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Introduction

In the database community, GIS are primarily associated with spatial databases, and therefore a large
amount of the research effort in databases for GIS is
related to spatial structures and access methods (see
section 7). Research has also considered data modelling [69, 25, 561, query language constructs and optimization (see sections 5 and 6), temporal data support
[64, 38, 541, and experimenting with existing DBMS to
manage georeferenced data (section 8). Database specialists often ignore many concerns that underly endusers’ applications, such as data accuracy evaluation,
feature generalization, fuzziness of geometric boundaries or need for versatile data analysis tools.
End-users are concerned with GIS functional issues
There has been intensive work on data collection procedures and error elimination (see section 2); representation of geographic reality (section 3); operators and
functions for data analysis and result interpretation
(section 4); and output formatting (section 5). Users
assumea database to be a fundamental part of GIS, but
the definition of what is a “database system” is very
fuzzy. The term is applied to a variety of notions, from
a set of unrelated flat files which are accessedby a georeferenced data handler to a real DBMS which supports
an extended query language and has a (cartographic)
interactive interface.

The problems of discussing Geographic
Information
Systems - GIS, for short - begin with defining this term.
There are countless definitions for GIS, each based on
the type of user and application domain [43]. The more
general definition [24] would be “a digital information
system whose records are somehow geographically referenced”. For more precise definitions, one may emphasize their functional capabilities (e.g., that GIS capture
and processspatial data) or the applications supported
(linking the definition to the type of problem solved).
Others stress the fact that GIS are ultimately tools to
be usedfor decision support. Last but not least, a GIS is
database-dependent (“a database system that supports
management of spatial data”).
Depending on the definition, different issuesare considered. This paper analyses database support for GIS
and takes into account the following properties: GIS
perform data management and retrieval operations for
georeferenced
data; such data is time and space specific; the data that must be integrated into GIS comes in
distinct formats, from different sources and geographic
locations, and is captured by various types of devices;
it occupies considerable amounts of space and requires
specialized analysis and output formatting operations,
not available in commercial database systems.
The term georeferenced
refers to data about geographic phenomena associated with its location, spatially referenced to the Earth [ll]. Georeferenced entities are characterized by their specific properties (such
as density) and their spatial relationships with other
entities (e.g., distance). Given the nature of georeferenced data, present DBMS facilities need to be extended
to provide adequate support to GIS applications.
Literature on GIS is mostly of two kinds: research
performed by computer scientists, and research conducted by end-users (e.g., cartographers, geographers
or social scientists). The sections that follow discuss
some of the issuesconsidered by these researchers.
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GIS

applications

and data

applications involve several domains of knowledge.
Examples are 151:urban planning, route optimization,
public utility network management, demography, cartography, agriculture, natural resourcesadministration,
coastal monitoring, fire and epidemics control. Each
type of application deals with different features, scales
and spatio-temporal properties.
[43] distinguishes three main categories of GIS applications: socioeconomic
applications (covering assembly
and analysis of spatial data about the land, the people
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and infrastructure);
environmental
applications; and
management
issues for the other two types of applications. Another canonical division (usually assumed
by GIS vendors) is based on the geographic scale with
which the application is concerned. AM/FM(automated
mapping/facilities management, where cadastral applications play a major role) considers data on larger
scales that range roughly from 1:500 to 1:20.000. Environmental applications are those where scalesare much
smaller (e.g., down to 1:5.000.000). These taxonomies
are not absolute, since environmental planners may also
use cadastral data, and facility management may require environmental studies.
Geographic data has four main characteristics [5]:
its geographic position (coordinates); its attributes (data
values); its topological relationships; and its time components. Once stored into a GIS, this data can be classified into three main categories [48]:
l

conventional
data - traditional alphanumeric attributes, handled by conventional DBMS;

l

spatial

l

pictorial

data - attributes that describe the geometry and location of geographic phenomena. Spatial data has geometrical (e.g., size) and topological (e.g., connectivity) properties.
data - attributes that store images (e.g.,
photos) and are managed by image processing
functions.

The questions to be asked from a GIS are:
l

What kind of data is this?

l

Where does data refer to?

l

When does data refer to?

l

How accurate

l

Who is posing the questions?

is it?

The first three questions reflect the spatio-temporal nature of georeferenced data. The fourth question permeates all work on data capture, editing and transfer, and reflects the fact that storing data about geographic phenomena for computer processing usually
requires discretization of nature, which introduces errors. Finally, the last question refers to the fact that
GIS are ultimately planning tools for decision support.
Thus, different users may pose the same question but
will want to be shown answers tailored to their level of
need.
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3

Data

Models

Traditional data modelling techniques are not adequate
for dealing with geographic information.
Difficulties
arise from the fact that most geographic data must be
considered with respect to the location where it is valid,
the time of the observation and its accuracy.
The modelling of georeferenced data by end-users
is associated with different perceptions of the world:
the field model and the object model [23, 241. These
models are mapped into different structures: tesseral
and vector. Discussionson the appropriateness of using
one or the other generated the so-called “raster-vector
debate” [15].
The field view seesthe world as a continuous surface (layer) over which features vary in a continuous
distribution (e.g., atmospheric pressure). Each layer
corresponds to a different theme (vegetation, soil). Entities are created in the modelling process and do not
exist independently. Bather, they are used to partition
the field in areas (e.g., by soil type). Emphasis is on
contents of these areas, rather than their boundaries.
The object view treats the world as a surface littered
with recognizable objects, which exist independent of
any definition (e.g., a given river). In this model, two
objects can occupy the same place (e.g., a beach on
the river bank). Database entities correspond to these
recognizable objects.
Field data is processed in tesseral format (spatial
objects described as polygonal units of space - cells in a matrix). Each cell contains one thematic value
(i.e., there cannot be two types of soil for a given cell).
Cells may have different shapes; square cells are called
pixels. The raster format (which is often used as the
generic name for tesseral data) is just one special type
of tesselation with rectangular grid format, organized
in line scan order. In this case, coordinates are not
stored, but rather derived by the position of the cells
in the scan order.
Object data is processed as points, lines and polygons (the vector format model), using lists of coordinate pairs. Boundaries of regions are stored precisely,
and several attributes can be associated to a single element. Networks are a special caseof vector data, where
elements are sets of links and nodes. They are used
for facility management and network analysis (e.g., in
transportation or hidrology). This type of format is
usually more adequate for representing man-made artifacts (e.g., bridges) and in AM/FM, whereas the field
model is adopted mostly in environmental applications.
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Spatial
s hips

Operators

and Relation-

Little has been done to identify and formalize GIS key
functional requirements,
in terms of basic spatial operators and supported relationships.
A considerable effort
has been undertaken to process and store georeferenced
data. However, available systems lack sophisticated
analysis facilities [21]. The problem is largely due to
the wide spectrum of application domains and variety
of users, who have different types of expectations and
views of the basic facilities GIS should provide [43]: the
cartography view expects services in terms of map processing and display systems; the database view stresses
the need for database support, but does not count on
sophisticated data analysis functions; the latter are the
focus of the spatial analysis view.
Spatial relationships (e.g., distance, adjacency, containment) and operators depend on factors such asscale,
time, point of view and preciseness of their specification (e.g., [51, 341). [57] contains one of the first comprehensive attempts to try to formalize GIS functional
requirements, expressed in a temporal logic language.
As pointed out in this study, in the absence of unified theories of time, space and accuracy, distinct GIS
adopt different procedures to reason about these factors. Thus, it is impossible to establish a fixed, standard, set of rules or procedures to deal with them.
The absence of a basic set of primitive spatial operators and relationships is reflected by the diversity
of GE query language constructs. The definition of
such a set is one of the open issuesfor the end-users’
community: each type of application requires different
functions. However, all such functions can be broadly
classified into [42]:
a) capture, transfer, validation and editing - this is
the most expensive part of GIS creation. The system
must take into account errors that occur in data capture and transformation, and provide userswith means
of determining the accuracy of answers.
b) store and structure - these determine (and are
dependent on) the type of operations that are to be
later allowed. The raster-vector debate is intimately
connected with the choice of these functions [15].
c) restructure, generalize and transform - these allow the modification of stored data, either by conversion of data formats, or by scale changing, rotation,
translation and aggregation.
d) query and analysis - spatial queries ultimately
involve some data analysis function. Problems range
from selection of georeferenced entities to their display.
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Even when relationships and operators are precisely
defined, their implementation is problematic. Most
such functions are computed at query processing time,
and involve going through large data sets, where data
has different scales and sometimes fuzzy boundaries.
In some cases,the use of spatial indices is possible (see
section 7). In other cases, it is claimed that objectoriented systems can help, since composition may allow
implicit indication of some relationships (e.g., containment ) .

5

Interfaces

interfaces usually support two types of interaction
mechanisms, discussedin this section:
GIS

0 textual query languages
l

interactive manipulation of geographic elements

Two issues must be considered: the adequacy of
these mechanisms for spatio-temporal querying, and
the actual output provided.
The initial cost of input processing is commonly 5
to 10 times the cost of GIS hardware and software [5].
During data input, the spatial and non-spatial components of georeferenced entities must be entered and
correctly linked. Many of the most difficult issuesconfronting GIS applications, and especially those based
on map data, arise from data preparation steps - e.g.,
problems associated with map interpretation, coordinate system incompatibilities or image analysis [43].
Output processing involves sophisticated display procedures and requires knowledge of computer graphics
and image processing. One important output requirement that has not yet been satisfactorily handled is to
allow tailoring visualizations of the same data so that
users can switch between several data displays of the
same georeferenced entities.

5.1

Textual

queries:

extended

SQL

Different extensions have been proposed to SQL to transform it into a spatial language. The unsuitability of this
approach is discussed in [18]. The following shortcomings are pointed out:
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l

difficulties of incorporating spatial
concepts
of graphical specification and display into an SQL
(flat table) framework;
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l

the lack of power of the relational model to support qualitative
answers, knowledge and metadata queries.

[18] points out that any spatial SQL extension is a short
term solution for an interactive GIS query language. It
is claimed that the extensions to SQL fail to provide a
real GIS query language, and that they transfer to the
programmer the burden of simulating spatial concepts.
Nevertheless,
a considerable amount of effort has
been directed towards overcoming these problems, with
different extensions for relational systems.
Proposed
enhancements
include the introducing of new spatial
data types, functions, statements
and graphical capabilities to represent spatial data. There is little concern
with the output format, and most systems provide only
default display screens.
Examples are the picture querying language of [59];
the SAND system [3], which extends a relational DBMS
with spatial operations, keeping spatial data apart from
textual data; the extended SQL of [41] which accepts
geometric operators and where cursors can be defined
to select geographic entities; and the work of [48].

5.2

Other

textual

query

mechanisms

Various other (textual) query mechanisms are described
in GIS literature.
In [70] the query language QPF is
discussed. This language is used in a vector-based GE
which incorporates the AI notion of frames to help users
pose their queries. A query may be formulated using
forms (visualization
of frames) or by clicking menus.
(611 extend the 02 object-oriented
language with geometric and topological operators for a vector model, in
cartographic
applications.
[40] uses a set of knowledgebaaed tools to perform queries for region classification.

5.3

Visual

languages

A query language is said to be visual whenever the semantics of the query is expressed by a drawing. Most of
these languages are based on graph visualization, often
incorporating
hypermedia facilities (e.g., [14]). Until
now, visual languages and hypermedia concepts have
not been much considered in the field of geographic information management and processing [lo].
A visual GIS query language must allow selection of
objects based upon their spatial location, and support
reference to objects in a drawing, letting users directly
manipulate representations
of geographic phenomena.
Some systems already allow users to specify fuzzy spa-
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tial concepts (e.g., nearness) through drawings, but visual querying facilities are still limited.
One important
issue in GIS not yet supported by
these languages is that qualitative analysis in planning
is often based on visually comparing intermediate query
results. Thus, visual queries must provide means for allowing users to directly manipulate alternatives, placing results in their proper graphical context. A good
example of this last point is given in [19]: when the
answer to a graphical query is a given city, it is useless
to present a point in the screen, labelled by the city’s
name. Rather, the output must provide enough contextual (spatial) information so the user can effectively
understand the answer.

5.4

Image

databases

Many GIS applications require retrieval of images. Usually, images are preprocessed by the user according to
some value partitioning scheme (e.g., using pixel classification strategies).
Afterwards,
queries retrieve images
based on the classification result. In most GIS, images
are treated as long (text) fields, and thus there is no
possibility for content-based
image retrieval (such as,
for instance, described in [32]).
As stressed by [55], image databases must associate
some sort of structure to images in order to allow content queries. Query results depend not only on the
matching of image structure and query content but also
on the accuracy of the image stored (due to the errors
during the image entering and analysis process).
The spatial nature of image data is another issue
that must be considered in queries on image databases.
[29] discusses how to structure images for spatial querying purposes.
As pointed out, most image databases
cannot handle queries by image content, especially if
accompanied by some spatial predicate (e.g., finding a
river that has a 90’ bend). Advantages and drawbacks
of distinct approaches for querying images are discussed
in [50].

6

Query

optimization

As mentioned in [26], standard query optimization techniques are not always suited to scientific databases. It
is remarked that many operations (e.g., those involving
matrix transformations)
are not easy to integrate into
standard query processing systems, and suggested that
in some cases optimization may be achieved by embedding part of this processing into the storage management subsystem.
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Some of the problems are due to the amount, complexity and variety of data available. Other problems
deal with the fact that strategies for accessing data on
(approximate)
spatial predicates are not the same as for
other types of predicates. Furthermore,
different users
may want to analyze and cluster the same data in distinct ways, which complicates data placement strategies. Several of these optimization concerns are similar
to those of optimizing object-oriented
query languages
P3, 91.
Spatial optimization
proposals differ in capabilities
and degrees of freedom they provide the optimizer, as
a result of the manner in which spatial and non-spatial
data is integrated [4]. Spatial query optimization usually involves two steps: filter and refinement [49, 371.
In the first step, a spatial index is used to select entities that may satisfy the query, and discard all others. The performance of this step depends on the spatial distribution
of entities, as well as on the space decomposition strategy employed to build the index. In
the refinement step, the query processor goes through
the remaining candidates to select the desired result.
The performance
of this refinement step depends on
the number of refined objects and their complexity.
[48] adopt the strategy of dividing the query into
its spatial and non-spatial components, which are optimized and processed separately, and their results are
afterwards
composed. A similar policy is discussed in
[41.
Related work concerns how to improve the efficiency
of spatial operations through the use of computational
geometry algorithms (e.g., 1351). As well, these operations can be speeded up by appropriate access methods
(see next section).

7

Data Storage
cess Met hods

and

Spatial
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bucketing data using the concept of minimum
bounding rectangle, grouping nearby objects in
hierarchies;

l

dividing space into disjoint cells, which are mapped
into buckets.

Reports on spatial index performance for GIS are
usually related to restricted types of queries. Examples of comparative studies are [17] for different types
of R-trees; [37], discussing query processing under several filter techniques; [33], for queries on line segment
databases; and [58], where spatial join indices are considered to optimize spatial join operations on grid files.
[17] differs from other studies in that the analysis considers that queries are interspersed with insertions and
deletions to the spatial files. A benchmark for spatial
queries was proposed in [65]. [36] analyze the influence
of the container (box) shape to speed up the filtering
stage.

8

Architectural

Aspects

The rapid growth in GIS has resulted in a large number
of systems, each of which with its own data handling
and storage characteristics. Most GIS are still basedon
image and spatial data handlers coupled to a file manager, without any database facility. Data is partitioned
according to the procedures that will be applied, and
queries consist of sequencesof procedures executed on
these partitions.
The coupling of DBMS
to GIS data processing requirements has been done according to three architectures:
l

proprietary systems - a special-purpose database
is tightly coupled with spatial data processing
modules. Users cannot access the database directly and data cannot be migrated to other DBMS;

l

layered systems - a standard DBMS
is used as
a basis for spatial data access functions. Users
can access the database directly, and data can
be ported into other systems. Most special purpose features (e.g., geometric and image processing modules) are implemented by external packages.

l

extensible systems - these use the facilities provided by extensible relational or object-oriented
DBMS
embedding the spatial dimension in the system. The formulation of spatial queries is directly
supported in the extensible query language.

Ac-

There exists a great amount of literature on spatial data
structures and access methods (e.g., [SO]). According to
[27], there is no consensus on which are the appropriate
methods to implement into a DBMS,
since there are few
reports on performance of these methods.
To build an index, spatial entities are mapped into
points in a k-dimensional
space or circumscribed
by
containers (buckets, or rectangular boxes). These new
entities (points or containers)
are next placed in an
index structure
(e.g., trees, hash). The approaches to
decompose space for indexing can be classified into [33]:

l

111

Most of the above are implemented using relational systems. Recently, there have been some prototypes
developed on top of object-oriented
systems, but there is
a lack of experimentation
using real data. Examples
of these architectures
for different types of underlying
DBMS

9

are:

l

rela2ional. Data is usually in vector format. Storage management is often handled by two systems: the relational DBMS supports
alphanumeric data, and another system processes spatial data [S]. One example is the ARC-INFO
[46]
commercial system, which combines thematic layers with the vector model.

l

extensible relational - these rely on facilities provided by extensible relational models. Examples
of the use of this approach are [30], who describe
the modelling and implementation
of GIS using
Starburst; [67], who add R-tree and graphical display modules on top of POSTGRES;
and [11’s
spatial database toolkit.
The TIGRIS system
[31], though claiming to be object-oriented,
is in
fact a modified relational system with handles.

l

object-orientedbased on variations of the objectoriented paradigm, either using an object-oriented
database or an object-oriented
programming
environment.
Examples are the implementation
of
geographic relationships on the Zenith object manager [34]; the GODOT
geo-object management
system for vectorial data using ObjectStore
[28];
the use of the 02 object-oriented
system for cartographic applications [61] and environmental control [52]; and the comparative study reported on
[45] using ONTOS.

l

rule-based - these systems are designed with specific applications in mind, and usually result from
coupling an expert system to a relational DBMS.
Rules help users in their queries, by performing
inferences on stored data. Most rule systems deal
exclusively with alphanumeric
data (e.g., [63]).
Some support processing fuzzy queries on spatial
relationships
(e.g. [66, 40, 681).

Other

Issues

This paper discussed some of the issues that arise when
dealing with database support for GIS, given the different points of view of end-users and database researchers.

112

There are many other (open) issues in database support for GIS applications.
The first issue to consider
is that different families of applications demand distinct types of database support: specific data models,
analysis functions, storage and indexing schemes, special query languages and application-tailored
I/O facilities. Thus, it seems unlikely that a general-purpose
all-encompassing
database for GIS will ever exist.
Second, one must keep in mind that many of these
open problems are due to the nature of georeferenced
data itself. Some of these problems are common to
many other scientific database applications - e.g., the
fact that there are large amounts of complex data, and
that data varies with time. Other problems originate
from the spatial dimension (which introduces for instance the issues of spatial integrity constraints
and
spatial query processing), errors in data collection and
integration (see section 2), and output processing (e.g.,
different contexts and scales).
Third, some issues have been subject to database
research, independent of GIS demands (e.g, active or
temporal systems) and others are related to users’ still
incomplete understanding
of their requirements
(e.g.,
the formalization of spatial relationships).
Many other areas of database research, not mentioned in this paper, will contribute directly to the improvement of GIS. Among them can be cited: spatiotemporal management systems (e.g., [38,64,7,39,54]),
data mining for determining correlation among stored
data (e.g., [2]), active systems for decision support in
planning applications [68, 71,531, version control [8,47,
441 long transaction nanagement and recovery [S] and
management of heterogeneous and distributed databases
to integrate GIS data [20, 12, 22, 62, 161.
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