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ABSTRACT

Nowadays, many applications need datadeling facilities for
the description of complex objects with spatial andémporal
facilities. Responsesto such requirementsmay be found in
GeographicInformation Systems(GIS), in some DBMS, or in
the research literature. However, mo$texisting modelscover
only partly the requirements(they addresseither spatial or
temporal modeling), and most are at the logical lekehcenot
well suited fordatabasedesign. This paperproposesa spatio-
temporal modeling approachat the conceptual level, called
MADS. The proposal stems from the identification of the
criteria to be metfor a conceptualmodel. It is advocatedthat
orthogonality is the key issue for achieving a powerful and
intuitive conceptual model. Thus, the proposal focuseson
highlighting similarities in the modeling of spaceand time,

which enhance readability and understandability of the model.
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1. INTRODUCTION

Nowadays, data managementoftware and tools need more
sophisticated facilities to faceew requirementsrom emerging
application areasand non-traditional user interactions. In

particular, better conceptsand tools for manipulating spatio-
temporal data are needed. Major DBNtibIs areincorporating
facilities for spatial or temporalata managemenfe.g.,Oracle's
Spatial Cartridge andhformix's Datablades).The GIS sceneis

also evolving from the huge and uncomfortableold-fashioned
systemsto more flexible desktop systemsbased on modern
technology (including the object-oriented approach).
Temporalsystemsare still somehowbehind, with no generic
product on the marketplace,just a few ad hoc systemsor

application-specific developments (e.g., for time series
management).

However, current tools do not match the user percepifand
reasoning about the application data. Put into traditional
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databaseterms, there is a mismatch between the logical,

implementation-orientedr/iew of datasupportedby the tools,

and the application-oriented, conceptual view that users
follow in their everyday work. Thisnismatchis similar to that

of traditional databasemanagemenianyyearsago, when the

marketfavoredthe relational approachand the conceptualto

logical gap was filled by databasedesign CASE tools based
on the entity-relationship (ER) approach. Since then, the

advantagesof the conceptualapproachto datamodeling have
beenextensively demonstratedjn terms of userinvolvement
and of durability of the design specifications. It is thus
foreseeablehat a similar evolution will lead spatio-temporal
data management toote be complementedvith user-oriented
design CASE tools. Theroblemis that nowadaysthereis no

agreed-uponconceptualmodel on which to build such tools.

A plethora of modelshave beenproposedfor either spatial or

temporal modeling (a few for spatio-temporalmodeling), but

they fail to show a clean conceptualunderlying philosophy.
This was, for instance, explicitly identified by a group of

expertsin temporal databaseswho reported that “the time-

varying semanticsis obscuredin the representationschemes
by other considerationsof presentationand implementation”,
which lead theauthorsto “advocate a separationof concerns,
i.e., adopting a very simpleonceptualdata model” [22].

This paper reports on the design of a spatio-temporal
conceptual model, calleMADS (for Modeling of Application

Data with Spatio-temporal features). MAQSrrently supports
spatio-temporalfeaturesneededby the applications we have
beeninvolved with, mainly related to land managemenir

utility networks. MADS was designedin cooperation with

GIS database designers, andutability was verified through
several successful case studies. A water managemenstaky
allowed to quantify the benefitsof using MADS with respect
to a traditional ER model. Implementation of MADS in

operationalenvironmentshas shown that it canbe used as a

front-end to existing systems. A visusthemaeditor allowing

the definition of MADS schemaghrough direct manipulation
on ascreenhas beenimplemented A companionvisual query
language is being investigated.

The next section discussesthe criteria that we identified as
guidelines for building the conceptual model. Existing
proposals are briefly positioned against these criteria. The
following sections discuss issues for defining spatial and
temporalfeaturesin a conceptual model. Section 3 discusses
the abstract dattypes supporting spaceand time description.
Section 4discussescomplexdata structures.Sections5 and 6
are devotedo the definition of object and relationship types,
respectively. Section 7 highlights some important issaiesut
constraints. An example of MADS schemasisoown in Section
8. Finally, Section 9 concludes by pointing at work in



progress within a global spatio-temporal framework. Tdvenal
definition of MADS and its syntax areavailablein a separate
report [7].

2. CRITERIA AND RELATED WORK

Several comparisons of spatio-temporal modelthnliterature
typically intend to assesshe quality of a modelwith respect
to its competitorsThus, argumentsand conclusionsvary from
one paper to the next one.fw, more genericcomparisonsare
also available (see, for instance, tealysis of object-oriented
temporallanguagesin [24]). Significant work is reportedin
[12,13], where ten temporal entity-relationship models are
analyzed and classified according to 19 design criteria. st
thesecriteria are specific to the temporal dimension. We are
interestedin the more generic question: what characterizesa
good conceptual model for spatio-temporal databases?

Some well-known answers come from past experience in

traditional database design. For instanttes word conceptual

refersto the capability of providing a direct (i.e., with no

distortion) mappingbetweenthe perceivedreal world and its

representation. Examples of distortions in the propcszatkio-
temporalmodelsinclude unnecessaryestrictions due to poor
data structuring capabilities (e.g., binary relationships only,

no multivalued attributes). Severalmodels(e.g., GeoOM [25]

and POLLEN [11]) representspatial or temporal features
through space or time object types (eRpint, Line,..., Instant,
Time-Interval,...).Such artificial object types do not represent
real-world items of interest, thus contradicting the very first

rule in conceptualmodeling. To avoid distortion, the model
hasto provide powerful constructs. The current standardin

this respect (as represented by, e.g., UML [d])he support of

object types, relationship types, multivalued attributes,
complex attributes (i.e., attributes composed of other
attributes), is-a links, aggregation (part-of) links, and the
associatedntegrity constraints.Many more featurescould be
thought of, but experiencehas shown that striving for the
highest expressivepower leadsto unbearablecomplexity and
eventually results in rejection of theodel. Also, modelswith

too sophisticatedconstructsor with constructs having non-
standard semanticsare likely to be discarded by users. So,

simplicity is the nextimportant criterion, which also applies
to the visual notations that support the drawing of schema
diagrams. Some models do not providesual notations [5, 11,

18, 25], while others have non-intuitive notations [10]. Of

course,a conceptual model should rely on a sound, formal

definition and several proposals lack such a sound
background. Finally, an associated data manipulation

language will allow using the same model for both data
description and manipulation.

The new, fundamentalissue of spatio-temporalmodelsis how
the spaceand time dimensionsare addedto the model.In our
opinion, orthogonality is the only correct criterion. This
concept refers to the necessaryindependence among the
modeling dimensions: data structures, space, and time.
Databasedesigners should be able to determine the most
appropriatedata structuresfor an application, without taking
into accountwhich information items bearspatial or temporal
information. Once the data structure is fixed, spaceand time
featuresshould be freely added whenever appropriate. This
approach makes also easier the addition of space or time
featuresto legacy databasesthat usually do not contain
explicit spatio-temporakpecifications.Most of current spatial
modelslack orthogonality, forcing the designerto a specific

representationfor spatial information. For instance, GeoOM
[25], POLLEN [11], MODUL-R [2], andCONGOO [19], only
support the associationof spaceto object types. Thus, an
object type cannot include attributes representing spatial
information, such as the reservoir attribute in the example
shown Figure 3. Conversely, GEO2 [5] has no conceptof a
spatial object, only attributes may be spatial. From the
definition of an object type with several spat&ttributes (e.g.,
Watershed inFigure 3), it is not possible to determinewhich
one, if any, representghe spatiality of the objects. Similarly,
not every temporal model supports the associatiotineé with
objects, relationships, and attributes. For instance, in their
support of temporal object types, [14] ignores the facilities
offered by traditional inheritance with redefinition, thus
illustrating another way of not achieving orthogonality.
Beyond orthogonality, simplicity of the model, as well as
easinessof use and understanding,is greatly enhanced if
modeling spatial and temporal features relies on similar
reasoning backgrounds.

Another question is the comprehensiveness of a spatio-
temporal model, i.e., how margf the perceivedspaceand time
phenomena should be directly representabléhénmodel. This
concernsissues such as supporting 2.5 or 3 dimensions for
spatiality, or supporting valid time or transaction time for
temporality. Many such issues may be discussed without
coming to a consensus. The more is netessarilythe best, as
already stated.Extensible models look like the best answer,
but evaluating the extensibility of modelis not an easytask.
Again, orthogonality proves to be an important quality as
having orthogonal dimensions limits the impact of the
addition of a new conceptin the model. Thereis, however, a
point in comprehensiveness that we want to stress. Bewe@se
believe that conceptual models should explicitly support
objects, relationships andttributes, and becausewe strongly
insist on orthogonality, we want to have spatio-temporal
objects, spatio-temporal relationships, and spatio-temporal
attributes. Current proposals lack of support for spatio-
temporal relationships. These relationships have been
neglected, relying on the underlying GIS to compute @htual
(mostly topological) relationships from objects' coordinates
stored in the database.An evident drawback of such an
approachis that no property can be attachedto a spatial
relationship, which contradictthe expressivepower expected
in the structural dimension.

In conclusion, none of the spatial and temporal model$ane
examinedsatisfies all of the above goals. This prompted the

developmentof MADS, an object+relationship conceptual
model. The major originality of MADS lies in that it is indead
conceptual model. Still, it has been implemented through
translatorsconverting MADS specificationsinto operational
databasemodels.For instance,a mapping of MADS temporal
constructsto TSQL2 [23] has been described in [20]. The

MADS model currently covers requirementsfor traditional

land management applications: onetao-dimensionalspatial
data, priority to the discrete object view versus the

continuous-field view, valid time only. Current work on

MADS includes an extension to transaction time and

multiscale databases.

3. ADTsFOR SPACE AND TIME

MADS structural dimension includes well-known features
such as objects, attributes (mono-/multivalued, simple/
complex, derived), methods, integrity constraints, n-ary



relationships, is-a links, and aggregationlinks. As already
stated,a clean conceptual solution for supporting spaceand
time features is to provide adequate abstract data {AdRTs).
Spatial ADTs (SADTSs) provide for the shape and location
information; they include representatiorof points, lines, and
simple areas (with holes butithout islands). TemporalADTs
(TADTSs) supporttimestamping,i.e., associatinga timeframeto
afact; they include representationof instants, intervals, and
temporalelementsTheseADTs take into accountthe spatial
granularity (i.e., the scale) and the temporal granularity (i.e.,
second, minute, hour, day, ...). Appropriate functions altbe
conversion from one granularity to another.
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Figure 1: MADS basic hierarchy of spatial abstract data types.

Spatial and temporal ADTs may be implemented as
generalizationhierarchies.Figure 1 shows our spatial ADT
hierarchy (more details in [21]). MADS usest ADTs (sets of
points, setsof lines, complexareas),as well as generictypes
(e.g.,simple geo, complexgeo, geo). Figure 1 also shows the
icons denoting each SADT. The situation is similar for
temporaltypes. The hierarchiesof spatial and temporal ADTs
may be extended with user-defined ADTs as appropriate.

GenericADTs are particularly useful to deal with spatial and

temporal featureswhose instancesmay have different types.

Figure 2c shows that, since Town objects may be represented
aspoints or areasdependingon the subtype they belong to,

the simple geo SADT has been associatedwith the generic
object type Town. Similarly, lifespans of natural phenomena
may be instants or intervals.

The above ADTs support the so-called discrete (or object-
based)view of spaceand time. However, more concepts are
needed.First, from the application point of view, spaceis
usually not infinite and time of interest may be limited to a
given span. ThesbBmits mustbe known to checkthe validity
of the dataor to infer correctspace/timeextents associatedto
the data. In MADS the DBSPACE and DBTIME parameters
define, respectively,the areaand the time frame describedby
the database.

Applications also need to express tlsameinformation varies
in space and/or in time. An example of time-varying
information is to keepthe evolution of salaries of employees.
Storing the values of altitude and soil cover over a given

geographicarea(cf. Figure 3) is an exampleof space-varying
information. This concept corresponds to the so-called
continuous (or field-based)view of space. Finally, keeping
track of rainfall values in a given area over time iseaampleof
information varying in both spacand time, simultaneously.A
purely conceptual representation of time/space-varying
information is as functions from time/spaceto value domains,
e.g.,soil coveris afunction from an areato the domain {field,
forest,urban, ...}. The choice of the sampling technique (e.g.,
regular grid, TIN) and of the interpolation functions is a
concern of the logical schema definition.

Any attribute can be time-varying. Specifying a spatial
attribute as time-varyin@llows to describeobjects that move
and changeheir shape.Figure 2c) illustrates this: eachGPS-
Car object has a time-varying geometry whose semantitsais
the position of the car is recorded at each instant.

To provide domains for varying information, MADS defines
two sets: SPACEZONES and TIMEZONESPACEZONESis
the set ofall spatial elements(i.e., simple areas,complexareas,
lines, andline sets)containedin DBSPACE. TIMEZONES is
the set of all temporalelements(i.e., intervals, sets of disjoint
intervals, sets of instants, heterogeneoussets of disjoint
intervals and instants) containéad DBTIME. It containsalso
the special chrononow representing the current time. Thext
section shows how these sets are used in the definition of
attributes.

Spatial and temporal ADTs support the definition of domains
for attribute values. To enforce orthogonality, it shoaldo be

possible to associate space and timel{ect and relationship
types, for expressingn inherent spatiality or temporality that

doesnot rely on their semanticattributes. As other models,

MADS associatesa system-generateattribute to object and

relationship types specified as spatial or temporal. The

spatiality of an object or relationship type is describedby a

predefined attributegeometry whose value domain is 8ADT.

Similarly, temporality associatedo an object or relationship
type is describedby a predefinedattribute, status describing
the temporalbehavior of the membershipof an instanceto its

type. MADS allows object and relationship instancesto be

suspended and resumed in theiembershipHence,the status
attribute is time-varying: it is a function from DBTIME to

STATUS, where STATUS is a predefineddomain madeup of

four values:not-yet-existing,active, suspendedand disabled.
The first value relates to an object knowmexist at somelater

time. The active value describesan object that can be used

within the associated timeframe. Properties of suspended
objects can be read but not updated. Finally, the disabled
value qualifies an object that existed in some past buoteit is

not accessiblewithin the disabled timeframe[9]. Transitions
betweenthe values obey the following constraints: not-yet-

existing -> active, active <-> suspendedactive -> disabled,
and suspended-> disabled. Functions associatedto status
include the lifespan (the interval from birth to death) and the

activespan (the set of intervals/instants associatedto the

active status).

4. COMPLEX DATA STRUCTURES

Complex objects have attributes that may be recursively
decomposednto other attributes. MADS usesthe concept of
structure to convey all the characteristicsof an attribute,
independently from its association to the item (object,
relationship, or another attributdf) describes.A structurecan
be seen as a higher-level ADT for an attribute.



A structure is defined by a tuple (Name, Cardinality,
Spacezone, Timezone, Domain) such that:

Name is the name of the structure.

Cardinality definesthe min-maxcardinalities. If the structure
is multivalued, cardinality specifieswhetherthe valuesform a

set, a bag, or a list. For time/space-varyingstructures, this

cardinality is the snapshot/local cardinality (it applies éaich
instant/point). If desirable,the model can easily be extended
with an additional lifespan/space-extentcardinality to

constrain the numbeof allowed value changesfor time/space-
varying attributes.

Spacezone exists only for a space-varyingstructure.lt is an

element in SPACEZONES (e.g., an area, a line, setaf lines)

and definesthe extent of the spatial domain of the structure.
Thus, every value of thstructureis a function from Spacezone
into the domain of the structure. Valuesaifributes associated
with the structure canbe queriedat any point in Spacezone,
the returned value depending on the chosen point.

The Spacezone concept supports the representation of
continuous field information. Whereasin most GISs such
information is implicitly defined over DBSPACE, MADS
allows attaching to each continuous field attribute tekevant
area, usually (buhot necessarily)the areaof the owner of the
attribute. This enforces orthogonality and greahhanceghe
flexibility of the model.

Timezone exists only for a time-varying structure. It is an
elementof TIMEZONES (e.g.,atime interval, a set of disjoint
time intervals, or a set of instan@hd definesthe extentof the
temporal domain of the structure. Thus, every value of the
structureis afunction from Timezoneinto the domain of the
structure. Values of attributes associated with strecture can
be queried at any instant in Timezone,the returned value
depending on the chosen instant.

Domain defines the domain of the structure. A structure
defines an atomic attribute if its domain is an elementary
domainlike Integer, Real, String ... or any of the SADTs or
TADTSs. Otherwise, the structure defines a complex attribute
and its domain is the set of structures of the component
attributes.

The set of legal values associatedto a structure is computed
accordingto the composition of the structure and its spatial
and temporalfeatures.It may be an atomic value, a Cartesian
product, a powerset,a set of bags, a set of lists, or, if the
structure isspaceand/or time varying, a set of functions (from
Spacezoneor Timezone or from the Cartesian product of
Spacezone and Timezone). This semantics is fornaafinedin

[7].
5. OBJECT TYPES

Spatial and/or temporal information may be associatedto
objects, independently from the characteristics of their
attributes. Consequently,an object type can be plain (neither
spatial nor temporal), spatial, temporal, or spatio-temporal.

An object type O is defined bg tuple O =(Name, Geometry,
Status, Attributes, Methods, Super, Pop) as follows.

Name is the name of the object type.

Geometry is a peculiar attribute defining the spatiality of O
objects, ifany. The domainfor geometryis one of the SADTSs.
As any attribute, geometrymay be time-varying and can be
inherited, possibly with refinement or redefinition (see

hereinafter),or derived. In the currentversion of MADS only
single geometry values are possibedgmetryis monovalued).
However, having multiple geometmyalues for the sameobject
is desirable for supporting multiscale databasesor federated
spatial databasesA proposal for a multiscale extension of
MADS may be found in a companion paper [26].

Status is a peculiar time-varying attribute defining the
lifecycle of O objects, if any. The domain fetiatusis afunction
from DBTIME to the STATUS domain. The attribute is

monovalued as an object may only ibea given statusat each
instant. The status attribute can be inherited, possibly with

refinement or redefinition, or derived. Although formally

possible, we could not find a meaningfulexamplefor a space-
varying status

Attributes defines the structures of the attributesfThis set
of structuresis the union of the structures for the locally
defined attributes, and the structures for the attributes
inherited by O with refinement and/or redefinitioh.redefined
attribute allows keeping two values: the one inherited ftbm
supertype and another local to the type in which it is
redefined.

Refinementand redefinition are traditional mechanismsin
object-oriented databasesHowever, few spatial or temporal
models allow such facilities fathe spatial or temporalfeatures
[3]. These mechanisms have been proved extreomdjul when
modeling spatio-temporal applications. For instance,
redefinition of objects' temporality allows to keep track of
lifecycles of objectsn a specificrole, thus complementingthe
information about thdifecycle of an object in its genericrole,
asin Figure 2 (b). Redefinition also provides an easyway to
representdifferent geometriesof an object at different scales,

e.g., the same road line at 1/100'000 and at 1/200'000 seales,

in Figure 2 (d). Refinement, on the other hand, allatsching
a more specific spatial or temporal ADT to the subtype, asin

Figure 2 (c).
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Figure 2: Refinement and redefinition of spatio-temporal
features.

M ethods defines the set of methods of O. Each mettiefinesa
method name and signature specifying the types of the input
and output parameters of the method. To ensure
substitutability, refined attributes must satisfy the sub-type
relationship.

Super is the (possibly empty) set of supertypes of O.



Pop is the population of the object type. Each object is a
couple made up of the object identity and its valmecaseof a
temporal entity type, its population is time-varying.

In the semanticsdefined in [7] a set of legal objects is
associated to each objetytpe. Appropriate functions areused
to derive the set of attributes inherited by O from its
supertypes,and to derive the whole set of attributes of O.
Constraintsaredefinedto avoid nameclashesbetweenlocal
and inherited attributes in case wiultiple inheritance.Further
constraints definghe attribute inheritancerules associatedto
the generalization links for ensuring substitutability and
population inclusion (see Section 7).

6. RELATIONSHIP TYPES

Relationships are an essential part of conceptual design.
MADS supports several kinds eélationships.As for objects,
relationships may be located in space and time, via the
geometryandstatusattributes. In thiscasethey are referredto
as spatial and/or temporal relationships. Locating
relationshipsin spaceis usually not supported by current
proposals, henceworth an example.Assumea cyclic binary
relationship type Accidentlinking twice the object type Car.
To keep track of both the time of occurrerared the location of
the accident,the relationship type is definedas spatial (with
point type geometry) and temporal (with instant type
timestamp).The object type Car may or may not be spatial
and/or temporal according to the application needs.

MADS supports the following kinds of relationships:
traditional (i.e., ER-like) relationships, aggregation
relationships, constrained relationships, and dynamic
relationships.

Constrained relationship types convey spatial and temporal
constraints on the objects they linW/ell-known examplesare
topological relationships, e.g., a relationship type Inside
linking object types City and County expressingthat the
geometry of a city is within the geometoy the related county.
Metric and directional relationshipare other examplesrelated
to space. All oftheseare usually called "spatial relationships"
but this term is used in MADS for relationships located in
space. On the temporalde, synchronizationrelationshipsare
useful to constrain the lifecycle of linked objects, e.g., a
relationship type During linking object types Landslide and
Typhoon to expressthat the lifecycle of alandslide is within
the lifecycle of the associated typhoon. The During
relationship may alsdold the topological constraintthat the
landslide occurs within the area covered by the typhoon.

Dynamic relationship types describereal-world phenomena
where time and/or space play a significant role. MADS
identified transition relationshipsto model the migration of
objects from a source to a target object type (@.gelationship
type Graduationrelating object types Studentand Alumnus),
and ageneration relationship to representprocesseghat lead
to the emergence of new objects (e.g., suavey application, a
relationship Generate keeping track of which parcel(s)
generated other(s) parcel(s) by splitting and/or merging).

A relationship type R is defined bytuple R = ( Name, Kind,
Roles, Geometry, Status, Attributes, Methods, Pop ) as
follows.

Name is the name of the relationship type.
Kind defines the kind of the relationship (see below).

Roles definesthe participating object types, the role names,
their cardinality, and the collection type (set, bag, or list).
Usual constraints apply, e.g., role namesmust be uniquely
identifiable.

Geometry, Status, Attributes, and Methods are defined as for
object types.

Pop is the population of the relationship type. Each
relationship is atuple madeup of the relationship identifier,
the set of linked objects, and the relationship value. The
population of a temporal relationship type is time varying.

The Kind of arelationship R is defined by the tuple ( Type,
Constraint, Member ship ) as follows.

Type O {plain, aggregation, transition,
Topological 0 Synchronization, where

generation} O

Topological = { disjoint, adjacent,intersect,cross,inside,
equal, Spatial-User-Defined }, and

Synchronization ={ before,equal, meets,overlaps,during,
starts, finishes, Temporal-User-Defined }

Spatial-User-Defined and Temporal-User-Defirtgges denote
application-specific relationship types that convey user-
defined constraintsSynchronizationrelationshipsare defined
using Allen’s operators[1] extendedfor temporal elements.
They take into account either theatire lifecycle of the objects
or the active periods only. Other predefinedspatio-temporal
relationships, e.g., AlwaysDisjoint, Alwayslnside,
SometimesCrosdor moving geometries[15] can be easily
added.

Constraint is an optional predicateover the geometryand/or
the lifecycles of objects linked by R. It can be either a
predefined or a user-defined predicate. Consider two obgetts
and o2 linked by a relationship r. The predicate for the
predefined  topological relationship disjoint is
Disjoint(o1.geometry, 02.geometry). The predicate for the
predefined synchronization relationship  before is
Before(o1l.lifecycle02.lifecycle). Finally, the predicatefor the
transition relationship is (ol.birth<o2.birth O 02.birth

O r.activespand ol.0id=02.0id).

Membership is a Boolean determiningwhetherthe constraint
defines a sufficient condition fdvelonging to the relationship
(the constraint always defines a necessary condition). If

membership = true, for every instant DBTIME every tuple of

objects satisfying the constraint defines a relationship
belonging to R.

7. CONSTRAINTS

The issue of consistency of specifications naturally arises
when spatial and temporal features are distributed obgscts,
relationships, and attributes. Space does not automatically
generateconstraints.For instance,the spatiality of an object
does not constrain the spatiality of its attributes: spatiality
of a building is unpredictablyrelatedto the spatiality of the
nearest fire station, even if the latter is@nponentattribute of
the former. Orthe other hand, there should be an easyway to
specify spatial integrity constraints, e.g., for stating that the
spatiality of a countrytopologically containsthe spatiality of
its capital. MADS follows this policy.

Time, instead, is seen as prone to constraints. Common
assumptions about timeframes in related facts include:



« the validity period of an attribute mustbe within the life
cycle of the object it belongs to (e 8.,27]);

e thevalidity period of a complexattribute is the union of
the validity periods of its components (e.g., [8]);

* the lifespanof a relationship should be included in the
intersection of the lifespans of the related objects [14].

Theseassumptionsare basedon the intuitive view that an
attribute cannot exist if its owner does not exist, and a
relationship cannot link objects that do not exist
simultaneously. However, in this case intuition is
unfortunately misleading,and the above constraints prove to
be unnecessarystrong limitations in expressive power.
Consider,for instance, a relationship Biography linking the
author of a biography to the famous person the biography is
about. Clearly, the famouspersonmay have beenin existence
long beforehis/her biographer.Thus, MADS doesnot enforce
any of the constraints stated above.

Severalissuesare related to the coexistenceof temporal and
non-temporalfacts. If a non-temporalobject contains a time-
varying attribute, the time-varying information will disappear
from the databasewhen the object is deleted.Consideralso a
temporalobject having an attribute that is not time-varying.
Retroactive or proactive queries querying, respectively, the
value of the attribute in the past or in the future, only have
available the current value. This value is accurate inptt or
in the future only if the attribute is known to be constant (a.g.
person'sdate of birth). Currently, MADS returns the existing
value for retroactive queries, and no value for proactive
queries.

Considering temporality, the population inclusion constraint
associatedo is-a links is revisited in MADS as follows. ff
both the supertype A and the subtype B are temporal, the
constraint reads: at any time t, objects active in B must be
active in A, objects suspendedn B mustbe either suspended
or active in A, objectsdisabledin B mustbe either disabled,
suspendedpr active in A. If the supertypeA is non-temporal
and the subtype B is temporal,the inclusion constraint only
holds, at timenow, betweenactive objectsin B and objectsin

A. In particular, B may have a larger number of objects than A.

Cardinalities of roles in relationships also deserve being
revisited. We already mentionedthat snapshot and lifespan
cardinalities may be defined. These apply when a temporal
object type participates inta hon-temporalrelationship type.

If a non-temporal object type participatesinto a temporal
relationship type, the cardinality of its roteay be understood
as applying to active instances of the relationship tyes is

our choice for MADS, although formally it would be

meaningfulto define four cardinalities, one for each set of

relationships in the same status (not-yet-existing, active,
suspended, disabled). The case where Bo¢robject type and
the relationshiptype aretemporalis a conjunction of the two

previous cases.

8. VISUAL NOTATIONSAND TOOLS

Figure 3 shows a MADS diagram for an excerpt of a river
monitoring application. MADS retains the flavor of ER
diagrams.Lines expresscardinalities based on an intuitive
notation: dotted means optional, tioes meansmultivalued.
Temporal and spatial icons are embeddedinto object and
relationship types. They may also be associatedto attributes.
The temporalcon (symbolizing a clock) on the left-hand side

of the object/relation type (cf. M-Station igure 3) expresses
that the lifecycle information is to be kept. Spatial icons are
shown to the right-hand side. They may have an adjacent
temporal icon when the spatial information is time varying.
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Figure 3: An example of a schema diagram in MADS.

The example diagram shows watersheds containing river

sections into which rivers are decomposed. Measurement
stations provide water quality information e rivers. These
stations may not operatefull time: their lifecycle information

allows to record periods of operation. Each station provides
several measureswhose validity period is also recorded.
Reservoirsmay be located on river sections:their position is

recorded as points. Each watershed records space-varying
information (e.g., altitude). While the history of rainfal kept,

the history of soil covers is not.

We have developed a visual schema editodawa,that allows
MADS schema diagrams to be defined through direct
manipulation on the scree’ design sessionconsistsof drag
and drop operationsto place schemaelementsin a diagram,
complementedwith interactions through form-like windows
for the detailed specification of the elementsA screencapture
of the editor is shown in Figure 4. The developmentof the
schemaeditor was basedon the experienceacquired in the
SUPER project on the design and implementation of
conceptual visual interfaces for classical databases [6].
Existing translation modules allow to transform a MADS
schemainto an equivalent IEF (a simple ER model) [16],
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Figure 4: Schema definition with the MADS editor.

INTERLIS [17] (a Swiss exchangenorm for GIS) or relational
schemaThe spatio-temporalcharacteristicsof dataare kept in
the target specification provided that the GIS or DBMS can
handle space or time. Otherwise, spatio-temporal integrity
constraintsare generatedand implementedas active rules. An
automatic generatoof HTML documentationcomplementshe
basic functionality of the editor. A companiontool for visual
querying is being investigated.

9. CONCLUSION

This paper proposesa sound basis for the development of
spatio-temporalconceptual models. Indeed, an analysis of
existing models shows that such a basis is weakly defined.
Spatial models use ad hoc ways of embeddingspacewithin
data structures. This lack of orthogonality resultgeéstricting
the designer'sfreedomwith no conceptualreason. Temporal
models tend to be poor in tleipporteddata structuresand/or
include unnecessaryconstraints. Few models addressboth
space and time, showingimilar drawbacks.To the best of our
knowledge, the model we propose,MADS, is the first one to
explicitly obey the orthogonality principle in adding space
and time to data structures: spatio-temporalfeaturesmay be
associatedto objects, attributes, and relationships.The space
and time combination has an immediatesirableeffect: MADS
naturally supports modeling of moving objects (e.g., cars,
borders, pollution clouds). The spatial features of MADS
support both the discreteand the continuous views of space,
wherethe spacedomain for space-varyinginformation is the
geometry of any selected item. This approach isrfare flexible

than what many GIS offer. The temporalfeaturesof MADS are
mainly characterizedoy the fact that no constraintis enforced
over timeframes of related facts.

Moreover, MADS allows the specification of relationshipsat
have space-and/or time-relatedsemantics.Thus, topological
relationshipsmay be defined as namedschemaelements,and
bear attributes and methods,an important feature that GIS-
computed relationships  cannot  offer. Similarly,
synchronization relationships méhye definedto constrainthe
lifespan of related objects. Transition and generation
relationshipshave beenincluded in MADS to betterrespond
to user requirements.

MADS was developedin an application framework and has
been used for modeling several real-world applications: oil

management in Colombiamanagementf the networks of clear
and usedwaters of the Genevacity, study of the evolution of

the watershedof the upper part of the Sarineriver, and the
managemenof water resourcesof the Vaud county. The users'
feedback received from using MAD8 theseapplicationswas
very encouragingln the water managementasewe were able
to measurethe benefits of using MADS with respectto a
traditional ER model. In terms of simplicity of the schema,
MADS remodeling reduced the number of object and
relationship types by a factor of 23%nderstandabilityof the
schema was greatly improved by tegplicit display of spatio-
temporal features and removal of artifacts due to non-
conceptual constructs. Finally, using MADS led the



application designersto discover the importance of temporal
information within their application.

A design editor has been implemented for tigual definition
of MADS schemas. Automatic translation of MADS
specifications into equivalent specifications of commercial
tools hasbeenimplementedfor two target systemswith more
target systems (GIS or DBMS) to come in the near future.

Many extensions are being investigated. We are currently
developing an extensionto addressthe needfor geographical
multiscale databasesas well as an algebraic language that
would contribute to thelevelopmentof a visual manipulation
interface for spatio-temporal databases.
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