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GIS: An Overview

This chapter provides a short introduction to basic geo-spatial concepts that under-
pin geographical information systems (GI1S), i.e. data, its collection and input, storage
and organization, processing and analysis, reporting and output. Details include the
definition of a GIS (what and why), its terminology, a brief discussion on modelling
the real world in geometrical and descriptive (attribute) terms, raster and vector
models and associated spatial operations. The focus will be on the technology with
very brief outline on application areas. Many references are provided for more in-
depth information on GIS technology.

1. Introduction

Information is derived through the processes of collecting, collating, structuring,
and analysing factual data. Geographical information is a term which is used to
encompass many forms of information derived from many different data sources:

Geographical Information is information which can be related to specific locations
on the Earth. It covers an enormous range, including the distribution of natural
resources, descriptions of infrastructure, patterns of land use and the health, wealth,
employment, housing and voting habits of people.

[DOE, 1987]

Geographical information systems (GIS) are now as widely used as many other
desktop information handling and processing tools, such as database manage-
ment systems and spreadsheets. GIS share the same Windows-style graphical
user interfaces (GUI) as other desktop packages, (see Figure 1.1, Plate 1). The
fundamental technology requirements of spatial data-based applications are now
well understood and addressed by the majority of GIS vendors and researchers.
A wide range of disciplines use GIS in their daily activities, for example, any
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2. GIS

The definitions used to describe a geographical information system apply equally
to a land information system (LIS) and an automated mapping/facilities man-
agement system (AM/FM) or any other spatially referenced information
management systems. What is a GIS? Here’s one definition: ‘a set of tools for
collecting, storing, retrieving at will, transforming, and displaying spatial data
from the real world for a particular set of purposes’ [Burrough, 1986]. There is,
however, still no widespread agreement on the definitions and taxonomy of these
systems. There are no hard boundaries between their use, application or specifi-
cation. This is particularly true at the international level. The United Kingdom
and the United States generally use GIS to cover all types of systems. The Lands
Directorate, Environment Canada, original users of Canada Land Data Systems
(CLDS) [Tomlinson, 1984], the first recognized GIS in the world [Crain and
MacDonald, 1983], provide a short and clear definition: ‘Geographical Informa-
tion Systems (GIS) are systems designed to store and manipulate data which
relate to locations on the Earth’s surface’ [Poiker et al., 1985]. These early defi-
nitions of what constitutes a GIS are still valid today, and are intrinsic to a more
modern and broader definition such as: ‘Any system that handles geo-referenced
data may be considered to be a GIS”

2.1. The Basic Idea

Geographical data is most often separated into two components: spatial data and
attribute data. Spatial data is used in the visualization and manipulation of real-
world objects in a computer model, e.g. roads, buildings, crime locations.
Typically, spatial data is presented as features on a digital map. Attribute data
(textual, numeric, photographic, etc.) describes these real-world objects, e.g.
name, cost, size, and an image of what the object looks like. These two compo-
nents often are stored in different data structures, in separate databases. Many
commercial and research systems developed to use geographical data utilize this
method, typical examples are APIC4 GIS [APIC, 2003] and Environmental
Systems Research Institute ARCGIS/INFO, possibly the most widely used GIS
in the world. Almost all commercial systems store and manipulate all data, both
spatial and attribute, stored in their own proprietary database and file structures.
One exception to this is the use of an external database, for attribute data only,
such as Microsoft Access or the ArcSDE/Oracle database to store both spatial
and attribute data. The division of data into two data models may provide a more
efficient operating environment for graphical display, editing and enquiry, which
will also provide a comprehensive attribute retrieval and analysis system. The
attribute database is almost universally based on the relational database struc-
ture; however, object-oriented (OO) databases have been used in some systems,
e.g., GE Smallworld [GE Energy, 2004].

GIS data is usually organized into themes, also called layers, overlays, or cov-
erages. These can be conceptualized as overlaid maps (Figure 1.2). Each theme
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management system (DBMS) is the software tool for this task. The relational
database management system (RDBMS) is now the accepted industry standard
to accomplish this. Object-oriented database management systems (OODBMS)
are now of great interest for information system implementation in general and
a few are available commercially. However, OODBMS do not have formal foun-
dations, unlike the relational model, and no common data model. Some GIS do
offer some form of object-oriented database model, but all fall well short of the
true OO paradigm of complex objects, object identity, encapsulation, types or
classes and inheritance. Smallworld GIS, now part of GE Network Solutions, is
a well-established example which also provides its own object-oriented language:
Smallworld Magik™ [Smallworld, 2003]. The principles of the relational struc-
ture were first presented by Codd [1970], who realized that the discipline and
rigour of mathematics could be used in the field of database management. The
relational structure is based on the mathematical set theory of relations and
predicate calculus. A comprehensive and rigorous discussion of database models
and structures is given by Date [2000].

3.3. Analysis

The database structure and spatial data format used will always affect the types
of algorithms available for spatial analysis. Conversely, the type of analysis nec-
essary may require a certain data format or database structure. For example, the
analysis of utility or transport networks is really only feasible with vector data
format. An example vector land parcel theme is shown in Figure 1.3 (Plate 2).
Raster and vector data are introduced later in this chapter.

The analytical functions required to operate on the spatial and non-spatial ele-
ments of geographical data range from those that retrieve simple subsets of
information for display to those that use spatial relationships and topological
overlay to create new objects. The requirement for spatial analysis varies con-
siderably with the application, e.g. a LIS used to maintain a fiscal cadastre will
require very little, but a multi-criteria spatial decision support system (SDSS)
used for hydrological modelling for flood prediction will require lots.

The differences in the raster and vector representation of location informa-
tion are significant in terms of strategies for implementation. Certain operations
will be easier in one form than in the other. However, a set of fundamental
analytical techniques may be defined that will apply to all representations of
spatial data. This is presented below, taken from Berry (1987). Another useful
categorization of general types of spatial analysis is provided by Longley et al.
(2001).

Reclassifying Maps. This may be considered the most fundamental type of ana-
lytical operations. A new map is created by assigning thematic values to the cat-
egories of an existing map (overlay). These values may be assigned as a function
of the initial value, its position, contiguity, size or shape of the spatial configura-
tion of the individual categories. For example, a map of soil types might be






GIS: An Overview 13

Killingworth Moor

Nursery

3 —y
[~
SGG%GWW L
R

Figure 1.4 large-scale vector map of a housing estate

may be a uniform geometric shape, such as a circle or square, or perhaps 10km
‘down-wind’. One example of this operation is the calculation of slope from
elevation values. Another example is the summarizing of thematic values, e.g.
maximum income levels, diversity of vegetation types. Figure 1.5 displays
LIDAR data characterized by height.

34. Output

Output from a GIS may be a standard cartographic product such as a map sheet
or a simple table of data entries. Alternatively, it may be the result of a query or
some analysis. Modern technology will produce high quality displays of maps,
tables, graphs, reports, etc. on VDU, printer and plotter. Output may be recorded
on magnetic media for remote use or for further analysis by other systems.

4. Fundamental Concepts

4.1. Features

Geographical information, sometimes referred to as spatially related informa-
tion in order to differentiate it from purely topographical information, is most
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Figure 1.6 Area feature with associated attributes

5.1. Spatial Referencing

The power of GIS data handling is in its spatial or geo-referencing functional-
ity. Direct spatial referencing uses some form of spatial coordinate system to
locate data items. This coordinate system is most likely to be geographical coor-
dinates in latitude and longitude or planar grid coordinates in a national grid
system, e.g. the State Plane Coordinate System (alternatively abbreviated as SPS
or SPCS) used in the United States, Puerto Rico and the US Virgin Islands, [King,
2004], the OS National Grid in the UK [Ordnance Survey, 2004], latitude and
longitude or rectangular coordinates derived from a Transverse Mercator pro-
jection [Harley, 1975].

Discrete methods of spatial referencing use discrete units on the Earth’s
surface, e.g. country, county, postcode. Many of these methods are indirect. Indi-
rect means that the method provides a key or index, which can be used with a
table to determine latitude/longitude coordinates, for example, a post code is an
indirect spatial reference. Rather than give national grid coordinates for a place
directly, it provides a unique number which can be looked up in a table which
provides a spatial reference using coordinates on a map. Because 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
spatial referencing system. Many methods of indirect or discrete spatial refer-
encing are in common use. The precision of street addresses varies as spatial ref-
erences vary, it is highest for houses in cities and is lowest for rural addresses or
post office box numbers, where the address may indicate only that the place is
somewhere in the area served by the post office. Postcode systems have been set
up in many countries; two well-known systems are the US zip code and the UK
postcode. The US 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 two numbers, a 5-digit zip code identifies the area served by a
single post office, which gives precision of many city blocks. The 9-digit zip poten-
tially provides a much higher level of spatial resolution, but problems exist, e.g.
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buildings may have different codes for different floors, zip code boundaries can
overlap and may be fragmented. In the UK postcode system there are about 1.6
million postcodes covering approximately 24 million addresses in the UK. This
system is mixture of numeric and alphabetic characters, unlike most other post-
code systems. It is worth noting that area defined by a US zip code or a UK post-
code has been defined for efficient mail delivery and has only been adapted for
spatial referencing purposes.

6. Spatial Data Modelling

A fundamental difference between spatial data storage structures used by dif-
ferent systems is the use of vector or raster data format. Digital spatial data is
usually stored in one of these two formats. Vector format data uses the three
basic spatial entities — points, lines and polygons (areas) — to describe topo-
graphical features. Points are stored as numbers representing their coordinate
values and lines and polygons as sequences or strings (arcs, links) of coordinate
points, Figures 1.3 and 1.4 display vector data. There are two main methods by
which coordinates can be specified. With the absolute mode, the X,Y coordinate
pair (with respect to the system origin, or sometimes a false origin) is stored. In
the relative or incremental mode, only the first point on a vector is defined in
absolute terms; all subsequent points are then described by an ordered sequence
of relative coordinates. The relative coordinates may be either rectangular, i.e.
dX, dY, or polar, i.e. angle, distance [Parker, 1990].

The raster format or grid representation of topographic data uses an infinitely
repeatable set of polygons (grid cells). These regular polygons, most often rec-
tangles, are held in the form of a mesh. Each grid cell is coded, usually
numerically, to inform what type of feature that cell represents, e.g. vegetation
type, height or building. In its simplest form a raster grid cell may be coded by
Boolean values, i.e. true or false, Figure 1.7 (left) is such a raster grid. The term
used in geometry for this is a regular tessellating. Hence, data models using
this format are often referred to as tessellating models. There are various
systems used for tesseral addressing, a general method is discussed by Bell et al.
[1983].

Although object-orientation concepts have been widely adopted in computer
software engineering, and commercial object-orientated databases are now
available, almost all commercial GIS utilize the relational database model. This
OODB approach to data modelling has appeared in the general computing
arena and is now being applied to geographical models to increase their analyt-
ical effectiveness, especially where large volumes of data are involved [Gahegan,
1988; Longley et al.,2001]. The creation of a data model for OOGIS is still mostly
uncharted territory. Usual data modelling techniques such as entity-relationship
quickly show their limitations when exposed to the needs of spatial data man-
agement. Extensions to the entity-relationship approach have been proposed,
and there are also a number of techniques based on semantic data models [Gray
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Sources of data, previously inaccessible, are now on-line 24/7. Using data from
a wide variety of independent sources does have its problems: data structure,
format, compatibility, currency, accuracy, etc. A number of organizations have
developed to address these issues. The World Wide Web Consortium (W3C)
develops interoperable technologies (specifications, guidelines, software, and
tools). W3C has developed the Geography Mark-Up Language (GML), used to
describe geographic objects in a manner that can readily be shared on the Inter-
net. In particular, GML builds on the eXtensible Mark-up Language (XML)
[Lake et al., 2004]. The Open GIS Consortium, Inc. (OGC) is a membership
organization dedicated to the development of open system approaches to geo-
processing. ‘OGC is a non-profit, international, voluntary consensus standards
organization that is leading the development of standards for geospatial and
location based services’ [OGC, 2004].

9. The Application of GIS

The use and analysis of geographical information are not new requirements of
the modern technological age. Mankind has made use of geographical informa-
tion throughout history. Military strategists, navigators, farmers and cartogra-
phers of the earliest civilizations are known to have collected and used
geographical data [Burrough, 1986]. The rapid development of the industrial
world, together with a greater use and understanding of the Earth’s natural
resources, has greatly increased the need for geographical information and its
management. The variety of uses for geographical information is extensive. A
few specific examples are:

planning and management of public services;
defense and security systems;

land use and resource management;
environmental monitoring;

epidemiology;

utility network management;

transport network management;

property development and investment;
marketing and business location;

civil engineering;

mineral exploitation;

vehicle navigation and tracking;

mobile phone location-based services (LBS);
teaching and education.

Detailed descriptions and explanations of GIS applications may be found in
many GIS books, including general and broad applications in Longley et al.
[2001], socio-economic applications in Martin [1996], archaeological applications
in Wescott and Brandon [1999] and a breadth of real and experimental applica-
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forms obtained from many sources, ranging from modern, very complex scien-
tific excavations to accounts of artifacts seen in the past, related to historians
of dubious credibility. Traditional methods involved the use of paper records,
prodigious feats of memory, supplemented by many trips to the library, with all
the delay in time and expenditure of resources involved.

The objective in creating a GIS-based record was to place verified archaeo-
logical evidence within a series of databases which were directly linked to
modern maps to allow spatial analysis of data and digital mapping of text-based
information. Once the information is in a GIS, it becomes available for higher
levels of usage. These include the construction of a variety of terrain models,
virtual reality (VR), and the dissemination of data through electronic media
(intranet through the local authority, WWW to the external world) and predic-
tive modelling of ancient urban landscapes. VR provides the method of re-
occupying long disappeared buildings, known to us through historical paintings
and photographs.

The initial implementation of Newcastle City’s Archaeological Urban Record
GIS used the software known as Surveyors Land Information Management
Package (SLIMPAC), and more recently ESRI’s ArcView GIS, [Heslop and
Taylor, 1998].

Archaeological sites are recorded as vector format graphical features stored
as points, lines or closed polygons. Associated textual attribute information is
held in various tables linked and joined using a relational database structure
(RDBS). Additional data such as digital imagery, more recently virtual reality
representations derived from antiquated photography, drawings and maps are
also accessible directly from within the system. Ordnance Survey (OS) large-
scale vector and raster map tiles, at various scales, are used for background
mapping. Figure 1.12 shows a map created by assigning an index of archaeolog-
ical potential to different areas of the city, according to how much has been
destroyed, a value of 3 indicating the maximum likelihood of archaeological
preservation.

A particular problem encountered during the data capture exercise was how
to capture archaeological graphical detail from existing County Series mapping,
not recorded in modern OS National Grid coordinates. This was solved by the
use of coordinate transformation and rubber sheeting tools available in GIS.
Features (usually churches) with known coordinates in both the County series
historical maps and modern OS Land Line maps were identified.

The use of GIS technology for the accurate recording of position of archaeo-
logical sites from County series maps, estate plans, other maps, etc. and the
capture of the data onto present-day Ordnance Survey National Grid map sheets
has developed steadily over the past five years and continues to take advantage
of the changes and innovations in the technology.

GIS and the Utilities. GIS utilization in a utility company (gas, electricity, tele-
coms and water) may be considered to be the epitome of its application. GIS, as
its basic feature, provides the users with the precise geographical location of an
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Systems (SDSS), and a great deal in between. This chapter has merely touched
on the subject of GIS basics. It has introduced the main concepts and given many
references to literature sources that provide much more detailed descriptions
and explanations of the GI topics mentioned. It has provided an explanation and
definition of GIS and geographical data, explained the basic elements of spatial
and aspatial data, spatial referencing, features, and attributes. Furthermore, this
chapter has introduced spatial data modelling and visualization. Two typical GIS
applications were briefly discussed, one a land information system and the other
a network analysis system.



