatial and non-spatial relational tables are linked by the common FIDs of
entities.
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THE ReLATIONSHIP PERSPECTIVE OF INFORMATION ORGANIZATION

Relationships represent an important concept in information organization — it describes the
logical association between entities. Relationships can be categorical or spatial, depending

on whether they describe location or other characteristics.

Categorical relationships: Categorical relationships describe the association among
individual features in a classification system. The classification of data is based on the

concept of scale of measurement:

There are four scales of measurement:

e Nominal - a qualitative, non-numerical and non-ranking scale that classifies features on
intrinsic characteristics for example, in a land use classification scheme, polygons can be
classified as industrial, commercial, residential, agricultural, public and institutional.

¢ Ordinal - a nominal scale with ranking which differentiates features according to a
particular order for example, in a land use classification scheme, residential land can

be denoted as low density, medium density and high density.

e Interval - an ordinal scale with ranking based on numerical values that are recorded
with reference to an arbitrary datum for example, temperature readings in degrees
centigrade are measured with reference to an arbitrary zero (i.e, zero degree

temperature does not mean no temperature).

e Ratio - an interval scale with ranking based on numerical values that are measured
with reference to an absolute datum for example, rainfall data are recorded in mm
with reference to an absolute zero (i.e., zero mm rainfall mean no rainfall).

Categorical relationships based on ranking are hierarchical or taxonomic in nature which

means that data are classified into progressively different levels of detail. Data in the top level
are represented by limited broad basic categories. Data in each basic category are then classified
into different sub-categories, which can be further classified into another level if necessary. The

classification of descriptive data is typically based on categorical relationships.

Table 4.3: Example of a classification scheme of descriptive data.

Level | Level Il

1. Built-up Land Residential
Commercial
Industrial
Services

Transportation

N| 2 a aa
OO ON -

2. Agricultural Land Crop Land

2.3 Pastures

2.2 Orchards, Vineyards, Nurseries

3. Forest Land 3.1 Mixed Forest
3.2 Evergreen Forest
3.3 Deciduous Forest

4. Water Bodies 4.1 Rivers
4.2 Pond/Lake
4.3 Water Logged Area
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SPATIAL RELATIONSHIPS: Spatial relationships describe the association among different features
in space. Spatial relationships are visually obvious when data are presented in the graphical
form. However, it is difficult to build spatial relationships into the information organization
and data structure of a database. There are numerous types of spatial relationships possible
among features. Recording spatial relationships implicitly demands considerable storage
space. Computing spatial relationships on-the-fly slows down data processing particularly if
relationship information is required frequently.

There are two types of spatial relationships (figure 4.9)

e topological — describes the property of adjacency, connectivity and containment of
contiguous features.

e proximal - describes the property of closeness of non-contiguous features.

Spatial relationships are very important in geographical data processing and modelling.

The objective of information organization and data structure is to find a way that will handle
spatial relationships with the minimum storage and computation requirements.

Table 4.4: Pointline-area relationship matrix

Point Line Area
Point Is nearest to Ends at Is within
Is neighbour of Is nearest to Outside of
Lies on Can be seen from
Line Crosses Crosses
Joins
Flows into Borders
Comes within Intersects
Is parallel to
Area Overlaps
Is nearest to
Is adjacent to
Is contained in

a——>»b

Adjacency Connectivity Containment
Topological Relationships
©a
b c

od
Point ‘a’ is far away from line ‘bc’; point ‘d’ is close to line ‘bc’

Proximal Relationships

Figure 4.9: Topological and proximal relationships.
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THE OPERATING SYSTEM (OS) PERSPECTIVE OF INFORMATION ORGANIZATION

From the operating system perspective, information is organized in the form of directories.
Directories are a special type of computer files used to organize other files into a hierarchical
structure (figure 4.10). Directories are also referred to as folders, particularly in systems
using graphical user interfaces. A directory may also contain one of more directories:

e the topmost directory in a computer is called the root directory
e adirectory that is below another directory is referred to as a sub-directory
e adirectory that is above another directory is referred to as a parent directory

Directories are designed for bookkeeping purposes in computer systems and a directory
is identified by a unique directory name. Computer files of the same nature are usually put
under the same directory. A data file can be accessed in a computer system by specifying a
path that is made up of the device name, one or more directory names and its own file name.
The concept of workspace used by many geographic information system software packages
is based on the directory structure of the host computer. A workspace is a directory under
which all data files relating to a particular project are stored (figure 4.11).

E‘:l Root Directory

Q |“:| Iﬂ:l ”:| l.llll
W

‘ t] Directories
‘ B e

Figure 4.10: Information organization by directories.

THE ArpLICATION ARCHITECTURE PERSPECTIVE OF INFORMATION ORGANIZATION

Computer applications nowadays tend to be constructed on the client/server systems
architecture. Client/server is primarily a relationship between processes running in the same
computer or, more commonly, in separate computers across a telecommunication network.
The client is a process that requests services, the dialog between the client and the server is
always initiated by the client and client can request services from many servers at the same
time. The server is a process that provides the service, a server is primarily a passive service
provider and a server can service many clients at the same time.
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A

Root Directory

Project Workspace /_\ | /_\ | /_\

Alg11 (Workspace)
Info Land use Soil
arc01.dat bnd.ac bnd.ac . .
Other Directories
arc02.dat dbf.ac dbf.ac
arc03.dat lab.ac lab.ac

Figure 4.11: Example of a GIS project workspace.

There are many ways of implementing a client/server architecture but from the

perspective of information organization, the following five are most important:

file servers — the client requests specific records from a file; and the server returns
these records to the client by transmitting them across the network

database servers — the client sends structured query language (SQL) requests to the
server; the server finds the required information by processing these requests and
then passes the results back to the client

transaction servers — the client invokes a remote procedure that executes a transaction
at the server side; the server returns the result back to the client via the network
Web server — communicating interactively by the Hypertext Transfer Protocol (HTTP)
over the Internet, the Web server returns documents when clients ask for them by
name

groupware servers — this particular type of servers provides a set of applications that
allow clients (and their users) to communicate with one another using text, images,
bulletin boards, video and other forms of media.

From the application architecture perspective, the objective of information organization
and data structure is to develop a data design strategy that will optimize system operation by
balancing the distribution of data resources between the client and the server. The databases
are typically located on the server to enable data sharing by multiple users. Static data that
are used for reference are usually allocated to the client, ensuring the logical allocation of
data resources among different servers. Data that are commonly used together should be
placed in the same server while data that have common security requirements should be
placed in the same server. Data intended for a particular purpose (file service, database
query, transaction processing, Web browsing or groupware applications) should be placed in
the appropriate server.
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DAtA — FUNDAMENTAL CONCEPTS

DATA: Data are facts. Some facts are more important to us than others. Some facts are important
enough to warrant keeping track of them in a formal, organized way. Important data are like
the books we keep in a library almirah. They are a small subset of our total collection but
they are so important that we protect them by putting them in a special, safe place. ‘Data’
is a plural and is a broad concept that can include things such as pictures (binary images),
programs, and rules. Informally, data are the things we want to store in a database.

SrAaTIAL — NoN-SpAaTiAL DATA

Spatial data includes location, shape, size, and orientation. For example, a particular square:
its center (the intersection of its diagonals) specifies its location, its shape is a square, the
length of one of its sides specifies its size and the angle its diagonals, say, the x-axis specifies
its orientation.

Spatial data includes spatial relationships. For example, the arrangement of three stumps
in a cricket ground is spatial data.

Non-spatial data (also called attribute or characteristic data) is that information which is
independent of all geometric considerations. For example, a person’s height, mass, and age
are non-spatial data because they are independent of the person’s location. It is possible to
ignore the distinction between spatial and non-spatial data. However, there are fundamental
differences between them:

e spatial data are generally multi-dimensional and auto-correlated.
e non-spatial data are generally one-dimensional and independent.

These distinctions put spatial and non-spatial data into different philosophical camps
with far-reaching implications for conceptual, processing, and storage issues. For example,
sorting is perhaps the most common and important non-spatial data processing function
that is performed. It is not obvious how to even sort locational data such that all points end
up ‘nearby’ their nearest neighbours. These distinctions justify a separate consideration of
spatial and non-spatial data models.

DATABASES FOR SPATIAL DATA: A database is a collection of facts, a set of data. The information in a
phone book is an example of a database. The book itself is not the database, rather, the database
is the information stored on the pages of the book, not the pieces of paper with ink on them.

Many different data types are encountered in geographical data, eg., pictures, words,
coordinates, complex objects, but very few database systems have been able to handle textual
data, eg., descriptions of soils in the legend of a soil map can run to hundreds of words. This
is the primary reason why some GIS designers have chosen not to use standard database
solutions for coordinate data, but only for attribute tables. Because variable length records
are needed, often not handled well by standard systems, e.g., number of coordinates in a line
can vary.

Standard database systems assume the order of records is not meaningful. In geographical
data the positions of objects establish an implied order which is important in many operations
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and often need to work with objects that are adjacent in space, thus it helps to have these
objects adjacent or close in the database. This is a problem with standard database systems
since they do not allow linkages between objects in the same record type (class). There are
so many possible relationships between spatial objects, that not all can be stored explicitly,
however, some relationships must be stored explicitly as they cannot be computed from the
geometry of the objects, eg., existence of grade separation at street crossing. The integrity
rules of geographical data are too complex, eg., the arcs forming a polygon must link into a
complete boundary.

Database has been an important issue in GIS, initially attempts to build GIS began using
very limited tools like operating systems and compilers. More recently, GIS have been built
around existing database management systems (DBMS). The DBMS handles many functions
which would otherwise have to be programmed into the GIS. Any DBMS makes assumptions
about the data which it handles and to make effective use of a DBMS it is necessary to fit
those assumptions. Certain types of DBMS are more suitable for GIS than others because
their assumptions fit spatial data better. There are two ways to use DBMS in a GIS:

1. Total DBMS solution: All data are accessed through the DBMS, so must fit the
assumptions imposed by the DBMS designer.

II. Mixed solution: Some data (usually attribute tables and relationships) are accessed
through the DBMS because they fit the model well, while some data (usually
locational) are accessed directly because they do not fit the DBMS model.

REPOSITORY: A repository is a structure that stores and protects data. Repositories provide
the following functionality:

e add (insert) data to the repository
e retrieve (find, select) data in the repository
e delete data from the repository

Some repositories allow data to be changed, to be updated. This is not strictly necessary
because an update can be accomplished by retrieving a copy of the datum from the repository,
updating the copy, deleting the old datum from the repository, and inserting the updated
datum into storage. Repositories are like a bank vault. They exist mainly to protect their
contents from theft and accidental destruction.

e Security: Repositories are typically password protected, many have much more
elaborate security mechanisms.

® Robustness: Accidental data loss is safeguarded against via the transaction mechanism.

A transaction is a sequence of database manipulation operations. Transactions have the
property that, if they are interrupted before they complete, the database will be restored
to a self-consistent state, usually the one before the transaction began. If the transaction
completes, the database will be in a self-consistent state. Transactions protect the data from
power failures, system crashes, and concurrent user interference.
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ADVANTAGES OF A DATABASE APPROACH: The advantages of this approach include:

e reduction in data redundancy

e shared rather than independent databases, which reduces problem of inconsistencies
in stored information, eg., different addresses in different wards for a postman

e maintenance of data integrity and quality

e data are self-documented or self-descriptive, where information on the meaning
or interpretation of the data can be stored in the database, eg., names of items,
metadata

e avoidance of inconsistencies, which means data must follow prescribed models,
rules, standards

e reduced cost of software development

e security restrictions, which means database includes security tools to control access,
particularly for writing.

DAataBase MANAGEMENT SYsTemM (DBMS)

A database management system is a data repository along with a user interface providing for
the manipulation and administration of a database. A phone book is an example of a DBMS.
A DBMS is like a full-service bank, providing many features and services missing from the
comparatively Spartan repository. It is a software system, a program (or suite of programs)
that is run on a digital computer. A few examples of commercially available DBMSs include
Codasyl, Sybase, Oracle, DB2, Access, and dBase.

Queries: Many DBMSs provide a user interface consisting of some sort of formal
language.

¢ A data definition language (DDL) is used to specify which data will be stored in
the database and how they are related.

o A data manipulation language (DML) is used to add, retrieve, update, and delete
data in the DBMS.

® A query is often taken as a statement or group of statements in either a DDL or
a DML or both. Some researchers view queries as read-only operations, no data
modifications are allowed.

e A query language is a formal language that implements a DDL, a DML, or both.
Examples of query languages include SQL (Structured Query Language), QUEL,
ISBL, and Query-by-Example.

DAatAa MobELs

A data model is mathematical formalism consisting of two parts A notation for describing
data, and A set of operations used to manipulate that data. A data model is a way of organizing
a collection of facts pertaining to a system under investigation. Data models provide a way
of thinking about the world, a way of organizing the phenomena that interest us. They can
be thought of as an abstract language, a collection of words along with a grammar by which
we describe our subject. By choosing a language, words are limited to those in the language
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only and whose sentence structure is governed by the language’s grammar. We are not
free to use random collections of symbols for words nor can we put the words together
in any ad hoc fashion.

A majorbenefit we receive by following a data model stems from the theoretical foundation
of the model. From the theory emerges the power of analysis, the ability to extract inferences
and to create deductions that emerge from the raw data. Different models provide different
conceptualizations of the world; they have different outlooks and different perspectives.

DBMSs are seen to be composed of three levels of abstraction:
e Physical: This is the implementation of the database in a digital computer. It is
concerned with things like storage structures and access method data structures.
e Conceptual: This is the expression of the database designer’s model of the real world
in the language of the data model.
e View: Different user groups can be given access to different portions of the database.
A user groups portion of the database is called their view.

Conceptual Model

Logical Model
; Physical Model
4. Geographic
Database Types
. Database
Schema

5. Geographic
Database Structure

1. User View

3. Geographic
Representation

2. Object and
Relationships

Figure 4.12: Stages in database design.

DAtAa MoDELLING

Data modelling is the process of defining real world phenomena or geographic features
of interest in terms of their characteristics and their relationships with one another. It is
concerned with different phases of work carried out to implement information organization
and data structure. There are three steps in the data modelling process, resulting in a series
of progressively formalized data models as the form of the database becomes more and more
rigorously defined

e Conceptual data modelling—Defining in broad and generic terms the scope and
requirements of a database.
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® Logical data modelling — Specifying the user’s view of the database with a clear
definition of attributes and relationships.
e Physical data modelling — Specifying internal storage structure and file organization
of the database.
Data modelling is closely related to the three levels of data abstraction in database
design:

e conceptual data modelling = data model
e logical data modelling = data structure
e physical data modelling = file structure

a. Conceptual data modelling: Entity-relationship (E-R) modelling is probably the
most popular method of conceptual data modelling. It is sometimes referred to as a
method of semantic data modelling because it used a human language-like vocabulary
to describe information organization, involving four aspects of work:

e identifying entities — defined as a person, a place, an event, a thing, etc.
e identifying attributes

e determining relationships

e drawing an entity-relationship diagram (E-R diagram)

b. Logical data modelling: Logical data modelling is a comprehensive process by which
the conceptual data model is consolidated and refined. The proposed database is reviewed
in its entirety in order to identify potential problems such as: irrelevant data that will not be
used; omitted or missing data; inappropriate representation of entities; lack of integration
between various parts of the database; unsupported applications; and potential additional
cost to revise the database. The end product of logical data modelling is a logical schema
which is developed by mapping the conceptual data model (such as the E-R diagram) to a
software — dependent design document.

c. Physical data modelling: Physical data modelling is the database design process by
which the actual tables that will be used to store the data are defined in terms of:

e data format — the format of the data that is specific to a database management
system (DBMS).

e storage requirements - the volume of the database.

e physical location of data — optimizing system performance by minimizing the
need to transmit data between different storage devices or data servers.

The end product of physical data modelling is a physical schema, which is also variably
known as data dictionary, item definition table, data specific table or physical database
definition. It is both software — and hardware specific, this means the physical schemas for
different systems look different from one another.

d. Process modelling: Process modelling is the process-oriented approach, as
opposed to the data-oriented approach, of information system design. The objective is to
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identify the processes that the information system will perform. It also aims at identifying
how information is transformed from one process to another. The end product of process
modelling is a data flow diagram (DFD), this implies that process modelling is by no means
only concerned with process, it also deals with information organization and data structure.
In the context of information system design, process modelling is one of the methods of
structured business function decomposition used to determine user requirements in conceptual
modelling.

Data flow diagram is the principal modelling tool which is constructed using four basic
symbols to represent process, data stores, entities and data flow in a business function:

e process - it represents the transformation of data as they flow through the system:
data flow into a process, are changed, and then flow out to another process or a data
store.

e entity — the basic definition of an entity is similar to that for E-R modelling and it
represents the initial source and final destination of data in a DFD.

e data store — a temporary or permanent holding area for data.

e data flow - the connection between processes and data stores along which individual
entities or collection of entities flow.
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Much of GIS analysis and description consists of investigating the properties of
geographic features and determining the relationships between them. The chosen way
of representing phenomena in GIS not only defines the apparent nature of geographic
variation, but also the way in which geographic variation may be analyzed. Some
objects, such as agricultural fields or digital terrain models, are represented in their
natural state. Others are transformed from one spatial object class to another, as in
the transformation of population data from individual points to census tract areas, for
reasons of confidentiality, convenience, or convention. The classification of spatial
phenomena into object types is fundamentally dependent upon scale. For example, on
a less-detailed map of the world, New Delhi is represented as a zero-dimensional point.
On a more-detailed map such as a road atlas it will be represented as a two-dimensional
area. Yet if we visit the city, it is very much experienced as a three-dimensional entity,
and virtual reality systems seek to represent it as such. These features are represented
through coordinates, so areas are lines are points are coordinates.
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Figure 5.1: Modelling the real world.

SPATIAL DATA FORMATS: Raster Data Format: Raster data represents a graphic object as a pattern of
dots, whereas vector data represents the object as a set of lines drawn between specific points.
Consider a line drawn diagonally on a piece of paper. A raster file would represent this image by
subdividing the paper into a matrix of small rectangles-similar to a sheet of graph paper-called
cells. Each cell is assigned a position in the data file and given a value based on the attribute
at that position. Its row and column co-ordinates may identify any individual pixel. This data
representation allows the user to easily reconstruct or visualize the original image.



(c) ketabton.com: The Digital Library

The Nature and Source of Geographic Data 109

Neighborhood

Distribution

Retail stores I Streets " Land uses L_
1

g EEGE;

BN e

® ) : %
i B I /\v; \

Points I Lines I Areas/Polygons |

Figure 5.3: Representation of geographic details, point, line and area features.
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Figure 5.4: Storing of spatial data, vector and raster data formats.

Raster files are most often used:
e For digital representations of aerial photographs, satellite images, scanned paper
maps, and other applications with very detailed images.
e  When costs need to be kept down.
e When the map does not require analysis of individual map features.
e  When ‘backdrop’ maps are required.
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Figure 5.5: Generic structure for a grid.
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Figure 5.7: Attribute handling in raster data. Each pixel is assigned a single value
which represents a real world object. Pixels can only hold numeric data;
each pixel value in the raster here represents a feature class.

The relationship between cell size and the number of cells is expressed as the
RESOLUTION of the raster.

A finer RESOLUTION gives a more accurate and better quality image.
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50m pixlel —grid 20 x 16 25m pixel — grid 40 x 36
= 320 pixels = 1440 pixels

Figure 5.8: Effect of grid size on data in raster format.

VECTOR DATA FORMAT: A vector representation of the same diagonal line would record the
position of the line by simply recording the coordinates of its starting and ending points. Each
point would be expressed as two or three numbers (depending on whether the representation
was 2D or 3D, often referred to as X,Y or X,Y,Z coordinates. The first number, X, is the
distance between the point and the left side of the paper; Y, the distance between the point

and the bottom of the paper; Z, the point’s elevation above or below the paper. Joining the
measured points forms the vector.
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Figure 5.9: The vector data model is based around the storage of coordinate pairs.

A vector data model uses points stored by their real (earth) coordinates. Here lines and
areas are built from sequences of points in order. Lines have a direction to the ordering of
the points. Polygons can be built from points or lines. vectors can store information about
topology. Manual digitizing is the best way of vector data input.

Vector files are most often used:
e Highly precise applications.
e  When file sizes are important.
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When individual map features require analysis.

When descriptive information must be stored.

Box 7: Comparison of vastey and vector data formats.

Raster Model

Vector Model

Advantages

Simple data structure

Easy and efficient overlaying
Compatible with RS imagery
High spatial variability is
efficiently represented
Simple for own programming
Same grid cells for several

attributes

Disadvantages

Inefficient use of computer storage
Errors in perimeter, and shape
Difficult network analysis

Inefficient projection transformations
Loss of information when using

large cells Less accurate (although

interactive) maps

Advantages

Compact data structure
Efficient for network analysis
Efficient projection transformation

Accurate map output

Disadvantages

Complex data structure

Difficult overlay operations

High spatial variability is inefficiently
represented

Not compatible with RS imagery

The method of representing geographic features by the basic graphical elements of points,
lines and polygon is said to be the vector method or vector data model, and the data are called vector
data. Related vector data are always organized by themes, which are also referred to as layers
or coverages. Examples of themes: geodetic control, base map, soil, vegetation cover, land use,
transportation, drainage and hydrology, political boundaries, land parcel and others.

For themes covering a very large geographic area, the data are always divided into tiles

so that they can be managed more easily. A tile is the digital equivalent of an individual map
in a map series. A tile is uniquely identified by a file name. A collection of themes of vector
data covering the same geographic area and serving the common needs of a multitude of
users constitutes the spatial component of a geographical database.
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Figure 5.10: Rasters and vectors can be flat files...if they are simple.

The vector method of representing geographic features is based on the concept that these
features can be identified as discrete entities or objects. This method is therefore based on the
object view of the real world (Goodchild, 1992). The object view is the method of information
organization in conventional mapping and cartography.

Graphical data captured by imaging devices in remote sensing and digital cartography
(such as multi-spectral scanners, digital cameras and image scanners) are made up of a matrix
of picture elements (pixels) of very fine resolution. Geographic features in such form of data
can be visually recognized but not individually identified in the same way that geographic
features are identified in the vector method. They are recognizable by differentiating their
spectral or radiometric characteristics from pixels of adjacent features. For example, a lake
can be visually recognized on a satellite image because the pixels forming it are darker than
those of the surrounding features; but the pixels forming the lake are not identified as a
single discrete geographic entity, i.e., they remain individual pixels. Similarly, a highway can
be visually recognized on the same satellite image because of its particular shape; but the

pixels forming the highway do not constitute a single discrete geographic entity as in the
case of vector data.

The method of representing geographic features by pixels is called the raster method
or raster data model, and the data are described as raster data. The raster method is also
called the tessellation method. A raster pixel is usually a square grid cell and a raster pixel
represents the generalized characteristics of an area of specific size on or near the surface
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of the Earth. The actual ground size depicted by a pixel is dependent on the resolution of
the data, which may range from smaller than a square meter to several square kilometers.
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Figure 5.11: Raster data capture-rasterisation.

Raster data are organized by themes, which is also referred to as layers, for example, a
raster geographic database may contain the following themes: bed rock geology, vegetation
cover, land use, topography, hydrology, rainfall, temperature etc. Raster data covering a large
geographic area are organized by scenes (for remote sensing images) of by raster data files (for
images obtained by map scanning).

The raster method is based on the concept that geographic features are represented as
surfaces, regions or segments. This method is therefore based on the field view of the real
world. The field view is the method of information organization in image analysis systems in
remote sensing and geographic information systems for resource-and environmental-oriented
applications.

CHoice BETWEEN RASTER AND VECTOR
Arguments about which was better have been commonplace since the earliest systems were
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created. Raster databases are appealing because of simplicity of organization, speed of many
operations, eg., overlay, buffers and especially appealing to the remote sensing community
who are used to ‘pixel’ processing. On the other hand, there are many situations in which
the raster approach may appear to sacrifice too much detail. Cartographers were appalled by
the crude outlines of parcels that resulted in the ‘pinking shear’ effect of diagonal boundaries
represented by grid cell edges. Similarly, surveyors were dismayed by the ‘inaccuracy’ caused
by the cells when portraying linear features and points and situations in which the raster
approach sacrificed too much detail. However, computing times for overlaying vector based
information can be excessive and early polygon overlay routines were error-prone, expensive,
and slow. But today, there are situations in which it is clear that one approach is more
functional than the other, eg., using ‘friction’ layer to control width of buffer is only feasible
in raster. For example, viewshed algorithms to find area visible from a point are feasible with
elevation grids (raster DEMs), not with digitized contours.

An important current trend involves linking raster and vector systems, displaying vector
data overlying a raster base. Raster data may be from a GIS file (perhaps a remotely sensed
image) or from a plain scanned image file. Therefore, the question has evolved from ‘Which
is best?’ to ‘Under what conditions is which best and how can we have flexibility to use the
most appropriate approaches on a case by case basis?’

Four issues to the discussions of raster versus vector:
coordinate precision

speed of analytical processing

mass storage requirements

characteristics of phenomena

Box 8: Choice between vaster and vector data

DAatA CAPTURE

Raster Vector
Data Collection Rapid Slow
Data Volume Large Small
Data Structure Simple Complex
Geometrical Accuracy Low H