Fonseca, F., Egenhofer, M., Agouris, P., and Camara , G. (2002) Using Ontologies for Integrated
Geographic Information Systems.  Transactions in GIS 6(3): pp. 231-257.

Using Ontologies
for Integrated Geographic Information Systems

Frederico T. Fonseca

School of Information Sciences and Technology

The Pennsylvania State University

Max J. Egenhofer
Peggy Agouris

National Center for Geographic Information and Analysi
and
Department of Spatial Information Science and Engingeri
University of Maine, Orono, ME 04469-5711, USA

and

Gilberto Camara
National Institute for Space Research (INPE)
Image Processing Division - Brazil

Abstract

Today, there is a huge amount of data gathered about tile, Bat only from new spatial
information systems, but also from new and more stphied data collection technologies. This
scenario leads to a number of interesting researdlemfpas, such as how to integrate geographic
information of different kinds. The basic motivatiori this paper is to introduce a GIS
architecture that can enable geographic informatioggnation in a seamless and flexible way
based on its semantic value and regardless of its repatiee. The proposed solution is an
ontology-driven geographic information system that asta system integrator. In this system, an
ontology is a component, such as the database, comgetatfulfill the system's objectives. By
browsing through ontologies the users can be provided imfilnmation about the embedded
knowledge of the system. Special emphasis is given tedke of remote sensing systems and
geographic information systems. The levels of ontotogen be used to guide processes for the
extraction of more general or more detailed infornmatithe use of multiple ontologies allows the
extraction of information in different stages of clfisation. The semantic integration of aerial
images and GIS is a crucial step towards better geospatibdling.
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1 Introduction

Today, there is a huge amount of data gathered about tile, Bat only from new spatial
information systems, but also from new and more stpaied data collection technologies.
During the last few years, data from one-meter reswiusatellites have become commercially
available, and unmanned aerial vehicles can provide trsagrial video over rapidly evolving
focused scenes. The use of GPS devices is so commoy tteadathey are available even in
wristwatches. At the same time, global networking amel ¢ontinuous development of new
application domains have introduced important changes farmation dissemination and
application processes. Contemporary information syseamdecoming increasingly distributed
and heterogeneous. Digital Libraries are a componaisoémerging trend towards knowledge-
based distributed environments. Considering geographicmatayn systems (Longlegt al.
1999) this scenario leads to a number of interestingnasehallenges. One of them is on how to
integrate geographic information of different kinds atedéht levels of detail. It is widely
recognized that the need to integrate information isressing that we often accept loss of detail
to achieve it.

The goal of this paper is to find a GIS architectureé taa enable geographic information
integration in a seamless and flexible way based ®rsetmantic value and regardless of its
representation. To this end, it is necessary to dp\elconceptual model for geographic data and
its computer representation. The most widely acceptedmocomconceptualization of the
geographic world is based on ideas of objects and fieldaq€lis 1992; Goodchild 1992). The
object modekepresents the world as a surface occupied by discdetaijfinble entities, with a
geometrical representation and descriptive attributess@ bbjects are not necessarily related to
a specific geographic phenomenon. Human-built features, ascloads and buildings, are
typically modeled as objects. Thield modelviews the geographic reality as a set of spatial
distributions over the geographic space. Climate, vegetatover, and geological maps are
typical examples of geographic phenomena modeled as fdidsugh this simple dichotomy has
been subject to objective criticism (Burrough and Frank 198&)as proven a useful frame of
reference and has been adopted, with some variatiotise idesign of the current generation of
GIS technology (Camaret al. 1996).

One important problem of field-object models is thatsitonly a very generic conceptual
model, without support for specific semantics for thesdd#it types of spatial data. This problem
has led many researchers to consider the use of g@slas a means of knowledge sharing
among different user communities to improve interopetabdmong different geographic
databases (Smith and Mark 1998; Fonseca and Egenhofer 1999).

The proposed solution is an ontology-driven geographic mrdtion system (ODGIS) that
acts as a system integrator independently of the mOa&hlogies are theories that use a specific
vocabulary to describe entities, classes, properties functions related to a certain view of the
world. They can be a simple taxonomy, a lexicon dhesaurus, or even a fully axiomatized
theory. Ontologies here are seen as dynamic, objestted structures that can be navigated. A
definition is given in Gruber (1992): an ontology is an iex@pecification of a conceptualization.
Guarino (1998) makes a refined distinction between an agyohnd a conceptualization: an
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ontology is a logical theory accounting for the intendezhning of a formal vocabulary (i.e., its
ontological commitment to a particular conceptualizatioh the world), whereas a
conceptualization is the formal structure of reality pgsceived and organized by an agent,
independently of the vocabulary used or the actual ocagm@ina specific situation. The intended
models of a logical language that use such a vocabulargarstrained by its ontological
commitment. This commitment and the underlying conceigaian are reflected in the ontology
by the approximation of these intended models.

To understand the role of ontologies in geographic data Imgdeve build on the four-
universes-paradigm for modeling a computer representatiom¢& and Velho 1995). The four
universes are thghysical universewhich comprises the objects and phenomena of thevoelal
that will be modeled in the computer; tlogical universe which includes a formal definition of
these objects and phenomena; iflgresentation universeyhere a finite symbolic description of
the elements in the mathematical universe is madetr@mplementation universesed to map
the elements from the representation universe inta ditictures implemented in a computer
language.

Physical Mathematical Representation

| | | Implementation
Universe

Universe Universe Universe

Figure 1 The four-universes paradigm extended from Gomeselhd {1995)

We added theognitive universé€Figure 2), which captures what people perceive about the
physical universe. The physical universe is the realldvdhe cognitive universe has such
concepts as rivers, land parcels, and soils, the lolgieall has the formal concept of geographic
objects, the geo-ontologies, at the representatiael e have the object and field concepts, an
at the implementation universe are the data structbetsate used to implement the concepts of
the previous level, including vector and raster geomgt@désaraet al. 2000).
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Figure 2 - The human perspective of the four-universes-ggnadi

In adding the cognitive universe, we highlighted the humasppetive in the four-universes-
model. The point of view of an individual or a group of wdlials is perceived in the cognitive
universe and modeled in the logical universe. Gooddhtildl. (1999) define GIScience as the
systematic study according to scientific principles o tlature and properties of geographic
information. GlScience is mainly concerned with eéhegeas, théndividual, the Systemand the
Society This paper addresses the intersectiomdividual andSystemWe start in théndividual
area using the individual perception of the geographic worladlized into geo-ontologies and
go to the software components, extracted from ontddogfiat can be used in the classification of
images in th&ystenarea.

Research on geographic information integration hasestavith the implementation universe
and later moved towards the representation universeagpmoach is reverse, working on GIS
interoperability solutions that start from the physicgnitive and logical universes. After a
framework based on the physical universe has been deésigmeork on the logical universe, the
solutions available on the representation and impleatient universes can be used in a
complementary form.

Therefore, we consider that geo-ontologies should begbkential components of the logical
universe for geographic data modeling, which is a view haupported by recent research in
ontologies (Guarino 1998).
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In ontology-driven geographic information systems (ODGES ontology is a component,
such as the database, cooperating to fulfill the systebjectives. The first step to build an
ODGIS is to specify the ontologies using an ontologyoediThe editor stores a formal
representation of the ontologies and provides a translaif the ontologies into a formal
computing language (e.g., Java). By browsing through ontsldge users obtains information
about the knowledge embedded in the system. After tramslahe ontologies are available as
classes. These classes contain the operations andutag that constitute the system's
functionality.

The expected result of this paper is an architectureaforontology-driven geographic
information system. The ontology editor and its embeddamtslator were developed to support
the knowledge generation phase of the architecture hEdarowledge use phase, a user interface
to browse ontologies was also developed and the contdiodjects was extended from Fonseca
and Davis (1999).

In this paper, special emphasis is given to the usinglagital structures for semantic
information integration between geographic informatgystems (GIS) and remote sensing
systems (RSS). By RSS in this paper we refer to leotiections of remotely sensed imagery, like
the ones typically produced by an aerial or satelltes@e Despite substantial efforts, this
integration is still elusive. One of the first stefpsh@ Digital Earth project is to integrate data that
is already available from diverse sources (Gore 1998) dékelopment of new sensors and new
data collection strategies is increasing the necefgitthe development of new architectures to
enable geographic information integration.

The environment uses different levels of ontologiegu@e processes for the extraction of
more general or more detailed information and to atleevextraction of information in different
stages of classification.

The strongly typed mapping of classes from multiple ontetogirovides a high level of
integration. Also, by navigating inside an ontology-dedliclass hierarchy, the user is provided
with a guide for generalization operations. This potéttigxtract different levels of information
inside the framework of an ODGIS is essential for modkecision making. The use of ontologies
in GIS development also enables knowledge sharing andnafon integration. The proposed
approach provides dynamic and flexible information exghaand allows partial integration of
information when completeness is impossible. Our appraadased on the commitment of
communities to common ontologies. The structure usedpiesent the ontologies is flexible and
can be opposed to standard-seeking. Standards take a longnthect as a barrier. Despite
initiatives such as Spatial Data Transfer Standard §OQUSGS 1998), the Spatial Archive and
Interchange Format (SAIF) (Sondheehal. 1999), and OpenGIS (McKee and Buehler 1996),
the use of standards as the only means to achievepetability is not widely accepted. Since
widespread heterogeneity arises naturally from a fre&enhaf ideas and products there is no
way for standards to banish heterogeneity by decreea@drmid and Pu 1990). The use of
semantic translators in dynamic approaches is a maxrerfid solution for interoperability than
the current approaches, which promote standards (Bishr 1997).
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The ODGIS approach leads to better integration tharoadvethods like the import of raster
data into GISs, or the import of vector data into REH3GIS offers a common ground in which
the two models/technologies can meet each other.sbhigion enables the seamless integration
of legacy systems that often contain valuable infoiona The importance of the integration of
pre-existing systems is pointed out in Abehl. (1994).

The remainder of this paper is organized as followsti@e@ presents a review of related
work. Section 3 describes the framework for an ontoldrgyen geographic information system
and the basic system architecture. Section 4 preséetsODGIS perspective of image
classification. Section 5 presents conclusions and futor&.

2 Related Work

The use of objects and fields under the same framewdrkgssought for by the GIS and remote
sensing communities. Some solutions have appeared, batisygatisfactory (Poulter 1996). In
section 2.1 we discuss the integration of objects alu$ fieto an integrated GIS. This integration
is important, because remote sensing images can beasedréct and update information in a
GIS (Ehlerset al. 1989; Agouriset al. 2000), pre-existent information can improve image
interpretation (Lillesand and Kiefer 2000) and support and gugketoextraction (Agouris and
Stefanidis 1996). Since the classification process is fuadtal for a subsequent successful
integration, work related to the use of knowledge systenthe classification process is also
reviewed. We review work on the use of Ontologies iormation Systems Development in
section 2.2.

2.1 Integrated Geographic Information Systems

Early discussions on integrated GISs, often referredstdGIS, can be traced to Ehlatsal.
(1991) and Davist al. (1991). For Hinton (1996), the term IGIS has a general imgaof
integrating diverse GIS technologies or reflects a @aai point of view of a community like the
remote sensing one. We use the term IGIS here fointegration of geographic information in
any representation format, including objects and fietdgle a framework that enables the user to
use both in their full extent.

Davis (1991) considers that the greatest impediment tgratien is more conceptual than
technical in nature. Abett al. (1994) consider that the view of integration as the mgrgin
diverse technologies is one of the basic guidelines foew generation of GIS. Research in the
next-generation of GIS has been going on for some @oeiclelis (1992) and Egenhofet al.
(1995) ask for GIS that overcome the limitations ofeasind vector representations, and of the
Euclidean geometry. Pissinat al. (1993) propose directions for the next generation of GIS.
Among them are the use of object orientation andaatiintelligence. Worboys (1995) describes
research areas where computer science plays a migan shaping the next-generation systems
and discusses 3D enabled GIS and knowledge-based GIS. Egenttbfdark (1995) introduce
Naive Geography, a body of knowledge that captures thepeagle reason about geographic
space and time. Future generations of GIS will incorgofatmal models of naive geography.
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Sondheimet al. (1999) consider that the research of interoperabilitytisms is the way to
migrate away from the monolithic systems that doreithé GIS market.

As we will see later on, among the requirements abd-generation GIS that can be fulfilled
by an ODGIS architecture is the ability to support repnéations of incomplete information,
multiple representations of geographic space, and diffdesets of detail. ODGIS can also
enhance software reuse since the architecture addiiesges such as locating, assessing and
adapting software components (Borgbal. 1997). Ontology-driven information systems avoid
the separation of data based only on their represemsati he semantic approach, based on the
concept of geographic entities (Nunes 1991), enables thdessantegration of several kinds of
information through the use of flexible classes. Theksses are composed through the
combination of other classes that can represenidineess of the geographic world. For instance,
one of the common strategies for interoperation & ¢bnversion of various formats into a
common data structure. This new data structure should inedi@ireviously and is usually based
on standards (OpenGIS 1996; Salgé 1999). Our approach definesracdyata structure that is
derived from ontologies.

2.1.1 GIS and Remote Sensing Integration

The recent advances in remote sensing technology, tgtldeployment of new generation of
sensors (high resolution, hyperspectral, polarimetdamahave increased markedly the areas of
application of integrated GIS, including environmental wmg and urban management
(Coulteret al. 1999; Jensen and Cowen 1999).

In an early paper on IGIS, Ehlegs al. (1989) presented a three-level integration process to
be progressively achieved by GIS. These levels are:

* Level 1: includes simultaneous display of both vector aster data and the ability to
transfer pre-processed results of both kinds to the stifewvare modules; this level is
achieved using static data exchange between differeeinsys

» Level 2: here the software modules are still separated can exchange data
dynamically; the user interface and display are commdoth modules;

» Level 3: this is called total integration as opposecheoseamless integration of level 2;
at this level we are dealing with a unique system basea single model of the world
where representation would be at lower levels; thid kihsystem should use an object-
based representation and be able to accommodate itifomraa different levels.

Considering recent trends in theory and applicationshawe to add to the above a fourth
level, in which time would be also seamlessly intezgtafTime has many different uses in GIS,
especially in environmental applications and decisiorkimga and has been the subject of
substantial research in the GIS community. Howetginiegration remains an unsolved problem
(Frank 1998). The system presented here can be classfieded three because it fulfills the
requirements of information integration inside a uniqgaenéwork using a hierarchy to represent
the real world. It also enables the use of the fulepbal of every representation through the
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manipulation of classes by the end user. Time canlkmsmtegrated in an ODGIS framework
through the use of an ontology of Time, but this subgebt addressed here.

2.1.2 Image Interpretation and Knowledge Systems

The development of knowledge-based systems for imageratation has been the subject of a
significant number of efforts in the literature. SPAWCcKeown et al. 1985), SIGMA
(Matsuyama and Hwang 1990) and MESSIE (Clema¢ratl. 1993) use a set of scene knowledge
rules and a hierarchy to incrementally build new objeERNEST (Niemanet al. 1990), AIDA
(Tonjes and Liedtke 1998) and MOSES (Quint 1997) use semargitonedpitalize on the object
structure for interpretation.

Bahr (1998) considers that any kind of image analysis reqgkirewledge. According to him,
the most recent approaches to image understanding usingekiyggwtepresentation can be
summarized by the graph in Figure 3. Our ODGIS approach usel®ges since the beginning
of the process. For instance, for raw data, we cae loatologies for optical sensor images
(LANDSAT) and for active sensors (RADARSAT). In tHeature extraction, the features
themselves are part of ontologies. In scene descrjptieralso need ontologies as can be seen in
AIDA (Tonjes and Liedtke 1998) where high-level concepts sasdandscapeare part of the
system ontology. In ODGIS, the object classes atetstred hierarchically and are derived from
ontologies.

Feature
Extraction Classification Modeling
Raw Feature Object Scene
Data Graph Classes Description
ODGIS

Figure 3 - ODGIS role in image interpretation extendethf(Bahr 1998)

Object recognition in images and the link of extracte@as to explicit representations of the
world are addressed in Pentland (1986). An overview of-sfai@e-art in object extraction from
aerial and satellite images may be found in Greeml. (1995; 1997). Digital image analysis
typically involves modeling real world objects (or altjeonfigurations) and how these models
translate into image variations. These models maydre or less general, affecting the possibility
to find matches between a model and an image. In tigrcdh lead to minimizing misses at the
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risk of false positive responses and vice versa. liiosed we address the issue of different levels
of information and how objects present in an imagebeaassigned to these levels.

Gahegan (1996) and Gahegan and Flack (1996; 1999) present a nevlomad8lS that is

an extension of their previous work (Robeetsal. 1991; Roberts and Gahegan 1993). It is a
framework for a GIS that incorporates both image pregation methods and their use in
geographic analysis and modeling. They use an approach afindelthe feature extraction
process, which is performed only when the user needzahegan and Flack (1996) adapt the
concept ofbinding from the database community. Hel#nding is the process of linking the
results of scene interpretation to geographic features.system allows expert and non-expert
users to choose how much they want to interfere enirttage classification process. The main
objective is to allow a single feature in the Gl$h&ve more than one description.

The system has a set of pre-defined frames that osritee description of the features and the
methods available to deal with these features. Gah@@86) and Gahegan and Flack (1996;
1999) call an image view, or view, the result of the scamderstanding process. It is from the
view that the spatial description of features is exé@cThe features are later linked to the frames
to which they belong. The system searches the knowledge using parameters from the user
guery. Based on this search the appropriate image vi@mnied and the query is processed. The
raw image is manipulated according to methods availablehenframe extracted from the
knowledge base. The result is a spatial representatgmtiased with a feature instance. This
instance can be a set of pixels or a set of vectors.

In our approach we address some of the considerationagpaared in Gahegan (1996) and
Gahegan and Flack (1996; 1999). We also provide the abilityefgeographic entity to have
more than one interpretation through the use of roldstlae integration of remote sensing data
inside a GIS framework. We use an approach of developadpdkic ontologies first and then
performing the integration of systems. While Gahegaa Black (1996; 1999) describe an
operational prototype to perform task-oriented analybesnootely sensed data with an emphasis
on the classification process, we present here dmtecture for ontology-driven geographic
information systems used to query and manipulate geogragbicnation existent in either GIS
or RSS. In this paper we emphasize more the use aldbsification process, i.e., the resulting
classes.

Our proposal is to use ontologies to match the featorgsdfin the images to classes in the
ontologies. The use of ontologies early in the proa#ssmage interpretation can deliver
incremental results that can be used in ontology-digesgraphic information systems (ODGIS)
(Fonseca and Egenhofer 1999).

2.2 Ontologies and Information Systems Development

The next generation of information systems should ide 8 solve semantic heterogeneity to
make use of the amount of information available wité &rrival of the Internet and distributed
computing. An information system that aims at solvirgmantic interoperability should

understand the user model of the world and its meaningsrstiawe the semantics of the
information sources, and use mediation to satisfy nf@mation request regarding the above
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mentioned sources and users (Sheth 1999). Ontologies play eolkein enabling semantic
interoperability, and it has been suggested (Sheth 1999)rékatirch focuses on a specific
domain, such as GIS, before more general architeatarebe developed.

Ontology-driven information systems (Guarino 1998) areedbasn the explicit use of
ontologies at development time or at run time. The dsentologies in GIS development has
been discussed by Frank (1997) and Smith and Mark (1998). Ontplagng a software
specification role was suggested by Gruber (1991). Nunes (199t¢gaiut that the first step in
building a next-generation GIS would be the creation sysdematic collection and specification
of geographic entities, their properties, and relati@stology plays an essential role in the
construction of GIS, since it allows the establishimef correspondences and interrelations
among the different domains of spatial entities andioals (Smith and Mark 1998). Frank (1997)
believes that the use of ontologies will contributebitter information systems by avoiding
problems such as inconsistencies between ontologids ibuiGIS, conflicts between the
ontological concepts and the implementation, and cts/tietween the common-sense ontology
of the user and the mathematical concepts in the adtvBittner and Winter (1999) identify the
role of ontologies in modeling spatial uncertainty likee tone often associated with object
extraction processes. Kuhn (1993) asks for spatial infasmaheories that look toward GIS
users instead of focusing on implementation issues. @gyalse can also help GIS to move
beyond the map metaphor, which sees the geographic veoldgeas of independent information
that can be overlaid. Several inadequacies of the magpher have been pointed out (Kuhn
1991).

There is a difference in the definition of ontologythe philosophical sense and in the way the
term is used in the Artificial Intelligence (Al) fiel@lGuarino 1998). In Al, ontology is seen as an
engineering artifact that describes a certain realith a specific vocabulary, using a set of
assumptions regarding the intended meaning of the vocabuwlargs. Meanwhile, in the
philosophical arena, ontology is characterized as acpht system of categories reflecting a
specific view of the world. Smith (1998) notes that sirncethe philosopher, ontology is the
science of being, it is inappropriate to talk about a fiiyraf ontologies, as engineers do. To
solve this problem Smith suggests a terminological disbin between referent or reality-based
ontology (R-ontology) and elicited or epistemologicalatogy (E-ontology). R-ontology is a
theory about how the whole universe is organized, anegg@onds to the philosopher's point of
view. An E-ontology, on the other hand, fits the purgosiesoftware engineers and information
scientists, and is defined as a theory about how a gnvidual, group, language, or science
conceptualizes a given domain.

In order to build software components from ontologi¢sis ireasonable to assume that
ontologies are available on the market. As ontologeldgwment technology evolves, the benefits
of ontology use will outweigh the costs of developing th@&ith the success of this technology,
large-scale repositories of ontologies will be avéela diverse disciplines (Farquheiral. 1996),
and previous work has been developed based upon this dtiaésumption (Kashyap and
Sheth 1996). As Frank (1997) assumes, we believe that therecommercial production of
ontologies, and that these ontologies are good enough tigdal. This position is not shared by
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Guarino (1998), however, who believes that the availgbintity of ontological knowledge is
modest, although of good quality. Kemp and Vckovski (1998) considgr although certain
types of geographic phenomena, like discrete objects, lbeee the object of ontology study,
spatially continuous phenomena, like temperature and satumne, have received little attention.
Guarino (1998) suggests the use very generic ontologiesyglithbis solution has the drawback
of limiting the degree of reusability of the softwammponents and knowledge. The other option
is to use an ontology library containing specializedologies of domains and tasks. The
translation of this library into software componergduces the cost of conceptual analysis and
ensures the ontological adequacy of the informatioresyst

3 Ontology-Driven Geographic I nfor mation Systems

The use of an ontology, translated into an activerinéion system component, leads to
Ontology-Driven Information Systems (Guarino 1998) andhespecific case of GIS, leads to
Ontology-Driven Geographic Information Systems (ODG(Bpnseca and Egenhofer 1999).
ODGIS are built using software components derived fronowa ontologies. These software
components are classes that can be used to developppéeatzons. Being ontology-derived,

these classes embed knowledge extracted from ontologies.

The ODGIS structure has two main aspedéisowledge generatiorand knowledge use
(Figure 4). Knowledge generation involves the specificatibthe ontologies using an ontology
editor, the generation of new ontologies from existngs, and the translation of the ontologies
into software components. The knowledge use phase oglieke products from the previous
phase: a set of ontologies specified in a formal langaadea set of classes. The ontologies are
available to be browsed by the end user, and they proweladata information about the
available information. A set of classes that corgalata and operations constitutes the system’s
functionality. These classes are linked to geograph@rnmdtion sources through the use of
mediators.
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Figure 4 - ODGIS schema

3.1 Knowledge Generation

Ontology-driven geographic information systems are supgdayewo basic notions: making the
ontologies explicit before information systems are ettgyed, the hierarchical division of
communities.

The use of explicit ontologies contribute to betteornfation systems because, since every
information system is based on an implicit ontologgkimg it explicit avoids conflicts between
the ontological concepts and the implementation. Furtber, top-level ontologies can be used
as the foundation for interoperable systems becauged¢peesent a common vocabulary shared
by a community.

It is important to stress that we are discussing hetelagies and not database schemas. Our
approach is based on a group of people reaching an agreemehtat are the basic geographic
entities of their world. 1t does not matter if theiges are stored or not in a database. A database
schema represents what is stored in the databasentdlogy represents a view of what exists in
the world. Ontologies are richer in their semantiEntdatabase schemas. The ontologies we deal
with are created from the world of geographic objectse Thformation that exists in the
databases has to be adapted to fill in the classdwadjritologies. For instance, the concept of
lake can be represented differently in diverse databbseshe concept is only one, at least from
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one community’s point of view. This point of view ixpeessed in the ontology that this
community has specified. In the ODGIS architecture,rdeenediators have to act to gather the
main aspects of lake from diverse sources of informatiod assemble the instance of a lake
according to the ontology.

The world is divided into different groups of people. Eacthe$e groups has a different view
of the world. In considering the different groups from pleespective of geography, McKee and
Buehler (1996) named these growgeospatial information communitig€&1C). According to
them, each GIC is a group of users that shares a digitgraphic information language and
spatial feature definitions. Bislet al. (1999) revised this concept considering a GIC as "a group
of spatial data producers and users who share an ontolagglovorld phenomena.” Guarino
(1998) agrees that we should consider an ontology to be tigufsar knowledge base that
describes facts that are always true for a commuritysers. This revised GIC concept is
fundamental for ODGIS because it is a basic assumpfitimsopaper that ontologies of diverse
user communities can be explicitly specified and lategeekif necessary. We use also hierarchies
of groups to generate ontologies of different levels tdidd-or instance, in a city, the mayor and
his/her immediate staff view the city at a higheelefhe department of transportation has a view
that is more detailed than the previous one. Insidelépartment of transportation, the section in
charge of the subway system will have an even momglettview of the city. We should consider
common ontologies as a high-level language that holdsetbommunities together. For instance,
in the department of transportation of a large cityehe a software specialized in transportation
modeling beyond the regular GIS package, and therefore, thaneone data model. But the
conceptualization of the traffic network of the cisythe same among these groups, just one
ontology can hold this conceptualization. So we cantlseedefinition that Bishr (1997) gave
for a GIC: a group of users that share an ontologyhénsblution presented here, we allow the
GIC to commit to several ontologies. The users hagenteans to share information through the
use of common classes derived from ontologies. Thé déwketail of the information is related to
the level of detail of the ontology.

In ODGIS it is necessary that GICs assemble and fgpmatiologies at different levels. The
first ontology specified inside a community is a top-lem&tology. The assumption here is that
this ontology exists and that it can be specified. dinestion of whether thisne ontologyexists
or not is a matter widely discussed without reachingres@&asus. We argue that it exists inside
each community, although it can be sometimes too genBgople inside each community
communicate, and therefore they agree on the most basicepts. The top-level ontology
describes these basic concepts (Figure 5).



Fonseca, F., Egenhofer, M., Agouris, P., and Camara , G. (2002) Using Ontologies for Integrated
Geographic Information Systems.  Transactions in GIS 6(3): pp. 231-257.

g——— — — —— — — — — — ontologyBrowsing ——— —— —— - Qg
Subiordhst
— [RIEYWa ITa
driveway —
[frack: il ]
[ [causewa
[idewalk
e = T—
conduit [fube lepe H
[sluice
passage [-{passageway el |
Mstadium |
[dwelling, Hhouse |
rhousing I{apanmem
camp [|raler camp
5 - [Fports arena
fowse ] ]
1El‘uty Hoh]ect r [building complex ump house
follzge
Mubrary
[[apartment building
parme
foubwiding e
rmeater ]
T iy lelinic
o
research center
lcenter
center
= [hall
Hra
[{office building
[(plane tarivm
[(student union
[|ereenhouse
Heomr
leity ball -
" jehureh el
[ T ¥
Message READY
[%

Figure 5 —Browsing a top-level ontology

After the top-level ontology is specified, more specifintologies can be created. The
assumption of an ODGIS is that these medium-level ogied are created using entities and
concepts specified in higher-level ontologies. Theseauis are specified here in more detail and
new combinations can appear.

For instance, consider a concept suchaés It is a basic assumption of this paper that a
consensus can be reached about which are the basict@®péa lake. Mark (1993) agrees that
a generic definition of a class can be specified bynibst common properties and thus avoid a
rigid definition of exactly what a lake is. More spexiflefinitions can be made at lower levels.
This idea is applied in our multi-level ontology structuréadied in the next section. We also
share the belief of Smith (1998) that these differentcepts will converge on each other leading
to common ontologies. The mechanism introduced by Eardeal. (2000), and supported here,
enables the sharing of the common points of theseidse

A lake can be seen differently by different GICs. Bowater department a lake can be a
source of pure water. For an environment scientigs ia wildlife habitat. For a tourism
department it is a recreation point, while for a tpamgation department it might be an obstacle.
The ontology used for the example is based on a conannat the WordNet ontology (Miller
1995) and the ontology extracted from SDTS (USGS 1998) (Figuiieh6)combination of these
two ontologies is shown in (Rodriguez 2000). From the pafintew of this ontology, a lake “is
a body of (usually fresh) water surrounded by land.” Thi®logy can be considered as a high-
level ontology. Therefore, in an ODGIS framework, ttker concepts of lake should be derived
from this high-level ontology. This is done using interce. The new concepts of lake will have
all the basic properties defined in the WordNet-SDTSlogly plus the add-ons that the GIC
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think are relevant to their concept of lake. The shagepens with the other GICs. If they all
inherit from the WordNet-SDTS lake they will be atdeshare complete information at this level
only, although they can share partial informatioroatdr levels.
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Figure 6 — The class lake in WordNet-SDTS ontology

In order to build the ontologies we have two optionsstFive can consider that these small
communities can assemble with other communities thithsame interests and try to build from
their existing ontologies a high-level ontology that@npasses their lower level ontologies. The
second option is that these communities assembleebsfi@cifying their own ontologies in order
to specify a high-level ontology for these groups of comties. The most important thing here
is that the architecture of an ODGIS allows reusing @mbination of ontologies based in the
reuse of classes through the use of inheritance. The s&tionale applied inside one community
can be expanded to higher-level communities, or to subgrimgpe a community. A good
example of this is the ontology specified by the membef the Food and Agriculture
Organization of the United Nations that defined a hayell ontology for the classification of
different types of soil coverage to be used in the pmétation of remote sensing images.
(Gregorio and Jansen 1998)

The set of ontologies is represented in a hierarchg domponents of the hierarchy are
classes modeled by their distinguishing featupast§ functions andattributes(Figure 7). This
structure for representing ontologies is extended from iBoez (2000) with the addition of
roles Roles allow for a richer representation of geograghitties and avoid the problems of
multiple inheritance.
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Figure 7 - Basic structure on an ontology class

The result from the work of the GICs with the ontolagltor is a set of ontologies. Once the
ontologies are specified we can to translate them dtdeses. The translation is available as
function of the ontology editor. The ontologies areilalke to be browsed by the end user, and
they provide metadata information about the availatftermation. The set of classes contains
data and operations that constitute the system’s funaditya These classes contain the
knowledge available to be included in the new ontologgdagstems.

3.2 Knowledge Use

The result from the knowledge generation phase of an SO&= set of ontologies specified in a
formal language and a set of classes. The ontologiesvailable to be browsed by the end user
and they provide metadata information about the availdéla. The result from the translation is
a set of classes that contain data and operationgdhatitute the system's functionality. These
classes contain the knowledge available to be includgg:inew ontology-based systems.
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Figure 8 - Basic architecture of an ODGIS

The main components of an ODGIS architecture are (Eigur

the ontology serverthe ontology server has a central role in an ODG&8ause it
provides the connection among all the main compon@&his.server is also responsible
for making the ontologies available to the applicatiohbe connection with the
information sources is done through mediators. Medialook for geographic
information and translate it into a format understateaip the end user. The mediators
are pieces of software with embedded knowledge. Expertd thel mediators by
putting their knowledge into them and keeping them up to date.

The ontologies they are represented by two kinds of structures,the.specifications
and the classes. The specifications are made by pegtexand stored according to their
distinguishing featuregpérts functions andattributeg and their semantic interrelations
(is-a, part-of and whole-of relations). This structure provides information abd t
meaning of the available information. It can be usgthb user to know what is stored
and to match his conception of the world with othexilalsle conceptions stored by the
ontology manager. The classes are the result of émslétion of the ontologies. They
are software components that can be use to develop ampiE and they are fully
functional classes with all the operations that eGaaiplied to that entity.

theinformation sourcesthe sources of geographic information in an ODGISheaany
kind of geographic database as long as they commit thesasel a mediator. The
mediator has the function of extracting the piecesfofination necessary to generate
an instance of an entity of an ontology. The mediatso has the function of bringing
back new information in the case of an update.

the applications one of the application of an ODGIS is informaticetrieval. The
mediators provide instances of the entities availabibee ontology server. The user can
browse the information at different levels of detl@pending on the ontology level used.
Other kind of applications can be developed, such as datapdate and different kind
of geographic data processing, including statistical asadygl image processing.
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For instance, a user wants to retrieve informatiboué bodies of water of a determined
region. First, the user browses the ontology senaking for the related classes. After that, the
ontology server starts the mediators that look foirtfftgmation and return a set of objects of the

specified class. The results can be displayed (Figure &@roundergo any valid kind of operation,
such as statistical analysis.
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Figure 9 — Schema for a query processing with an ODGIS
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In the next section we propose the use of ontologiesugport digital aerial imagery
classification and the integration of the resultshef ¢lassification process with other information
systems. The development of classes, or an ontolgggiadized in image classification will
enhance the classification process and will facditdte integration of aerial images into an
ODGIS framework. This way, aerial images, will be eggnted by special classes extracted from
geographic ontologies. These classes can integrate lalssified results into an ODGIS
framework and perform, for instance, digital image prangseperations and then return the
result back to an ODGIS.

4 Information I ntegration: An ODGI S Per spective

Commercial satellites in operation today record imagfethe Earth's surface with resolutions
down to 1-meter pixels. In addition to their spatial hetgon, the spectral resolution of satellites
is also improving, with the development of various mpéictral sensors. Temporal resolution is
also improving, and it is now possible to obtain imagfes place with a difference of some hours.
New sensor deployment methods (e.g., unmanned aerielegleven provide us with video-rate
aerial imagery. Furthermore, geospatial imagery is besegl in more and increasingly diverse
applications, aiming at the extraction of various typeiaformation.

The above trends provide us with more information, butthe same time introduce
constraints in processing this information. We needenefficient algorithms to process these
image datasets and derived information in a timely dasHrurthermore, we are faced with an
expansion of the number of object classes that &asuhject of the classification process, as we
pursue more specific types of information. Consideringsghemerging requirements, we are
proposing a gradual classification process using the higrafontology classes.

4.1 Using an Ontology Hierarchy for Image Classification

In the ODGIS architecture there are different lewwdl®ntologies. Accordingly, there are also
different levels of information detail. Low-level ahbgies correspond to very detailed
information and high-level ontologies correspond to ngeeeral information. Thus, if a user is
browsing high-level ontologies he or she should expedintb less detailed information. We

propose that the creation of more detailed ontologiesildhbe based on the high-level
ontologies, such that each new ontology level incotpsrthe knowledge present in the higher
level. These new ontologies are more detailed, bedheserefine general descriptions of the
level from which they inherit.

Guarino (1997) classifies ontologies according to their diigp®re on a specific task or point
of view (Figure 10).

» Top-level ontologieslescribe very general concepts. In ODGIS a top-lentdlogy
describes a general concept of space. For instaniceogytdescribing parts and wholes,
and their relation to topology, called mereotopology (Brh995), is at this level.

 Domain ontologiesdescribe the vocabulary related to a generic domaiimghwih
ODGIS can be for instance, remote sensing or thenebaronment.
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» Task ontologiesdescribe a task or activity, such as image interpogtabir noise
pollution assessment.

» Application ontologieslescribe concepts depending on both a particular domaia and
task, and are usually a specialization of them. In ODtB&Se ontologies are created
from the combination of high-level ontologies. Thepresent the user needs regarding
a specific application such as an assessment of laddstiedance on the Gulf of Maine.
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Figure 10 - Levels in ODGIS

4.2 The Classification Process

We can see the use of multispectral remotely sensegesmia a GIS environment in the same
light as we see the ODGIS framework: knowledge generatiach knowledge use. Here,
knowledge generation is the process of image classificaand knowledge use is the integration
and use of aerial images in GIS.

In order to provide a better understanding of the use o&ISDn improving the image
classification process, we first discuss how the poeesione currently, and then indicate the
impact of using ontologies.

Currently, most applications of remote sensing imagegssiatg use two main types of semi-
automated image classification procedures: supervised and wnsege In the supervised
classification procedure, the operator makes some a pyipotheses concerning the types of
objects contained in the image and selects some repatge samples. These samples are used
by the classification software to obtain statidtiead/or structural information about these
objects. The classification software then proces®svhole image, assigning each pixel to one of
the predefined classes (some algorithms include a provisio non-classified pixels, that are
those who fail to meet a minimum pre-specified memiggigiterion).
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In unsupervised process classification procedures, a ahgsf@ocedure such as ISODATA
(Lilesand and Kiefer 2000) is first applied to the imageriter to determine sets of objects that
can be statistically discriminated. These objectstban be assigned as corresponding to real-
world objects by an operator.

Additionally, it has been proven efficient to precedeagen classification by an image
segmentation procedure, whereby the image is first diviatedregions (by processes such as
region growing or edge detection), and these regions esnbi used as an input to supervised
or unsupervised classification procedures.

Image Understanding systems may include a knowledge remgsenprocedure such as
semantic nets (Tonjes and Liedtke 1998) or production rulegs(iMama and Hwang 1990). In
both cases, son@priori assumptions about real-world objects present in theesme made and
the knowledge base is used to drive the appropriate imaggHficktion algorithms.

In general, all these image classification procedures kame traits in common: the need for
a choice of real-world types of objects that are piese the image footprint, and their
association to objects in the raster image. Therdiff the way this association is made: by
means of training samples (supervised classificatiory), operator analysis of clusters
(unsupervised classification) or by knowledge representtitage understanding systems).

An ODGIS can improve these classification procedureanl ODGIS, image classification is
performed through the association of image and the sbjeanhd in it to ontology entities. The
hierarchical organization of ontologies allows thasslification process to be done gradually,
starting with very general associations and proceeding apfibal classification that can be very
precise and detailed. In the classification processofferator assigns a class to a part of the
image. We propose that the classification should be fishérying to find and associate objects
in the image to top-level ontologies. As the classiian process continues more objects can be
found or the same objects previously found can be hd#etified and related to task and domain
ontologies. These new classes are added to the prelaggsication. This way, one object in the
image is gradually being more and more specified and tilt iesa more precise classification
until all the objects in the image are related to appdon ontologies, in a very low-level
classification.

The ability of performing a gradual classification is aifal importance. First, it enables
progressive analysis, permitting the use and refinen@nisprecise classification. Second, it
allows us to revisit classified imagery, and re-interphe results, according to newly available
information. User-provided ontologies may be used toveduate the classification outcome in
the light of new information (e.g. re-examining a sied scene using the knowledge that an
environmental crisis has been identified in a neai®a). This is a very powerful capability,
enabling complex scene analysis processes.

In order to show these ideas in practice, we presergxample based on a case study:
Brazil's National Institute for Space Research (INEB&nprehensive surveys of deforestation in
the Amazon rain forest. Consider the problem of larel arsd land cover change over tropical
forest areas we can distinguish three levels of ogitedo
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* atop-level ontologywhich is shared by different communities concerneith @iobal
change issues over tropical forest (in Amazonia are@Mbisre). At this level, they may
distinguish very generic types of ontologies land use amdidaver, such asor est ,
Non- For est Veget ati on and Def orest ati on objects.

* adomain ontologywhich will consider the case of the Brazilian Amazain forest,
and will distinguish different subtypes &brest (e.g., TerraFirne Forest,
I nundated Forest), Non-Forest Vegetation (e.g., Regrow h,
Nat ural Savannah), andDef orested Areas (e.g.,Burnings, Human
Settl enments, Farns). This ontology is more specific than the top-levatiodogy,
but still is sufficiently generic to apply to the whaleAmazonia and not only to a given
geographic area.

* anapplication ontology which will consider the specific case of the geogmapinea
which the image refers to (e.g., the northeasternqgfatte state of Rondonia), and in
which we can identify the objects of the image in endetail (perhaps after some field
trips). For example, objects of the typar ns, as classified in the domain ontology
can, at this level, be assigned to specific types atwtyural use (e.g.Soybeans
Plantation, Cattle Farms, Abandoned Areas).

This hierarchical process also has implicationsrimseof complexity and time required for the
analysis procedures. To obtain results at the top-lavsinpler technique such as segmentation
followed by unsupervised clustering may be used. Atdthreain ontologyevel, a more detailed
analysis procedure is needed, which might include supervitessification and ancillary
information. Finally, at thepplication ontologylevel, image processing techniqgues may need to
be complemented by extensive field surveys, ground trutltamsus data.

Land Use
r'Y
Forest Non- Deforested
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r'Y r'Y r'Y
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Figure 11 - Images linked to classes

4.3 Objects with Roles

One of the advantages of using an ODGIS is the abilityaving multiple interpretations to the
same geographic feature. Here we address the questiow @ahémbjects identified in the image
can be associated with more than one class preser@ ontology hierarchy.

Classes are typically defined hierarchically, taking ath@e of one of the most important
concept in object-oriented systenisheritance It is possible to define a more general class,
containing the structure of a generic type of objectl #en specialize this class by creating
subclasses. The subclasses inherit all propertieseopdhent class and add some more of their
own. For instance, within a local government you bawe different views and uses for land
parcels. A standardization committee can specify a lpadcel definition with general
characteristics. Each department that has a differentof a land parcel can specify its own land
parcel class, inheriting the main characteristicenfithe general definition of land parcel and
including the specifics of the department. In this cagecan have a land parcel definition for the
whole city, and derived from it, two different specalions, one for tax assessment and the other
for building permits. When a given class inherits digefitbm only one class, it is callesingle
inheritance whereas when a class inherits from more than dass, it is calledmultiple
inheritance (Cardelli 1984). Multiple inheritance is a controversiahcept, with benefits and
drawbacks. Although the implementation and use of multigieritance is non-trivial (Tempero
and Biddle 1998), its use in geographic data modeling is esg&ge&nhofer and Frank 1992).

In order to represent the diverse character of the gpbgr entities and avoid the problems
of multiple inheritance we opted for using objects withes When defining an entity in an
ontology it is important to clearly establish an idgntHere, an object is something, it has an
identity, but it can play different roles. Guarino (1992)spregs an ontological distinction between
role and natural concepts using the conceplioohdation For a conceptt to be founded on
another conceff, any instance of a has to be necessarily associated to an instaotp which
is not related tox by a part-of relation.Therefore, instances af only existin a more
comprehensive unityhere they are associated to some other objectleAig@a concept that is
founded but not semantically rigid. A natural concept seeally independent and semantically
rigid.

A role can be seen as an attribute of an objedbject orientation, and in this paper, a role is
a slot, while for the database community it is ati@ta Instead of using multiple inheritance,
where, for instance, a downtown building is at the same a building and a shopping center, we
can say that this entity is a building that playsla of a shopping center. Maybe the building was
once a factory and later remodeled to be a shoppingyfabil this paper, this building is seen as
being always &uilding and playing during its lifetime two roles, i.dgctory and shopping
facility. In ODGIS we allow an object to play many roles.

The application developer can combine classes fromsgiventologies and create new classes
that represent user needs. This way, a class thatsespsé ake in a Parks and Recreation
department ontology can be built fraggogr aphi ¢ r egi on in the Guarino and Welty (2000)
ontology (Figure 12). At the same timeake can be seen as a port for loading cargo, or it can
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be seen as a link in a transportation network. Thig Wake can play the roles gfort and
I i nk. These roles are entities in other ontologies sscWardNet-SDTS. So the real class is
| ake, but it plays many roles that together give the atassnique characteristic.

Entity
Group
) Amount Physical Living
Location of . . ) Group
object being Social
matter entit of
y people
Geographical /
region Fruit
Animal Country Organization
Apple
Lepidopteran Vertebrate
Caterpillar Butterfly Person

Figure 12 - A top-level ontology from Guarino and Welty (2000)

Knowledge and information sharing is achieved throughuse of classes and roles that
belong to common ontologies or through the conversfanstances of classes up and down in
the ontology hierarchy.

4.4 Information Integration

The basic principle in this paper is to allow for thiegration of what is possible instead of trying
to integrate everything. It is our premise that onag gohieve some kind of integration then you
a complete integration can be tried out. Some kinds fofnmation will never be completely
integrated since their natures are fundamentally diffefeéor instance, a lake from the point of
view of a parks and recreation departmdrakie p&r ) has different functions and attributes
than a lakel(ake w) from the point of view of a water department. Theuagption in this paper
is that the lake is only one entity, but seen diffdyeloy different kinds of people. Therefore, a
complete integration of all information availabletirese two (or more) views is impossible, but
the common characteristics can be shared. It igntiegration of these common parts of the
concepts that we are addressing here.
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In order to integrate the common parts of shared coscgptare proposing a hierarchical
representation of ontologies. Along with this structwe,are proposing also the use of roles that
these objects can play. The integration is always nadie first possible intersection going
upward in the ontology tree. For instance, if both giex lake mentioned before are derived
from the same lake entity in WordNet-SDTS ontologg possible integration is made at this
level (Figure 13).

WordNet-SDTS

ke <): Integration

P&R Dept. Water Dept.

| ake pé&r | ake w

Figure 13 - Integration dfake

The integration includes all the methods and attributékeoclass, i.e., the common methods
and attributes of the class lake are all available tfex user that is using the integrated
information. In order for this to happen, it is neeggsthat the instances tfake pé&r and
| ake ware converted to instances of the claske.

In the same way, roles can also be used to integrateniation. A role in one object can be
matched to another class or role. For instancerdleeof awi | dl i f e habi t at that a lake
plays in the water department ontology can be extraetstl converted in a instance of
wildlife habitat from the Environmental Protection Agency (EPA) doyy and then
integrated with other instances @i | dl i fe habitat coming from other sources of
information.

The conversion of instances from one class to @nashgoverned by a navigation method. In
ODGIS every class inherits from a basic class @¢dllej ect . This specific class has two basic
methods to be used in changes of class. One methoddigageneralize new classes and it is
calledUp( ) , and the other is used to specialize classes andatiesiCr eat e _Fr on() . These
two methods provide the means to navigate through théevambology tree. Since each class in
the ontology tree is derived from the basic classh @#erface inherits the necessary navigation
tools. So if the navigation methods are applietlda@e pé&r, the class returned is the next class
in the upper hierarchy, the cldsake.
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4.5 Conclusions

The result of the classification process is a samnafes indexed not only by its contents but also
by its attribute values. The image is not only seea static polygon with pixel values but as a set
of semantic features and its corresponding values. Ppsoach will enable a broad field for
gueries when the images will be queried as seen in #eseetion.

The gradual classification process that was introducesli@s two major advantages. First, it
allows a partial classification and for classificati@visions. This can be useful when there are not
enough elements to positively identify an object. Lateras more information becomes available
the identification can be improved. This means that ¢lassification process can be always
incremented using new techniques or new data. Secofldwis daster results. This is because of
time constraints. The time frame from when the im&gacquired to when it is available to be
used was shortened. For instance, the first clag®ircghat can be made is that to associate the
image to a very general class belonging to top-leveblogies. This allows the image to be
immediately available in an ODGIS framework. Later, ¢ime image can be associated with
ontologies of the intermediate and low levels.

5 Conclusions and Future Work

The use of software components extracted from ontaogie way to share knowledge and
integrate different kinds of information. These softsvabomponents are derived from ontologies
using an object-oriented mapping. The mapping of multiple logits to the system classes is
achieved through object-oriented techniques using inheetaihis kind of mapping allows
partial integration of information when completenassat possible.

The use of ontologies during the image classification gg®@nhances the results and the
flexibility of the classified image leading to a broadse of aerial images into a GIS framework.
Matching image features to ontology-generated classds keaflexible and dynamic pieces of
information that can be loaded into a GIS and also dsedhtegration with other systems.
Furthermore, it allows us to incorporate informatitiatt may arrive from non-image sources
(e.g., various sensors) into the image classificaporcess through subsequent classification
revisions.

The ODGIS approach leads to a better integration thatok-based GIS that imports raster
data or than raster-based GIS that imports vector ddPE5IS was presented as a common
ground into which the two models can meet each othee. résult of the classification process
was a set of images indexed not only by its semabititsalso by its attribute values. The
classified image is not seen as a static polygon wiél palues but as a set of semantic features
and its corresponding values. This approach enabled a betchdor queries. In general, the
ODGIS framework lets images be integrated with othed lah geographic information in a
smooth and flexible way.

Future work should include the use of ontologies in the ingment of the classification
process during object identification. Using the ontologywser coupled with the image display
can help the operator to have more information aseilat the time that she/he has to make a
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decision. The issues of dealing with imprecise inforomativere just introduced here. ODGIS
offers a good foundation to deal with this kind of infotima The decision to develop an
ontology specialized in dealing with imprecision is ofi¢he most immediate alternatives for this
kind of problem and should be addressed in the future. We dfewen here the potential of
ODGIS to integrate geographic information of differemds. Further study should extend the
use of ODGIS to integrate other kind of information sasimultimedia.
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