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GEOGRAPHIC INFORMATION SYSTEMS

A Geographic Information System (GIS) is a set of computer-
based tools that collects, stores, retrieves, manipulates, dis-
plays, and analyzes geographic information. Some definitions
of GIS include institutions and people besides the computer-
based tools and the geographic data. These definitions refer
more to a total GIS implementation than to the technology.

Here, computer-based tools are hardware (equipment) and
software (computer programs). Geographic information de-
scribes facts about the earth’s features, for example, the loca-
tion and characteristics of rivers, lakes, buildings, and roads.
Collection of geographic information refers to the process of
gathering, in computer-compatible form, facts about features
of interest. Facts usually collected are the location of features
given by sets of coordinate values (such as latitude, longitude,
and sometimes elevation), and attributes such as feature type
(highway), name (Interstate 71), and unique characteristics
(the northbound lane is closed). Storing of geographic infor-
mation is the process of electronically saving the collected in-
formation in permanent computer memory (such as a com-
puter hard disk). Information is saved in structured computer
files. These files are sequences of only two characters, 0 and
1, called bits, organized into bytes (eight bits) and words
(16–64 bits). These bits represent information stored in the
binary system. Retrieving geographic information is the pro-
cess of accessing the computer-compatible files, extracting
sets of bits and translating them into information we can un-
derstand (for example, information given in our national lan-
guage). Manipulation of geographic data is the process of
modifying, copying, and removing from computer permanent
memory selected sets of information bits or complete files.
Display of geographic information is the process of generating
and making visible a graphic (and sometimes textual) repre-
sentation of the information. Analysis of geographic informa-
tion is the process of studying, computing facts from the geo-
graphic information, and asking questions (and obtaining
answers from the GIS) about features and their relationships.
For example, what is the shortest route from my house to my
place of work?

HARDWARE AND ITS USE

The main component is the computer (or computers) on which
the GIS run. Currently, GIS systems run on desktop comput-
ers to mainframes (used as a stand-alone or as a network con-
figuration). In general, GIS operations require handling large
amounts of information (fifty megabytes or larger file sizes
are common), and in many cases, GIS queries and graphic
displays must be generated very quickly. Therefore, impor-
tant characteristics of computers used for GIS are processing
speed, quantity of random access memory (RAM), size of per-
manent storage devices, resolution of display devices, and
speed of communication protocols.
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Several peripheral hardware components may be part of each pixel in computer-compatible form with corresponding
attributes (usually a color value per pixel). The most commonthe system: printers, plotters, scanners, digitizing tables,

and other data collection devices. Printers and plotters are use of scanning technology is in fax machines. They take a
hardcopy document, sense the document, and generate a setused to generate text reports and graphics (including maps).

High-speed printers with graphics and color capabilities are of electric pulses. Sometimes, the fax machine stores the
pulses to be transferred later; other times they are trans-commonplace today. The number and sophistication of the

printers in a GIS organization depend on the amount of text ferred right away. In the case of scanners used in GIS, these
pulses are stored as bits in a computer file. The image gener-reports to be generated. Plotters allow the generation of over-

sized graphics. The most common graphic products of a GIS ated is called a raster image. A raster image is composed of
pixels. Generally, pixels are square units. Pixel size (the scan-system are maps. As defined by Thompson (1), ‘‘Maps are

graphic representations of the physical features (natural, ar- ner resolution) ranges from a few micrometers (for example,
five) to hundreds of micrometers (for example, 100 microme-tificial, or both) of a part or the whole of the earth’s surface.

This representation is made by means of signs and symbols or ters). The smaller the pixel size the better the quality of the
scanned images, but the larger the size of the computer filephotographic imagery, at an established scale, on a specified

projection, and with the means of orientation indicated.’’ As and higher the scanner cost. Scanners are used in GIS to con-
vert hardcopy documents to computer-compatible form, espe-this definition indicates, there are two different types of

maps: (1) line maps, composed of lines, the type of map we cially paper maps.
Some GIS cannot use raster images to answer geographicare most familiar with, usually in paper form, for example a

road map; and (2) image maps, which are similar to a photo- questions (queries). Those GIS that can are usually limited in
the types of queries they can perform (they can perform que-graph. Plotters able to plot only line maps are usually less

sophisticated (and less expensive) than those able to plot ries about individual locations but not geographic features).
Most queries need information in vector form. Vector informa-high-quality line and image maps. Plotting size and resolu-

tion are other important characteristics of plotters. With tion represents individual geographic features (or parts of fea-
tures) and is an ordered list of vertex coordinates. Figure 1some plotters it is possible to plot maps with a size larger

than one meter. Higher plotting resolution allows plotting shows the differences between raster and vector. Digitizing
tables are devices that collect vector information from hard-a greater amount of details. Plotting resolution is very im-

portant for images. Usually, the larger the map size copy documents (especially maps). They consist of a flat sur-
face on which documents can be attached and a cursor or puckneeded, and the higher the plotting resolution, the more

expensive the plotter. with several buttons, used to locate and input coordinate val-
ues (and sometimes attributes) into the computer. The resultScanners are devices that sense and decompose a hardcopy

image or scene into equal-sized units called pixels and store of digitizing is a computer file with a list of coordinate values

Figure 1. The different structures of raster and vector infor-
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and attributes per feature. This method of digitizing is called mat. Two different issues need to be considered: how to trans-
form (convert) analog (paper-based) information into digital‘‘heads-down digitizing.’’

Currently, there is a different technique to generate vector form, and how to store information in the appropriate format.
Scanning, and heads-down and heads-up digitizing softwareinformation. This method uses a raster image as a backdrop

on the computer terminal. Usually, the image has been geo- with different levels of automation, transforms paper-based
information (especially graphic) into computer-compatiblereferenced (transformed into a coordinate system related in

some way to the earth). The operator uses the computer form. Text information (attributes) can be imported by a com-
bination of scanning and character recognition software, and/mouse to collect the vertices of a geographic feature and to

attach attributes. As in the previous case, the output is a com- or by manual input using a keyboard and/or voice recognition
software. In general, each commercial GIS software packageputer file with a list of coordinate values and attributes for

each feature. This method is called ‘‘heads-up digitizing.’’ has a proprietary format, used to store locations and attri-
butes. Only information in that particular format can be used
in that particular GIS. When information is converted from

SOFTWARE AND ITS USE paper into digital form using the tools from that GIS, the re-
sult is in the appropriate format. When information is col-

Software, as defined by the AGI dictionary (2), is the collec- lected using other alternatives, then a file format translation
tion of computer programs, procedures, and rules for the exe- needs to be made. Translators are computer programs that
cution of specific tasks on a computer system. A computer pro- take information stored in a given format and generate a new
gram is a logical set of instructions, which tells a computer to file (with the same information) in a different format. In some
perform a sequence of tasks. GIS software provides the func- cases, translation results in information loss.
tions to collect, store, retrieve, manipulate, query and ana- Manipulation software allows changing the geographic in-
lyze, and display geographic information. An important com- formation by adding, removing, modifying, or duplicating
ponent of software today is a graphical user interface (GUI). pieces or complete sets of information. Many tools in manipu-
A GUI is set of graphic tools (icons, buttons, and dialogue lation software are similar to those in word-processors: create,
boxes) that can be used to communicate with a computer pro- open, and save a file; cut, copy, paste, undo graphic and attri-
gram to input, store, retrieve, manipulate, display, and ana- bute information. Many other manipulation tools allow draft-
lyze information and generate different types of output. Point- ing operations of the information, such as: draw a parallel
ing with a device such as a mouse to select a particular line, square, rectangle, circle, and ellipse; move a graphic ele-
software application operates most GUI graphic tools. Figure ment, change color, line width, line style. Other tools allow
2 shows a GUI. the logical connection of different geographic features. For ex-

GIS software can be divided into five major components ample, geographic features that are physically different and
(besides the GUI): input, manipulation, database manage- unconnected, can be grouped as part of the same layer, level,
ment system, query and analysis, and visualization. Input or overlay (usually, these words have the same meaning). By
software allows the import of geographic information (location doing this, they are considered part of a common theme (for
and attributes) into the appropriate computer-compatible for- example, all rivers in a GIS can be considered part of the

same layer: hydrography). Then, one can manipulate all fea-
tures in this layer by a single command. For example, one
could change the color of all rivers of the hydrography layer
from light to dark blue by a single command.

Database management system (DBMS) is a collection of
software for organizing information in a database. This soft-
ware performs three fundamental operations: storage, manip-
ulation, and retrieval of information from the database. A da-
tabase is a collection of information organized according to a
conceptual structure describing the characteristic of the infor-
mation and the relationship among their corresponding enti-
ties (2). Usually, in a database there are at least two com-
puter files or tables and a set of known relationships, which
allows efficient access to specific entities. Entities in this con-
cept are geographic objects (such as a road, house, and tree).
Multipurpose DBMS are classified into four categories: in-
verted list, hierarchical, network, and relational. Healy (3) in-
dicates that for GIS, there are two common approaches to
DBMS: the hybrid and the integrated. The hybrid approach
is a combination of a commercial DBMS (usually, relational)
and direct access operating system files. Positional informa-
tion (coordinate values) is stored in direct access files and at-
tributes, in the commercial DBMS. This approach increases
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access speed to positional information and takes advantage of
DBMS functions, minimizing development costs. Guptill (4)Figure 2. A graphic user interface (GUI) for a GIS in a restaurant
indicates that in the integrated approach the Standard Querysetting and the graphic answers to questions about table occupancy,

service, and shortest route to Table 18. Language (SQL) used to ask questions about the database is
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replaced by an expanded SQL with spatial operators able to rants, from engineering to law firms); educational institutions
(from universities to school districts, from administrators tohandle points, lines, polygons, and even more complex struc-

tures and graphic queries. This expanded SQL sits on top of researchers); and private citizens. As indicated earlier, the
use of GIS requires software (that can be acquired from athe relational database. This simplifies geographic informa-

tion queries. commercial vendor), hardware (which allows running the GIS
software), and data (with the information of interest). As indi-Query and analysis software provides new explicit informa-

tion about the geographic environment. The distinction be- cated by Worboys (7), ‘‘data are only useful when they are
part of a structure of interrelationships that form the contexttween query and analysis is somewhat unclear. Maguire and

Dangermond (5) indicate that the difference is a matter of of the data. Such a context is provided by the data model.’’
Depending on the problem of interest, the data model may beemphasis: ‘‘Query functions are concerned with inventory

questions such as ‘Where is . . .?’ Analysis functions deal simple or complex. In a restaurant, information about seating
arrangement, seating time, drinks, and food are well definedwith questions such as ‘What if . . .?’.’’ In general, query and

analysis use the location of geographic features, distances, di- and easily expressed by a simple data model. Fundamentally,
you have information for each table about its location, therections, and attributes to generate results. Two characteris-

tic operations of query and analysis are buffering and overlay. number of people it seats, and the status of the table (empty
or occupied). Once a table is occupied, additional informationBuffering is the operation that finds and highlights an area

of user-defined dimension (a buffer) around a geographic fea- is recorded: how many people occupy the table; when it was
occupied; what drinks were ordered; what food was ordered;ture (or a portion of a geographic feature), and retrieves infor-

mation inside the buffer, or generates a new feature. Overlay the status of the order (drinks are being served, food is being
prepared, etc.). Questions such as, What table is empty? Howis the operation that compares layers. Layers are compared

two at a time by location and/or attributes. many people can be seated at a table? What table seats seven
people? Has the food ordered by table 11 been served? HowQuery and analysis are the capabilities that differentiate

GIS from other geographic data applications such as com- long before table 11 is free again? are easily answered from
the above information with a simple data model (see Figureputer-aided mapping, computer-aided drafting (CAD), photo-

grammetry, and mobile mapping. 2). Of course, a more sophisticated data model will be re-
quired if more complex questions are asked of the system. ForVisualization in this context refers to the software for vi-

sual representation of geographic data and related facts, facil- example, What is the most efficient route to reach a table
based on the current table occupancy? If alcoholic drinks areitating the understanding of geographic phenomena, their

analysis, and interrelations. The term visualization in GIS ordered at a table, how much longer will it be occupied than
if nonalcoholic drinks are ordered? How long will it be beforeencompasses a larger meaning. As defined by Buttenfield and

Mackaness (6), ‘‘visualization is the process of representing food is served to Table 11 if the same dish has been ordered
nine times in the last few minutes?information synoptically for the purpose of recognizing, com-

municating, and interpreting pattern and structure. Its do- Many problems require a complex data model. A nonex-
haustive list of GIS applications that require complex modelsmain encompasses the computational, cognitive, and mechan-

ical aspects of generating, organizing, manipulating, and is presented next. This list gives an overview of many fields
and applications of GIS:comprehending such representation. Representation may be

rendered symbolically, graphically, or iconically and is most
often differentiated from other forms of expression (textual, Siting of a new business. Find the best location in this re-
verbal, or formulaic) by virtue of its synoptic format and with gion for a new factory, based on natural and human re-
qualities traditionally described by the term ‘Gestalt.’ ’’ It is sources.
the confluence of computation, cognition, and graphic design.

Network analysis. Find the shortest bus routes to pick upVisualization is accomplished through maps, diagrams,
students, for a given school.and perspective views. A large amount of information is ab-

Utility services. Find the most cost-efficient way to extendstracted into graphic symbols. These symbols are endowed
the electric service to a new neighborhood.with visual variables (size, value, pattern, color, orientation,

and shape) that emphasize differences and similarities among Land Information System. Generate an inventory of the
those facts represented. The joint representation of the facts natural resources of a region and the property-tax reve-
shows explicit and implicit information. Explicit information nue, using land parcels as the basic unit.
can be accessed by other means such as tables and text. Im- Intelligent car navigation. What are the recommended
plicit information requires, in some cases, performing opera- speeds, geographic coordinates of the path to be fol-
tions with information such as computing the distance be- lowed, street classification, and route restrictions to go
tween two points on a road. In other cases, by looking at the from location A to location B?
graphic representation, we can access implicit information.

Tourist Information System. What is the difference in driv-For example, we can find an unexpected relationship between
ing time to go from location A to location B, followingthe relief and erosion that is not obvious from the explicit
the scenic route instead of the business route? Andinformation. This is the power of visualization!
where, along the scenic route, are the major places of
interest located?

Political campaigns. Set the most time-efficient scheduleUSING GIS
to visit the largest possible number of cities where un-
decided voters could make the difference during the lastGIS is widely used. Users include national, state, and local

agencies; private business (from delivery companies to restau- week of a political campaign.
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Marketing branch location analysis. Find the location and quality level. Most GIS commercial products have no tools to
judge the quality of the data used: Therefore, it is up to themajor services to be offered by a new bank branch,

based on population density and consumer preferences. GIS user to judge and keep track of information quality.
Another limitation of GIS technology today is the fact thatTerrain analysis. Find the most promising site in a region

GIS systems, including analysis and query tools, are sold asfor oil exploration, based on topographic, geological,
‘‘black boxes.’’ The user provides the geographic data, and theseismic, and geomorphological information.
GIS system provides results. In many cases the methods, al-
gorithms, and implementation techniques are considered pro-
prietary and there is no way for the user to judge theirQUALITY AND ITS IMPACT IN GIS
quality.

More and more users are starting to recognize the impor-The unique advantage of GIS is the capability to analyze and
answer geographic questions. If no geographic data is avail- tance of quality GIS data. As a result, many experts are con-

ducting research in the different aspects of GIS quality.able for a region, of course, it is not possible to use GIS. On
the other hand, the validity of the analysis and quality of the
answers in GIS are closely related to the quality of the geo- THE FUTURE OF GIS
graphic data used. If poor quality or incomplete data were
used, the query and analysis would provide poor or incom- GIS is in its formative years. All types of users have accepted
plete results. Therefore, it is fundamental to know the quality the technology and it is a worldwide multibillion-dollar indus-
of the information in a GIS. Of course, the quality of the anal- try. This acceptance will create a great demand for digital
ysis and query capabilities of a GIS is also very important. geographic information in the near future. Commercial satel-
Perfect geographic data used with poor-quality analysis and lites and multisensor platforms generating high-resolution
query tools generates poor results. images, mobile mapping technology, and efficient analog-to-

Quality is defined by the U.S. National Committee Digital digital data conversion systems, are some of the promising
Cartographic Data Standard—NCDCDS (8) as ‘‘fitness for approaches to the generation of geographic data.
use.’’ This definition states that quality is a relative term: GIS capabilities are improving. This is a result of the large
Data may be fit to use in a particular application but unfit for amount of ongoing research. This research includes the areas
another. Therefore, we need to have a very good understand- of visualization, user interfaces, spatial relation languages,
ing of the scope of our application to judge the quality of the spatial analysis methods, geographic data quality, three-di-
data to be used. The same committee identifies five quality mensional and spatio-temporal information systems, and
components in the context of GIS in the Spatial Data Transfer open software design. These efforts will result in better, reli-
Standard (SDTS): lineage, positional accuracy, attribute accu- able, faster, and more powerful GIS.
racy, logical consistency, and completeness.

SDTS is the U.S. Federal Information Processing Stan-
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