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a b s t r a c t

Entity-Relationship (ER) and Object-Oriented (OO) formalisms are often used to model environmental
information of databases or computer programs. The majority of the environmental information is
georeferenced. However, for 20 years, researchers have proposed different methods to adapt ER and OO to
model spatial data. Spatial information is complex, and the goal is to simplify its representation in
conceptual models. The goal of this paper is to propose a classification and a list of work in the area of ER
and OO formalisms for spatial information. Numerous bibliographical references on the subject are also
provided. The article targetsmainly researchersworking in the area of environment domain hoping to find
a bibliographical entry to the subject. We present here a synthesis of the principal advances in the field.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Entity-Relationship (ER) (Chen, 1976) and Object-Oriented (OO)
formalisms (Din and Idris, 2009) are widely used to describe
environmental information of databases or computer programs.
Numerous recent examples are available, including (Almeida et al.,
2010; Anselme et al., 2010; Bimonte, 2010; Campo et al., 2010; Kraft
et al., 2011; Miralles et al., 2010; Moglia et al., 2010; Papajorgji et al.,
2010; Parent et al., 2006a,b; Raffaetà et al., 2008; Spaccapietra et al.,
2007; Stempliuc et al., 2009).

Themajority of the environmental data presented in these articles
are georeferenced. This is an important feature of environmental
information. In order to model the spatial components of objects
more easily, some of these articles use specific extensions of ER or OO
formalisms (Miralles et al., 2010; Papajorgji et al., 2010; Parent et al.,
2006a,b; Raffaetà et al., 2008; Spaccapietra et al., 2007; Stempliuc
et al., 2009).

For 20 years, several research teams adapted first ER formalisms
and then OO formalisms to facilitate the modeling of spatial infor-
mation. Because this type of information is complex, one goal of
researchers is to propose specific notations to clarify its representa-
tion in models.1 According to the experiments presented in Parent
et al. (1998), using a formalism specifically dedicated to spatial
odel” is used in the sense of

All rights reserved.
information allows for a 22% reduction in the number of entities and
relationships in an ER diagram (without losing semantics), compared
to a traditional ER model. Another comparison (Bédard et al., 1996)
between a formalism for spatial information and traditional ER/OO
methods also shows an important reduction in the size of themodels.

The purpose of this paper is to provide a list of the principal
proposals in thefieldof ERandOO formalisms for spatial information.
The principal bibliographic references on the subject will also be
provided here. This article does not aim to describe and compare in
detail the many formalisms that have been proposed. Instead, this
article is addressed to researchersworking in the environmentalfield
who wish to:

- Learn about the major possibilities that these formalisms offer,
- Find citations thatwill allow them to learn about thesemethods
in greater detail.

Different methods often provide modeling similar solutions. We
analyze here what we believe to be the major advances in the field.
As we will show in this paper, our study of the field has led us to
propose a classification scheme for formalisms according to seven
major design possibilities.

In Section 2, we present a brief history of the field and regroup
these formalisms according to our classification of the major possi-
bilities that they offer. Sections 3 through 9 describe each of these
possibilities and provide examples of modeling environmental
objects.
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2. History of the field and classification of formalisms

The Entity-Relationship (ER) formalism was presented for the
first time precisely and in detail in Chen (1976). The ER formalism
offers the ability to build conceptual and semantic representations
of data through diagrams. These representations are abstractions of
the real world, which is modeled by entities and their associations
(their semantic links). Each entity and its associations are described
by a set of features (properties or attributes). The ER formalism is
often used to model databases.

The object paradigm was first popularized through OO
programming, then, to a further extent, by formalisms of OO
modeling. Alan Kay (winner of the 2003 Turing Award) is considered
the father of theOOprogramming approach (ACM, 2004). In the early
1990s, severalmodeling formalismsbasedon theOOparadigmbegan
todevelop; e.g., OMTeObject-ModelingTechnique (Rumbaughet al.,
1991) andOOAeObject-OrientedAnalysis (CoadandYourdon,1991).
Unified Modeling Language (UML) would emerge in the second half
of the 1990s as the standard for OOmodeling (OMG, 2009). InOO, the
real world is modeled in terms of object classes. Object classes are
linked by associations. An object can encapsulate both data (attri-
butes) and behavior (operations). Unlike in the ER formalism, the
instances (objects) have a unique identity independent of the values
of their attributes. Classes of objects can be linked by relationships of
generalization/specialization. UML offers modelers the opportunity
to use different types of diagrams (e.g., class diagrams, use cases,
states, and sequences) (Booch et al., 1999; OMG, 2009).

For over the past 20 years, various spatial extensions of the ER
and OO formalisms have emerged. The field was started by the
work of Bédard and Paquette (1989). Our study has led us to
propose a classification scheme for formalisms according to seven
design possibilities (or goals). According to our classification, the
main objectives of the formalisms for spatial information that have
been proposed are to provide specific concepts and notations used
in conceptual models to facilitate the following goals:

1. The representation of the types of basic spatial objects (e.g.,
points, lines, surfaces, multiple points, and multiple lines); it is
a goal shared by virtually all of the formalisms proposed,

2. The enumeration of spatial relationships between objects, for
example “an embankment is always adjacent to a river”; the
knowledge of these relationships allows better understanding
of the layout of these objects in space,

3. The description of the evolution of spatial objects over time
(e.g., birth and death of objects, their shape changes, and their
movements in space),

4. The modeling of multi-representation, the objects may have
several different spatial representations according to their
geographical scale of study,

5. The description of objectswithuncertain boundaries or positions
(e.g., rivers, forest stands, wetlands, and areas of pollution),

6. The representation of continuous spatial data; the term
“continuous” means that a variable of interest (temperature,
elevation, pollution level, vegetation cover density, etc.) can be
measured in any location in the study area (Saveliev et al., 2007),

7. The modeling of the structure of networks (such as water
systems).

Table 1 ranks the ER and OO formalisms for spatial information
in terms of these sevenmodeling possibilities. Our study of the field
has led us to propose this classification scheme. The main refer-
ences are listed in the table along, with the periods when these
formalisms appeared. We see that shortly after the emergence of
research in this topic in the late 1980s/early 1990s, many studies
were initiated.
Several software tools have been produced over time to support
these formalisms. Theirdescriptions canbe found in the articles listed
in Table 1. Today, the formalisms that have a significantly maintained
software solution are: PVL, MADS, UML-GeoFrame, and the STGL
profile. The software solutions associated to these formalisms are
used primarily to create models of spatial data using a specialized
graphical interface and to generate code e for example, scripts for
creating database tables or Java code.

The tool Perceptory is based on the PVL formalism. Perceptory is
a freeware plugin forMicrosoft Visio that is used to createmodels in
PVL. Perceptory had resounding success, which illustrates the real
need for formalisms dedicated to spatial information. Perceptory
can be downloaded free from Laval University (2011). Bédard et al.
(2004) cites more than 300 freeware downloads per month, as well
as evidence of use in more than 40 countries. Perceptory has been
used in numerous applications (management of natural resources,
health, archaeology, sports, etc.) (Bédard et al., 2004).

A tool based on the MADS formalism has been developed and
tested on the European project MurMur (Parent et al., 2006a),
a project that focusedon themulti-representationof spatial objects. A
portion of the project data involved avalanches. This tool is described
in detail in Parent et al. (2006b). It is not available on the Web.

UML-GeoFrame has been implemented in a code generator
called ArgoUML (Victor de Freitas et al., 2005). ArgoUML is a well-
known open source tool, a forerunner of the commercial tool
Poseidon. It is simple to use and yet relatively efficient for code
generation. The version of ArgoUML extended for spatial data was
called ArgoCASEGEO (Victor de Freitas et al., 2005). This freeware
can be downloaded from (UFV, 2011).

The STGL profile proposed in Miralles and Libourel (2008);
Miralles et al. (2009a,b) is partially inspired from PVL. It has been
implemented in the commercial CASE tool Objecteering. The devel-
oped tool is based on the model driven architecture (Kleppe et al.,
2003). It was tested during the design of an application for the
maintenance of dikes, and in the context of a project to design
observatories for agricultural practices. Recently, the tool is used in an
information system project integrating data on pesticide usage in
agriculture (Pinet et al., 2010). This tool is not available on the Web
but it can be used in collaboration with the research team that
maintains the STGL profile (Miralles and Libourel, 2008; Miralles
et al., 2009a,b).

Note that these four software tools are currently neither
commercial nor open source.

Several formalisms for spatial information are aligned with
international standards in GIS (ISO and OGC e Open Geospatial
Consentium) (Brodeur et al., 2000; OGC, 2011; Percivall, 2010). These
standards facilitate geospatial data interoperability (web services,
metadata, etc.); as shown inOGC (2011); Frehner and Brändli (2006);
Granell et al. (2010); Huang et al. (2011), they are often used in
environmental applications. The authors of Brodeur et al. (2000) and
Belussi et al. (2004) present the mappings between PVL/GeoUML
and these standards. They show how the spatial concepts defined by
ISO and OGC can be integrated into OO formalisms.

3. Representation of basic types of spatial objects

Spatial objects stored in information systems are of different
types, for example:

- points, lines, or surfaces,
- multiple points, multiple lines, or multiple surfaces,
- sets of objects of various types.

Almost all of the formalisms dedicated to spatial information
provide a simplified representation of these data types in the ER



Table 1
ER and OO formalisms for representing spatial information.

Objectives Formalisms Representation
of basic types
of spatial objects

Specification of spatial
relationships

Description of the evolution
of spatial objects over time

Modeling multi-
representation

Description of
objects with
uncertain
boundaries
or positions

Representation
of continuous
spatial fields

Modeling of network
structure

Formalisms appearing from the end of the 1980’s to the beginning of the 1990’s
Modul-R (based on

an ER approach)
(Bédard and Paquette, 1989;
Brodeur et al., 2000)

(Bédard et al., 1992)

Congoo (based on OOA) (Pantazis, 1995, 1997;
Pantazis and Cornélis, 1997;
Pasquasy et al., 2005)

(Billen et al., 2004)

Formalisms appearing in the second half of the 1990’s
GeoOOA (based on OOA) (Kosters et al., 1995;

Kosters et al., 1996;
Kosters et al., 1997)

(Kosters et al., 1995;
Kosters et al., 1996;
Kosters et al., 1997)

(Kosters et al., 1996;
Kosters et al., 1997)

(Kosters et al., 1995;
Kosters et al., 1996;
Kosters et al., 1997)

GISER (based on an
ER approach)

(Shashi et al., 1997)

GeoER (based on an
ER approach)

(Hadzilacos and
Tryfona, 1997)

(Hadzilacos and
Tryfona, 1997)

MADS (based on an
ER-OO approach)

(Parent et al., 2006a;
Parent et al., 1998)

(Parent et al., 2006a;
Parent et al., 1998)

(Claramunt and
Parent, 2003;
Claramunt et al., 1999;
Parent et al., 1999;
Parent et al., 1997)

(Balley et al., 2004;
Parent et al., 2006b;
Spaccapietra
et al., 2007)

(Shu et al., 2003) (Parent et al., 2006b;
Parent et al., 1998;
Zimanyi and
Minout, 2005)

Omega (based on UML) (Laurini, 2001; Lbath,
1997, 2002)

(Lbath and Pinet, 2000)

GeoOM (based on OMT) (Tryfona et al., 1997) (Tryfona et al., 1997) (Tryfona et al., 1997)
STER (based on an

ER approach)
(Tryfona et al., 1999;
Tryfona and Jensen, 1999)

(Tryfona et al., 1999)

PVL - Plug-in for
Visual Languages
(based on UML)

(Bédard, 1999;
Bédard et al., 2004)

(Bédard et al., 2004;
Brodeur et al., 2000)

(Bédard et al., 2004;
Proulx et al., 2002)

Extended Spatio-
temporal UML
(based on UML)

(Price et al., 1999) (Price et al., 1999)

UML-GeoFrame
(based on UML)

(Lisboa Filho et al., 1998) (Lisboa Filho and
Cirano, 2008)

(Lisboa Filho et al., 2007;
Rocha et al., 2001)

(Lisboa Filho and
Cirano, 1999)

(Stempliuc et al., 2009)

OMT-G based on OMT) (Borges et al., 1999) (Borges et al., 1999;
Borges et al., 2001)

(Davis and
Laender, 1999)

(Borges et al., 2001) (Borges et al., 2001)

Formalisms appearing after 2000
Icons for GIS based

on ER-UML)
(Tveite, 2001)

Semantics data model
of spatio-temporal
database (based on UML)

(Yazici et al., 2001) (Sözer et al., 2008;
Yazici et al., 2001)

Multiple Representation
Schema Language
(based on UML)

(Friis-Christensen and
Jensen, 2003;
Friis-Christensen
et al., 2002)

T-Omega (based on UML) (Ben Youssef et al., 2010;
Pinet and Lbath, 2003)

(Pinet and Lbath, 2003)

Conceptual framework
for Spatio-temporal
data modeling
(based on an OO approach)

(Wang et al., 2003) (Wang et al., 2003) (Wang et al., 2003)

ST USM (based on an
ER approach)

(Khatri et al., 2004, 2006) (Khatri et al., 2006)

GEOUML (based on UML) (Belussi et al., 2004) (Belussi et al., 2006) (Belussi et al., 2004)
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Water Sample

identifier

volume

Body of Water

identifier

current name

surface

Perimeter of Sample

calculateconvexhull

surface

sample link

water analysis

0..*

0..1

0..1

1..*

Fig. 1. Example representation of spatial environmental objects with PVL.
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and OOmodels. More precisely, the different formalisms propose to
use specific graphical notations in the entities/classes or attributes
of OO or ER diagrams in order to model spatial objects. Funda-
mentally, there are two main approaches to represent spatial types
in diagrams: spatial types can be associated to classes (as in PVL) or
to attributes (as in MADS).

We will take the example of PVL, which is fairly representative of
the general spirit of the modeling techniques proposed by the
formalisms. Fig. 1 illustrates the modeling in PVL of geolocalized
environmental objects. The class diagram shows that water samples
were taken (in order to be analyzed in the laboratory). In accordance
with the PVL formalism, icons indicate the type of spatial objects. The
semantics of the different PVL notations can be found in Bédard et al.
(2004). The pictogram has two shapes in the same rectangle,
indicating that the same water body may be composed of several
parts that can be surface or linear. The pictogram presents two
shapes in separate squares,whichmeans that the point of sampling is
either represented by a point, or otherwise, by a surface. The symbol
in italics indicates that the spatial representation of the perimeter
of the samples is calculated from the other data modeled in the
diagram. We consider in this example that the perimeter of the
samples is the convex hull of the sampling sites (Water Sample class).

Note that we are talking about 2-D space objects, but the authors
of Larrivée et al. (2005) also propose pictograms to represent 3-D
data with PVL.

Several examples of the use of pictograms for the modeling of
environmental systems can be found in Claramunt et al. (1999);
Lisboa Filho and Cirano (2008); Miralles et al. (2010); Papajorgji et al.
(2010); Parent et al. (2006b); Raffaetà et al. (2008); Stempliuc et al.
(2009); Zimanyi and Minout (2005).
Lake Embankment

Island Forest
Responsible For 

Maintenance

touch

in

responsible

1..* 1..*

dis joint
1..1

0..*

1..* 1..*

Natural 
Embankment

Artificial 
Embankment

Fig. 2. Diagram of classes described in OMT-G



Natural Areas of
Ecological Interest in 
Terms of Fauna and

Flora

identifier : int

level of protection : String

geo: Polygon

Agricultural Areas of 
Application of Organic 

Fertilizers

identifier : int

beginning application date : Date

end application date : Date

geo : Polygon

Fig. 3. Two UML classes.
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4. Spatial relationships

In Geographic Information Systems, researchers have intro-
duced several sets of relations between spatial objects e.g., between
points, lines, surfaces (with or without holes), and composite
objects (see for example Clementini and Di Felice (1995); Egenhofer
and Herring (1990); Zhong et al. (2004)); for example, an object is
spatially within another object, two objects are adjacent, an object
is a partition of other objects, an object is north of another, and so
on. These studies are based on solid theoretical grounds.

An important contribution of the proposed formalisms concerns
the specificationof these spatial relationships betweenobjects (Belussi
et al., 2006; Billen et al., 2004; Borges et al., 1999, 2001; Gubiani and
Montanari, 2008; Hadzilacos and Tryfona, 1997; Kosters et al., 1995,
1996, 1997; Lbath and Pinet, 2000; Lisboa Filho and Cirano, 2008;
Parent et al., 2006a, 1998; Pinet and Lbath, 2003; Tryfona et al., 1997;
Wang et al., 2003). Many authors consider that specifying the types of
spatial relationships in models provides useful semantic information
and improves our understanding of the layout of objects in space. In
our opinion, the representation of spatial relationships is important in
environmental applications. For example, a system called ROSA has
been proposed in Le Ber et al. (2003) to help agronomists to compare
the spatial organization of farms. In this project, the set of relations
proposed in Cohn et al. (1997) has been chosen to represent the land
use. ROSA allows agronomists detecting spatial similarities between
Fig. 4. Part of the example presented in Lisboa Filho and Cirano (2008) e case based on an in
ArgoCASEGEO (Victor de Freitas et al., 2005; UFV, 2011).
organizations of farms. Spatial relations have been alsomodeled in the
French information system for agricultural spreading traceability
(Pinet et al., 2007). The goal was to detect inconsistent data.

From the onset of formalisms for geographical data, there is the
idea of specifying the spatial relationships within the models. In
diagrams, the layout of objects can be modeled by relationships
between entities or classes. In complex cases, the objects layout can
be represented in formal languages.

Themethod that is foundmostoften in the literature is to represent
spatial relationships in ER or OO diagrams by relationships between
entities or classes. Fig. 2 shows an example of topological relations
present in the formalismOMT-G. In thediagram, the symbol ofOMT-
G indicates that the objects are surfaces. The topological relations are
shown by dotted lines. In terms of multiplicities, we can state that:

- an island is located in a lake,
- a lake contains zero, one, or multiple islands,
- forests and lakes are disjoint,
- a riverbank touches one or more lakes, and vice versa.

The formal language OCL (Object Constraint Language) was used
to model topological relations between spatial objects described in
UML (Kang et al., 2004; Pinet et al., 2009; Pinet et al., 2007; Pinet
and Lbath, 2003). OCL allows modeling relations that depend
upon more or less complex conditions. For example, consider two
classes of UML in Fig. 3: “Natural Areas of Ecological Interest in
Terms of Fauna and Flora (NAEIFF)” and “Agricultural Areas of
Application of Organic Fertilizers (AAAOF)”. The latter involves the
spreading of manure or sludge treatment. The NAEIFF can be pro-
tected by various governmental measures. The following OCL
constraints indicate that AAAOF cannot be spatially within a NAEIFF
having an elevated level of protection:

context Natural_Areas_of_Ecological_Interest_in_

Terms_of_Fauna_and_Flora inv:

self.level_of_protection ¼ ‘high’

implies

Agricultural_Areas_of_Application_of_Organic_

Fertilizers.allInstances ()

->forAll (zone j (zone.geo) .disjoint (self.geo))
formation system for the Brazilian agrarian reform; this diagram has been created with
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Fig. 5. Example of a temporal pictogram of the PVL formalism.

Family
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Fig. 7. Part of the example presented in Raffaetà et al. (2008).
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Thus, OCL enables the formal description of spatial relations,
which will facilitate the automatic generation of computer code to
control data; see Demuth and Hussmann (1999); Demuth et al.
(2001); Pinet et al. (2007, 2005) for more details.

Different examples can be found formodeling OCL constraints in
agricultural applications. For instance, Pinet et al. (2009, 2007,
2005) give examples of topological relationships that must be met
under French regulations on the sites allowing the land application
of sludge treatments.

Lisboa Filho and Cirano (2008) propose a case study based on an
information system for the Brazilian agrarian reform. The authors
model several spatial relationships with UML-GeoFrame: farms
contain parcels and buildings; farms are crossed by roads; etc.; see
Fig. 4 e a relationship is rendered as a name enclosed by guillemets
on the diagram. Pictograms represent the types of the objects:
(resp. D) models a spatial class (resp. a non-spatial class).

In the field of behavioral ecology, MADS has been used to model
a database storing information on the spatio-temporal dynamic of
porcupines (Raffaetà et al., 2008). This database contains the
porcupines’ location. Radio-collars have been used in order to
remotely localize the animals. The goal was to analyze the behav-
iors of the porcupines. TheMADS diagrams thatmodel the database
show several examples of spatial relationships between the objects
stored in the system (e.g., territory of porcupines, habitats, burrows,
home ranges, animal transects).
5. Temporal characteristics of spatial objects

Several formalisms can be used tomodel temporal characteristics
of objects (Bédard et al., 2004; Bédard et al., 1992; Brodeur et al.,
2000; Claramunt and Parent, 2003; Claramunt et al., 1999; Gubiani
and Montanari, 2007; Khatri et al., 2006; Kosters et al., 1996, 1997;
Lisboa Filho et al., 2007; Parent et al., 1999, 1997; Price et al., 1999;
Rocha et al., 2001; Tryfona et al., 1999;Wang et al., 2003). They allow
the modeling of:

- The period of existence of objects (their beginning, their end)
(Bédard et al., 2004), and the type of dates that are specified for
these periods (date of observation of the phenomenon or when
LAND PARCEL

IDENTIFIER

LAND USE

SUBDIVIDE

0,N

0,N

subdivision

Fig. 6. Example of temporal relationships with GeoOOA.
the data are entered in the information system, etc.) (Price
et al., 1999),

- The evolution of objects; changing values of their descriptive
attributes or their shapes/positions.

The temporality of spatial objects is primarily described by to
two methods:

(1) The introduction of temporal pictograms in diagrams. These
pictograms are used to indicate a history associated with attri-
butes, classes (or entities), or associations (Bédard et al., 1992;
Brodeur et al., 2000; Kosters et al., 1996; Parent et al., 1997; Price
et al., 1999; Rocha et al., 2001; Wang et al., 2003). The evolution
of attribute values, instances of classes/entities, or relationships
will be saved in the modeled information system. Fig. 5 shows
an example of a Hydrographic Network class modeled in PVL.
You can find to the right, an icon ( ) denoting the temporal
feature, and to the left, the icon describing the geometry of the
network ( meaning “from 1 to N lines”). Water systems can
evolve by the addition or destruction of a section, which changes
the overall geometry of the networks. The temporal pictogram
indicates that the different versions of the water systems will be
retained (stored) in the class, each associated with a specific
period of time. The implementation of this class will have to
allow access to any of these versions. As a function of these
formalisms, the pictograms can represent different temporal
values, such as the period of validity of the information or the
time of the transaction (the insertion) into the system.

(2) The use of temporal relationships between objects. The different
formalisms provide lists of possible temporal relationships (and
their semantics). These relationships describe the temporal links
between the different spatial objects: (a) the evolutionary links,
such as the merging of multiple objects into one or the subdi-
vision of one object intomany, etc. (Claramunt and Parent, 2003;
Kosters et al., 1996), (b) the layout of the periods of existence of
objects in time (for example, two types of objects coexist at the
same time or the period of existence of an object is included in
that of another object) (Raffaetà et al., 2008). The evolution of the
temporal links specified in the entity or class diagrams provides
important information about state changes of objects. Fig. 6 gives
an example of a subdivision relationship in GeoOOA (Kosters
et al., 1996). At a given date, a parcel may be subdivided into
several plots.
Lake

common name
depth f(P)

Fig. 8. Example of space-varying attribute (MADS).
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Many examples of modeling the temporal dynamics of spatial
data are given in Raffaetà et al. (2008). Fig. 7 shows a part of the
MADS diagram modeling the database used in this project. The
Individual entity represents radio-collared porcupines (see Section
4). The pictogram indicates that the database stores a time interval
for each animal; it corresponds to the (estimated) lifespan of the
porcupine. The Family entity represents a couple of porcupines. A
set of animals is classified as a family by exploiting the fact that
a couple and their cubs are often found together in the sameburrow.
A family is a temporal object. Its lifecycle is a time interval ( ). The
pictogram indicates that each burrow is associated to a set of time
intervals. This set contains the periods during which the burrow is
inhabited. The borrows are associated to the point data type ( ). The
Live relationship can storewhich porcupines lives inwhich burrows
andwhen. This relationship contains a set of time intervals ( ); each
interval is the time period during which an individual lives in
a burrow. A synchronization is also defined ( ) to ensure that
a porcupine can be linked to a burrow only if the lifecycles of the
individual and the burrow overlap. A detailed description of the
spatio-temporal database can be found in Raffaetà et al. (2008).

The authors of Claramunt et al. (1999) propose to use MADS to
build a database storing the changes in land use: e.g., fusion or
reallocation of agricultural parcels and the evolution (for example,
expansion) of urban areas. PVL has been used to model the
temporal characteristics of environmental objects in Miralles et al.
(2010); Papajorgji et al. (2010).
Environment

Vegetation Vegetation 
Type

Vegetation Vegetation 
Type

F

Elevation TemperatureF F

Fig. 10. Example of continuous field classes in UML-GeoFrame (from Lisboa Filho and
Cirano (2008)).
6. Modeling multi-representation

Dependingon themethods of data acquisition or the geographical
scale at which they are studied, spatial objects can have multiple
representations (e.g., a river can have both a linear and a surface
representation). It is sometimes necessary for different types of
representation to coexist within a computer system.

Some formalisms propose specific notations to describe spatial
data and theirmultiple representations inmodels (Balley et al., 2004;
Bédard et al., 2004; Davis and Laender, 1999; Friis-Christensen and
Jensen, 2003; Friis-Christensen et al., 2002; Gubiani and Montanari,
2008; Parent et al., 2006b; Proulx et al., 2002; Spaccapietra et al.,
2007). It is possible, for example, to indicate in the different (class
or entity) diagrams, the relationships (spatial, temporal, etc.)
depending on the mode of representation of objects (Gubiani and
Montanari, 2008; Spaccapietra et al., 2007). In their formalism for
multi-representation, the authors of Friis-Christensen and Jensen
(2003); Friis-Christensen et al. (2002) use OCL.

For environmental applications, the authors of Parent et al.
(2006b) use MADS to model the multi-representation of a spatial
database for avalanches. This system stores information on
avalanche events and risk zones. The database schema described in
MADS indicates the different geographical resolutions of data. The
same object can be stored in different resolutions (1:25000, 1:5000
and 1:1000e2000).
7. Description of objects with uncertain boundaries
or positions

The boundaries and the positioning of many environmental
objects are not well known or imprecise; that is, they are uncertain
spatial objects. The author ofMiralles (2006) provides illustrations of
this type of object. He gives an example of the uncertain boundaries
of wheat parcels estimated from satellite images; the contour is not
clearly defined because, even with image processing, we cannot be
certain of the presence of wheat in some pixels of the image.

Several formalisms propose representation methods for uncer-
tain objects with associated notations that are usable in diagrams
(Miralles, 2006; Shu et al., 2003; Sözer et al., 2008; Yazici et al.,
2001). In the work of Shu et al. (2003); Sözer et al. (2008); Yazici
et al. (2001), the uncertain spatial objects are represented by
fuzzy subsets (Schneider, 1999). It is shown how to model these
types of objects in class or entity diagrams. The work of Shu et al.
(2003) examines random spatial objects. These are objects to
which a probability of occurrence is associated.

In Bejaoui et al. (2009); Bejaoui et al. (2008, 2010), OCL are used
to describe topological relationships between objects with uncer-
tain boundaries (in a UML diagram). This method was tested on
a database storing information on agricultural spreading.

8. Representation of continuous spatial data

Continuous spatial data (also called continuous fields) represent
physical phenomena that change in space (Gomez et al., 2010; Kang
et al., 2002; Laurini et al., 2004). Continuous spatial data are series of
maps, each of them representing the variability of a certain attribute
over the earth’s surface (temperature, elevation, pollution level,
vegetation cover density, etc.) (Mozgeris, 2009). The variable of
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interest can be calculated in any location in the study area (Saveliev
et al., 2007). Continuous spatial data can often be found in envi-
ronmental applications (Fernandes et al., 2004; Kemp, 1993; Lisboa
Filho and Cirano, 2008; Mozgeris, 2009; Saveliev et al., 2007).

InMADS and GeoOM, these data are modeledwith the concept of
space-varying attributes (Parent et al., 2006b, 1998; Tryfona et al.,
1997; Zimanyi and Minout, 2005). These attributes vary over
space; a function is used to calculate the variable of interest, e.g.,
f : point / real (Gomez et al., 2010).

For example, the notation “f(P)” models continuous spatial data
inMADS diagrams (Parent et al., 2006b), as for the attribute “depth”
of the Lake class (in Fig. 8). In this example, this notation indicates
that the depth can be calculated in any point of the lake by
a function. The pictogram indicates that the lake is a surface. Some
examples of space-varying attributes in the environmental field can
be found in Parent et al. (2006b); Zimanyi and Minout (2005).

Continuous spatial data may be produced from different data
structures: Triangulated Irregular Networks (TIN), isolines, grids of
points, etc. (Kemp, 1993; Laurini and Thompson, 1992). UML-
GeoFrame and OMT-G propose pictograms to model these data
structures (see Fig. 9) (Borges et al., 2001; Lisboa Filho and Cirano,
Table 2
Use of formalisms for the modeling of environmental systems - main references cited in o

Sections References Section 3)
Basic types
of spatial
objects

Section 4)
Spatial
relationships

S
E
s
o

MADS
- Database storing information on the
spatio-temporal dynamic of hedgehogs
(Raffaetà et al., 2008)

X X X

- Database for avalanches (Parent et al., 2006b) X
- River monitoring system
(Zimanyi and Minout, 2005)

- Database storing the changes in land use
(Claramunt et al., 1999)

X X

OCL
- Examples of topological relationships on the
sites allowing the land application of sludge
treatments (Pinet et al., 2009; Pinet et al., 2007;
Pinet et al., 2005)

X

- Database storing information on agricultural
spreading (Bejaoui et al., 2009; Bejaoui et al.,
2008, 2010)

PVL
- Examples of agricultural systems
(Miralles et al., 2010)

X X

UML-GeoFrame
- Case study based on an information system
for the Brazilian agrarian reform
(Lisboa Filho and Cirano, 2008)

X X

- Model of a water distribution network
(Stempliuc et al., 2009)
1999, 2008). These pictograms can be used in classes; see Fig. 10
(Lisboa Filho and Cirano, 2008). In Fig. 10, Elevation and Tempera-
ture have several spatial representations.

9. Modeling the structure of networks

Several proposals show how it is possible to formalize networks
in diagrams (Belussi et al., 2004; Borges et al., 2001; Kosters et al.,
1995, 1996, 1997; Stempliuc et al., 2009). In Kosters et al. (1996),
the authors present an example where the integration of new and
specific notation considerably clarifies the representation of the
network structure in an object-oriented model. For example, Fig. 11
shows the principal notations used in GeoOOA to design networks. A
network (or subnet) is represented by a class with the pictogram .
The components of the network (the nodes and their links) are then
identified. As shown in Fig. 11, these components are formalized in
GeoOOA diagrams by node classes ( ) or link classes ( ). Each node
or link class corresponds to a type of node (e.g., a Hydroelectric
Power Plant class or a Lake class) or a type of link (e.g., an Artifical
Canal class or a Natural Canal class). The type of the spatial object
(point, line, surface) is indicated by a pictogram in the class. Every
ur paper.

ection 5)
volution of
patial objects
ver time

Section 6) Multi-
representation

Section 7) Objects
with uncertain
boundaries or
positions

Section 8)
Continuous
spatial fields

Section 9)
Network
structure

X X
X

X

X

X
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pair of nodes in a network R can be connected by any link in R. In the
diagrams, the link and node classes can be associated with multiple
network classes; it is possible to connect multiple networks or
subnetworks.

In Borges et al. (2001), the authors introduce a type of link that
might connect not only two nodes but also two links. In Belussi
et al. (2004), the authors present an example of network struc-
ture with OCL and UML. In Stempliuc et al. (2009), a model of
a water distribution network using UML-GeoFrame is presented.
10. Conclusion and outlook

Many ER and OO formalisms have been proposed to facilitate the
modeling of spatial information. These types of methods are of
evident interest to represent the full complexity of environmental
information: the types of spatial objects, their arrangement in space,
their temporal evolution, their multiple representations, the uncer-
tainty in their shape and position, and their interconnections within
networks.
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To sum up, there are several modeling possibilities:

- There are two main approaches to indicate spatial types in
diagrams: spatial types can be associated with classes (as in
PVL) or with attributes (as in MADS).

- In diagrams, spatial relationships can be modeled by relation-
ships between entities or classes. In complex cases, the objects
layout can be represented in the formal language OCL.

- The formalisms can model the period of existence of objects
(their beginning, their end) or their evolution (changing their
shapes/positions).

- The uncertain objects can be represented by fuzzy subsets or by
random spatial objects, e.g. objects to which a probability of
occurrence is associated.

- Continuous spatial data are defined by space-varying attri-
butes; the associated structure (TIN, isolines, etc.) can be also
represented in diagrams.

- (Sub-) networks, links and nodes can be formalized by specific
classes.

Examples of the use of these formalisms for the modeling of
environmental systems can easily be found; Table 2 recalls the
main references cited in our paper.

OO formalisms allowmodelers to represent spatial systemsmore
thoroughly than ER formalisms. OO class diagrams may include
operations and relationships of generalization/specialization. Oper-
ations can be used to define the processing of spatial data (see Figs. 1
and 6). Relationships of generalization/specialization are used to
build hierarchies of spatial objects (see Fig. 2). Also, the Object
Constraint Language canmodel topological relations betweenobjects
in UML diagrams (see Section 4).

Today,more andmore commercial solutions are available to easily
implement UML profiles (i.e., UML customizations) (OMG, 2011),
such as the software MagicDraw (www.magicdraw.com) or IBM
Rational Rose. These solutions should greatly facilitate the imple-
mentation of software tools supporting formalisms for spatial infor-
mation (e.g., the tools to draw the diagrams and generate code). For
example, MagicDraw provides the ability to add new custom nota-
tions to UML through stereotypes and tagged values (see Booch et al.
(1999) for more details on these concepts). Stereotypes and tagged
values can facilitate the implementation of the pictograms presented
in this paper. Constraints on the use of these notations can be defined
with OCL. For example, these constraints could indicate that in
a GeoOOA model, only classes with an icon can be connected to
a network by an association class . Once specified, these constraints
can be controlled in the diagrams. This helps prevent design errors.
Note that some formalisms for spatial information have already been
modeled in the form of a UML profile; as an example, see Kang et al.
(2004); Lisboa Filho et al. (2010); Miralles (2006). When creating
diagrams, it would also be interesting to use multiple profiles
simultaneously: for example, when designing awarehouse of spatial
data (Malinowski and Zimanyi, 2008; Pinet and Schneider, 2010), the
modeler could use a profile dedicated to spatial information and
a profile dedicated to the specification of data warehouses (Lujan-
Mora et al., 2006).

As indicated in Papajorgji et al. (2010), the Model Driven Archi-
tecture (MDA) has made considerable advances in the industrial
sector; this approach based on UML is a recent initiative aiming to
make development processes independent from changes of imple-
mentation technologies. MDA provides an open, vendor-neutral
approach to the challenge of business of technology change. The
approach starts with a conceptual model expressing the depicted
concepts from the problem domain and their relationships; during
this phase, no technical details about the implementation environ-
ment and the underlying technologies are taken into consideration
(Papajorgji et al., 2010). The models are then iteratively refined
(e.g., transformed). After all business issues related to the model
construction are detailed and well-defined, then considerations
about the implementation environment can be taken into account.
Different implementation platforms could be used (.NET, Java, etc.).
Numerous MDA-based development tools are available.

We can see recent efforts to use the MDA approach in environ-
mental fields. For example, the use of the MDA approach in crop
simulation area is described in Papajorgji and Pardalos (2006). The
authors of Muzy et al. (2005) propose to use MDA in simulation of
ecological propagation processes (applied to fire spread). In the field
of spatial environmental information, theModel Driven Architecture
approach should also be increasingly used to facilitate the trans-
formation of diagrams to implementation models (Miralles and
Libourel, 2008; Miralles et al., 2009b; Papajorgji et al., 2010).
Fig. 12 shows an example of model transformation. In our opinion,
theMDA approach can provide an efficientmethod to help designers
to implement their spatial information systems.
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